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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm’
g square feet 0.093 square meters m’
yd* square yard 0.836 square meters m’
ac acres 0.405 hectares ha
mi* square miles 259 square kilometers km®
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters I
cubic feet 0.028 cubic meters m
yd®* cubic yards 0.765 cubic meters m
NOTE: volumes greater than 1000 L shall be shown in m*
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius c
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3426 candela/m’ cd/m’
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibflin poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft
m’ square meters 1.195 square yards yd®
ha hectares 247 acres ac
km? square kilometers 0.386 square miles mi’
VOLUME
mL milliliters 0.034 fluid ounces floz
L liters 0.264 gallons gal
m’ cubic meters 35.314 cubic feet ft
m cubic meters 1.307 cubic yards y'ds
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton™) 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°’c Celsius 1.8C+32 Fahrenheit F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m’ candela/m’ 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?
*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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PREFACE

It is important to understand that this synthesis of practice is not intended to be a manual or guideline,
primarily because current knowledge does not lend itself to a manual or guideline. Instead, this
synthesis is intended to provide those working in permafrost regions a working knowledge of
permafrost, geotechnical exploration in permafrost regions, and a basic knowledge of our changing
climate and how that impacts the integrity of the permafrost. The synthesis provides a summary of
existing techniques for building roadways and airports on permafrost including what has and what has
not worked. Due to the nature of permafrost, none of the techniques provided here can be universally
applied. Instead, the engineer must adapt to the conditions, budget, and public pressures in finding the
best fit solution.
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Abstract

This synthesis provides the practicing engineer with the basic knowledge required to build roadway and
airports over permafrost terrain. Topics covered include an overview of permafrost, geotechnical
investigations, slope stability, impacts of climate, and adaptation strategies during the design,
construction and maintenance phases. The purpose of the synthesis is not to provide a comprehensive
body of knowledge or to provide a complete how-to manual. Rather the synthesis provides a working
knowledge for those working in permafrost regions such that the practicing engineer will be able to
work with subject matter experts to obtain the desired project outcomes.
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1 INTRODUCTION

1.1 Objectives of this Guide

This synthesis covers over 100 years of experience and research related to the planning, design,
construction and maintenance of roadways and airports built in permafrost terrain. The information
presented here is based on the experience of the authors, published and unpublished papers, and
common practices used in global permafrost regions.

This is not to suggest that the synthesis represents guidelines, design standards or building codes.
Rather it is intended to provide practitioners with a summary of practices, including those which may be
debated. Discussions of successes, limitations and pitfalls of practices are provided so that the
practitioner can judge whether a practice may be appropriate.

Since designs for permafrost are evolving, detailed procedures are not provided. Instead, Alaska
Department of Transportation and Public Facilities (DOT&PF) relies on subject matter experts.
Practitioners are provided with a series of discussions intended to help avoid past failures while taking
advantage of the knowledge gained through experience and research.

The sources of information used for this synthesis are provided by chapter. Readers are invited to
review these sources for additional information.

1.2 An Alaskan Historical Prospective

Alaskans have been building roads and trails over permafrost since the 1890’s. Those pioneers quickly
realized that even minor disturbances of the terrain could have major impacts on the stability of the
permafrost. In 1895 Chester W. Purington noted:

“A serious detriment to the making of a road in Alaska is the thawing of the ground beneath the
moss. It has been the universal experience that whenever the moss is cut into, thawing
immediately commences, and the trail which was passable becomes a filthy, slimy mass of mud,
roots, and broken stone...” (Judge-Advocate General to the Secretary of War, June 15,1905, RG
94, n.d.)

Purington suggested that the moss be left intact in sections with poor drainage and that the surface be
corduroyed with heavy brush or poles on top of which a covering of gravel sufficient to provide
necessary insulation.

The same lessons were again learned during the construction of the Alaska Canadian Highway where the
pioneer road was constructed using conventional construction technologies. Against the warnings of
Purington and Richardson, the vegetation was stripped from the permafrost. Much of the route was
constructed during the winter months allowing muskeg to be crossed simply because no clearing was
required. As the snow melted, so did the muskeg and permafrost which resulted in much of the route
becoming impassable (Figure 1-1). Much of the roadway was rerouted as the pioneer road became
permanent.
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Figure 1-1 Thawing permafrost during the construction of the Alaska-Canadian Highway (Coates 1992).

In 1950 the Alaska Road Commission formally adopted its philosophy for building on permafrost (Naske,
June 1983):

e Avoid permafrost when possible, locating on south slopes whenever possible.

e Avoid wet side hills or slopes with seeping water.

e Avoid disturbing moss. When the moss is removed, permafrost melts creating an impassible
mire. Place material over undisturbed moss carefully. Even location parties are required to walk.

e Use corduroy over soft areas.

e In cut sections, employ staged construction using thaw and cut technique backfilling with porous
granular gravel.

While equipment slowly improved, little changed until the construction of the Trans-Alaskan Pipeline
(TAPS). TAPS brought a new interest in the application of new technologies to construction over
permafrost. Geologists and scientists joined the engineering community in understanding the formation
of permafrost, its properties (both frozen and thawing) and surficial manifestations of permafrost. This
resulted in a renaissance of permafrost knowledge that continues today.

It was during and shortly after the construction of TAPS that many of the techniques for building
embankments in permafrost terrain were developed. While some of those appear outlandish today,
they provided the foundation upon which current designs were developed. Many of these found their
way to China, Russia, and other polar regions. For example, the air ducts, thermosyphons and air
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convection embankments developed by and for DOT&PF were used extensively to construct the Tibetan
Railroad in China (Cheng, 2003).

In the 1980’s the recognition of changing climate resulted in a concern for the impact of thawing
permafrost, especially in discontinuous permafrost regions. As concern for climate change increases and
the demonstrated impact on arctic regions becomes more apparent, engineers are faced with how to
adapt. While the fundamentals remain, the environment for which engineers must design is changing. It
is therefore critical that everyone associated with the design, construction and maintenance of
roadways and airports understand how their actions combined with our changing climate impact the
underlying permafrost in the near-term and well into the future.

More recently, the National Science Foundation has and continues to fund studies which focus on the
changing arctic and the impact of warming permafrost on infrastructure, the economy and lifestyle of
those living in the north. The knowledge produced by these studies provides insight into the impacts of
these changes on infrastructure.

While research indicates that the impact of the infrastructure itself on the permafrost is much more
rapid than climatic changes, these impacts have been largely ignored by the scientific and political
community and to a degree by the engineering community. Infrastructure often causes an immediate
impact while climate results in a longer-term impact. Consequently, the engineer must recognize and
adapt to both. Unfortunately, it is difficult to separate the two in practice.

An understanding of the history of embankments used in permafrost regions provides the practitioner
with wisdom that can only come from the success and failures of those who precede them. That said, it
is equally important for the engineer to account for anticipated changes moving forward.

1.3 Overview of impacts of permafrost on the design, construction, and maintenance of
embankments

Permafrost is defined as soil or rock that is below 0°C (32°F) for two or more years. By this definition,
permafrost can range from frozen, ice rich silts to frozen bedrock. However, note that by this definition,
not all the water in the soil is necessarily frozen. As such, the simple definition is not particularly useful
to the engineer. To refine the definition two descriptors of permafrost were developed by the
engineering community.

e Ice rich thaw unstable permafrost: Frozen soil which contains enough ice to be unstable when
melted.

e Ice poor thaw stable permafrost: Frozen soil with little ice that shows little change when
thawed.

However, the scientific community defines permafrost by how it was formed.

e Syngenetic: Permafrost formed in concert with the deposition of soil layers over time.
e Epigenetic: Permafrost formed by freezing the soil column from the top down.
e Yedoma: Syngenetic permafrost that is mostly ice.

These will be described in more detail in Chapter 2. For now, recognize the relationship between the
engineering and scientific definitions of permafrost.

Chapter 1. Introduction 1-3 Roads and Airfields Constructed on Permafrost



The occurrence of permafrost or the likelihood of permafrost being found is broken down into four
regions which will be discussed in more detail in Chapter 2.

e Isolated

e Sporadic: Permafrost exists in isolated locations.

e Discontinuous: Permafrost occurs frequently especially on north facing slopes, lowlands, and
heavily forested areas.

e Continuous: Permafrost occurs throughout

Even a basic understanding of the formation and distribution of permafrost and the resulting properties
helps the designer understand how permafrost influences the design and performance of embankments
over permafrost. Chapter 2 provides insight into the properties of each type of permafrost throughout
the three permafrost regions and their distribution across Alaska.

Permafrost found in areas of sporadic permafrost and discontinuous permafrost are generally warm
permafrost, i.e., the soil temperatures are slightly below freezing. In these areas, even small increases in
temperatures will result in thawing (Figure 1-2). Consequently, decisions to employ designs that keep
the permafrost frozen should be made carefully. Couple warm permafrost with ice rich permafrost and
the likelihood of severe damage to the embankment becomes likely. In this case, expect large thaw
consolidation, longitudinal cracking, and severe distortion of the surface. While techniques exist that
temper these impacts, the designer will be faced with economic decisions concerning when or if to
employ available options. Available options are discussed in Chapter 5.
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Figure 1-2 Thawing permafrost slopes along the Dalton Highway (photo by DOT&PF)

1.4 The importance of using the right design to manage the impacts of thawing permafrost.

Dr. Eb Rice (University of Alaska) often stated that there are but four options when constructing
infrastructure over permafrost (Rice, 1975):

o Keepitfrozen

e Thawit

e Remove and replace

e Accept the consequences of thaw beneath the structure

The engineer must decide which of these make the most sense, technically, economically and in some
cases, politically. For example, it often makes little sense to attempt to remove and replace permafrost
tens of feet thick even though it is ice-rich, warm permafrost. Nor does it make sense to attempt to keep
warm, ice-rich permafrost a few feet thick frozen. In the first case, accepting the consequences of
thawing may be appropriate. In the second case, removing and replacing or pre-thawing the permafrost
may be desirable choices.

Only by understanding the permafrost, including both its frozen and thawed properties, and how the
design alternatives perform, can the designer select the most appropriate design. There are no
standards available. However, this synthesis does provide best practices and suggestions,
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1.5 Learning to think about the long-term impacts of a design.

While the pavement is typically designed for about 15 years, the embankment and its alignment can be
expected to last much longer. Since the overall alignment is unlikely to change, think about the
embankment performance over the next 50 or more years.

The temperature regime under the roadway may take decades to reach equilibrium. The changing
climate, including changes in temperature and precipitation, may preclude that equilibrium from being
obtained for the foreseeable future. Figure 1-3 shows an abandoned section of the Richardson near
Fairbanks which had been in place for about 50 years. The roadway still showed signs of settlement due
to thawing ice wedges.

Since the climate and its impact on the permafrost is not anticipated to be static, the designer is
encouraged to consider the dynamic future in the design of the embankment, especially over
permafrost. Chapter 10 provides insight into our future climate. While the predictions are not as precise
as we would like, the trends are clear. Used properly, these trends provide general guidance for
roadway and airport designers.

Figure 1-3 Roadway damage on an abandoned section of the Richardson Highway east of Fairbanks
(photo B. Connor)

1.6 Recognizing when additional expertise is required.

Designers are not expected to know everything about designing roadways and airport embankments
over permafrost. Nor does this synthesis provide detailed design procedures. Rather, designers should
recognize their personal limitations and seek the help of those trained in the areas of expertise required.
These include geotechnical expertise, thermal modeling, climate forecasting, permafrost science and
materials testing, and terrain mapping. In many cases multiple subject matter experts may be required.
An understanding of the concepts contained in this synthesis aids in asking the right questions and
employing the right areas of expertise.

Synthesis of Practice 1-6 Roads and Airfields Constructed on Permafrost



1.7 Knowing what data may be required and how to use it.

Every design requires data. The more complex the design the greater the requirement. However, the
cost of obtaining and analyzing that data must be managed. Consequently, the designer must
understand the consequences of the questions they pose and the benefits to the project in obtaining
answers to those questions.

The key is to know what information is required to achieve the desired outcome. That defines the data
required. There is a big difference in the data required to answer the question of how thick the active
layer is and how deep the permafrost will thaw over the next 20 or more years. The thickness of the
active layer can be estimated using the thawing index, soil moisture content and an n-factor. However,
the thaw depth of permafrost over time requires an estimate of daily or weekly air temperatures over
the next 20 or more years, soil layer properties including soil type and density, soil moisture profiles as
they vary throughout the year, a surface energy balance (or seasonal n-value), and the potential for
flowing water. Estimating the thickness of the active layer can generally be estimated by the designer
while the second question requires someone skilled in thermal modeling.

While some data such as climate data are available through web-based services, care must be taken to
ensure the data are of sufficient quality and resolution to be useful. Do not hesitate to work with
climatologists to assure the data are adequate or whether improved data may be developed within the
scope and budget of the project. More importantly, ask whether more accurate data will improve the
design and performance of the project.

1.7.1 Geotechnical Data

Data may be collected employing several techniques with varying costs. For example, a person skilled in
the use of aerial or satellite photo interpretation can glean considerable information concerning the
potential for ice rich permafrost and the spacing of ice wedges using publicly available geological maps,
photos, and satellite imagery. Using these data in conjunction with permafrost maps, many of which are
contained in this synthesis provide a wealth of information about the terrain along the project. While
ground truthing will be required, this information can provide considerable insight concerning the level
of detail required and the appropriate analysis methodology.

As the level of detail increases, so does the cost of the data. The cost of the area information discussed
above is quite inexpensive and can be had for the labor cost for a skilled interpreter. Geophysical data
such as ground penetrating radar or resistivity methods are more expensive, but often less expensive
than drilling. Geophysical methods are particularly good at providing information concerning the
uniformity, or lack thereof, of the soil layers, but generally do not provide the detail of the soil
properties. That requires drilling. However, if geophysical methods are used to guide the much more
expensive drilling activities, the cost of drilling can be effectively managed.

Only by working with geotechnical engineers, geological engineers and geologists can an appropriate
geotechnical investigation program be developed. It is critical that clear objectives be established early
in the process to guide the investigation.

A detailed discussion of geotechnical data is covered in Chapter 3.
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1.7.2 Climate Data

Climate data are becoming increasingly important in assessing the long-term performance of the
roadway over permafrost. As air temperature and precipitation changes, so does the potential for
permafrost thawing. While improving, the scaling and reliability of climate predictions are not absolute
making it critical that the designer understand the variability in the climate models and the
consequences of that variability.

Chapter 10 provides an excellent discussion of climate change including what data are available and the
limitations of that data. Since climate data models are constantly evolving, information in that chapter is
also evolving. To ensure designers have current information, links to current resources and how to use
them are provided in Chapter 10.

1.8 Ensuring everyone in design, construction and maintenance understands the long-term
strategy employed.

Everyone working on roadways underlain by permafrost must understand the basic concepts of the
long-term strategy employed on that section of roadway. Consequently, the more uniformity in the
application of overall strategies, the more likely those strategies will be preserved through the
construction and maintenance phases. Just as the Alaska Road Commission clearly articulated their
philosophy for roadway construction over permafrost, it is important that the roadway and airport
design community clearly articulate their overall design philosophy to everyone who works within the
rights of way.

For example, a designer may choose to minimize rights of way clearing to reduce thawing of the
permafrost outside the roadway prism. If this is not clearly conveyed to construction and maintenance
personnel, they may clear to the rights of way limits negating the designer’s intent. The resulting
thermokarsts may alter drainage patterns causing damage to the embankment that could have been
avoided.

However, the design must account for the ability of maintenance personnel to preserve the design. A
good example is the employment of widened roadways with 6 percent slopes outside the shoulders
(often called the barn roof design). Research had shown the design had proven to improve the
performance of the travelled way. Unfortunately, lack of funding precluded maintenance personnel
from plowing the extended width, rendering the design ineffective.

Stories such as this are more common than one would think. Communication is key to ensuring the long-
term strategy employed is successful. However, that communication must occur in both directions. It is
critical that all interested parties are heard before any strategy is employed.
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2 DESCRIPTION OF PERMAFROST

2.1 Overview

The literature related to permafrost is far too extensive to cover in this chapter. For those wishing a
more detailed description of permafrost characteristics related to roadway and airport design, refer to
the companion publication A Permafrost Primer for Highway and Airport Engineers.

In the essence of brevity, this chapter discusses the conditions under which permafrost may form, the
distribution of permafrost and how permafrost terrain may be recognized. As discussed in Chapter 1, for
engineering purposes it is important to know the ice content, the grain size distribution, and the
temperature of the soil to gain insight into the impact of the permafrost on the infrastructure should it
thaw.

The maps provided along with the descriptions of the distribution of permafrost, anticipated ice
content, and temperatures should aid the designer in deciding the likelihood of encountering
permafrost, the likelihood and consequences of thaw, and which mitigation techniques may be the most
effective.

The information provided here is intended to allow the designer to engage in meaningful discussion with
geologists, geological, geotechnical engineers, and permafrost scientists.

2.1.1  Permafrost occurrence and thermal regime

Permafrost is defined as ground (soil or rock, including ice and organic material) that remains at or
below 0°C for at least two consecutive years (van Everdingen, 1998). According to this definition,
permafrost may or may not contain ground ice. Permafrost regions occupy almost 25% of global land
area, including about one half of Canada, and almost two thirds of Russia. Permafrost also occurs in
China, USA (mostly Alaska), Mongolia, Greenland, Antarctica, and at high elevations in many mountain
regions in Eurasia, Africa, and South America (Shur et al., 2011) (Figure 2-1).

Permafrost forms when the mean annual surface temperature is perennially below 0 °C; the thermal
regime of the ground at various locations is often assessed using the mean annual ground temperature
(MAGT) at the depth of zero annual amplitude (van Everdingen, 1998). The active layer — an upper layer
of ground that seasonally thaws and freezes — separates the permafrost from the surface. The upper
boundary of permafrost is called the permafrost table. The thickness of permafrost may range from less
than 1 m to more than 1,000 m (van Everdingen, 1998). The typical temperature-depth relationship in
permafrost regions is shown in Figure 2-2.
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Figure 2-1 Permafrost occurrence in the Northern hemisphere, International Permafrost Association
Permafrost Map (https://ipa.arcticportal.org/products/gtn-p/ipa-permafrost-map, based upon Brown et
al., 1997).
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Figure 2-2 Typical ground-thermal regime indicating maximum and minimum temperatures, the
decrease in temperature with depth, the geothermal gradient, the depth of zero annual amplitude, and
the depth of seasonal thaw (French, 2018).

There is a strong correlation between the permafrost temperature and mean annual air temperature
(MAAT). However, permafrost temperatures also strongly depend on various climatic and
environmental factors, including snow cover, vegetation, types of soils, and moisture contents in the
active layer. The climate-permafrost relation can be represented schematically by the mean annual
temperature regimes at three levels (Smith and Riseborough, 2002) (Figure 2-3):

(1) the air temperature, measured at standard height above seasonal snow cover (MAAT);
(2) the temperature at the ground surface (MAGST);
(3) the temperature at the top of permafrost (TTOP).

The difference between the MAAT and MAGST is created by the surface offset, which includes the
cooling effect of vegetation in summer (vegetation offset) and the insulating effect of snow cover in
winter (nival offset). Usually, the nival offset is much stronger than the vegetation offset. As a result, the
MAGT at the depth of zero annual amplitude, which commonly varies between 10 and 20 m, is typically
several degrees warmer than the MAAT. There is also a significant difference between the MAGST and
TTOP, which is determined by the thermal offset caused by difference in thermal conductivity of soils
(especially organic-rich) in frozen and unfrozen states (Kudryavtsev, 1959; Burn and Smith, 1988;
Osterkamp and Romanovsky, 1999; Smith and Riseborough, 2002). As a result, the MAGST may be
several degrees less than the TTOP and MAGT at the depth of zero annual amplitude if the active layer is
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composed by peat; under certain conditions, permafrost may be relatively stable even if the MAGST is
above 0°C.
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Figure 2-3 Schematic of mean annual temperature profile through the surface boundary layer, showing
the relation between air temperature and permafrost temperature (Smith and Riseborough, 2002).

Permafrost occurrence differs significantly within the permafrost region. The circumarctic map of
permafrost and ground ice conditions (Brown et al., 1997) divides the permafrost region into four
permafrost zones based on the percentage of the area underlain by permafrost (Figure 2-4):

(1) continuous,

(2) discontinuous,

(3) sporadic, and

(4) isolated patches of permafrost.
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Figure 2-4 Typical permafrost distribution in continuous, discontinuous, and sporadic permafrost zones
(modified from Shur et al., 2011).

In the continuous permafrost zone, permafrost occupies 90 to 100% of the entire area with closed taliks
(layers or bodies of unfrozen ground) developed under big water bodies (deep lakes and rivers) (Figure
2-4). Continuous permafrost depends entirely on climate, and the impact of local conditions on
permafrost distribution is minimal. In this zone, permafrost exists everywhere beneath the land surface
and under shallow water (except taliks beneath large water bodies), and it takes only one year to start
permafrost formation after soil is newly exposed (e.g., in drained lake basins). Impacts on the soil
surface from disturbance, such as fire and development, increase the thickness of the active layer and
trigger thawing of ground ice in the upper permafrost, but do not lead to degradation of continuous
permafrost. Permafrost temperature in this zone varies widely (MAGTSs usually vary from -2 to -10 °C)
and greatly depends on snow thickness and water depth. The permafrost table usually merges with the
bottom of the active layer; the lowered permafrost table commonly occurs beneath lakes and rivers,
and sometimes in areas with a very thick snow cover. During the last several decades, a significant
increase in the MAGTSs has been recorded almost everywhere in the permafrost region (Romanovsky et
al., 2017) but in the areas with cold continuous permafrost this warming effect was the greatest and
could reach 2 and even 3 °C (Figure 2-5).

Distribution of discontinuous and sporadic permafrost is affected by both climate and local factors;
permafrost temperature and distribution strongly depend on topography, soil properties, snow depth,
and vegetation; MAGTSs usually exceed -3 °C (Figure 2-5), and in southern areas is close to 0 °C.

Chapter 2. Description of Permafrost 2-5 Roads and Airfields Constructed on Permafrost



Conditions of permafrost formation vary from favorable to unfavorable in a sequence of ground types
involving peat, clay, silt, sand, and gravel (Shur and Jorgenson, 2007).

In the discontinuous permafrost zone permafrost occupies 50 to 90% and is interrupted or alternates
with areas of unfrozen soil; open and closed taliks are common. In the zone of discontinuous
permafrost, the active layer often does not reach the permafrost table. The lowered permafrost table
can be a sign of permafrost degradation. In the areas with sporadic permafrost, permafrost occurs as
separate masses surrounded by unfrozen soil and occupies 10 to 50%. In the areas with isolated patches
of permafrost, permafrost occurs mainly in peat mounds and ridges surrounded by unfrozen bogs and
occupies less than 10% of the area (Shur et al., 2011).

Northern Alaska
(a) (B) _ et
'v'vV' ]
5 Happy Valley "'v'v' vy
o~ =9 3 vv ]
West Dock 5 i 'vmv'v" "
Dew AALA AAAAA‘ ‘A.“
Franklin Bluff g R ! At . .... 1
ERVAFROST - . ig ] “a LAAAA o ete® °° * J
M AL ROST | Happy Valley S -7} Auaat ) b
: - o
‘ g Deadhorse ...o' ..-
i ~ AR g -8 F ® o o ....... ]
i L]
- , £ L .oo e @ o .-mM.
" T West Dock - :
3 - .. -.....'l' Barrow ]
p ] A TP o S
1976 1984 1992 2000 2008 2016
A (© i ___ Interior Alaska ' '
oo 05 g .
’ ) iegéPeat S ﬁ' - 20888083 . l:ee.‘gggg
DISCONTINUQUS Bl“:gh‘Lk e 8'1.0'01:03"°.. p -':: ]
v ),1 RM. I,I\,'()S’ e's-l’ig £ > a¥ata ':
} \ ..i§-1'5-"~:t. .-.-.-":--.-' a
L SR cesiiionte
- il R
o _ - A . |
® 20 ) [
g o812 . )
@ v ; .
%-25- “t wann' e . ' "Sovaiy” 1
N . ve¥
. Chandalar Shelf v
S0r Old Man ',"v' 4
Yev

1980 1985 1990 2000 2008 2016

Figure 2-5 Increase in MAGT in Alaska since 1980s. (a) Continuous and discontinuous permafrost zones
in Alaska (separated by the broken blue line) and location of a north—south transect of permafrost
temperature measurement sites; (b) and (c) average annual temperature at depths of 20 m and 15 m
below the surface, respectively, at Alaskan measurement sites (Romanovsky et al., 2017).

Permafrost may or may not contain ground ice, which occurs in pores, cavities, voids or other openings
in soil or rock. This term refers to all types of ice contained in freezing and frozen ground. Ground ice
may occur as lenses, wedges, veins, sheets, seams, irregular masses, or as individual crystals or coatings
on mineral or organic particles. Perennial ground ice can only occur within permafrost bodies (van
Everdingen, 1998). The volume and type of ground ice is important in determining thaw settlement
characteristics and the sensitivity of permafrost to disturbance and thawing. Ice-rich permafrost is
defined as thaw-sensitive permafrost containing excess ice (the volume of ice in the ground which
exceeds the total pore volume that the ground would have under natural unfrozen conditions) (van
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Everdingen, 1998). Ice wedges are the most common type of massive ground ice; in some areas, wedge
ice can occupy more than 50% of volume of the upper permafrost. Ice wedges develop by repeated frost
cracking (or thermal contraction cracking) that occurs because of winter cooling of soil and subsequent
formation of ice veins because of filling cracks with meltwater in the springtime (Leffingwell, 1915;
Lachenbruch, 1962; Dostovalov and Popov, 1966; Mackay, 1972; French and Shur, 2010; Murton, 2013;
French, 2018).

The areas with ice-rich permafrost are especially vulnerable to destructive processes of ground-ice
degradation, which include thermokarst, thermal erosion, and thermal denudation. Thermokarst is the
process by which characteristic landforms result from the thawing of ice-rich permafrost or the melting
of massive ice (van Everdingen, 1998). It results in subsidence of the soil surface, and formation of
depressions on the soil surface as well as the cavities inside frozen soil. Thermal erosion is a process of
combined thermal and mechanical action of moving water that results in simultaneous thawing of
frozen ice-bearing deposits and its removal by water (van Everdingen, 1998; Shur and Osterkamp, 2007;
Kanevskiy et al., 2016a). Thermal denudation is a process of thawing of frozen soils on the exposed bluff
surface caused by solar radiation and convective heat exchange between the cold surface and the
atmosphere, and subsequent removal of thawed soils from the bluff by gravity (Are, 1988; Shur and
Osterkamp, 2007). Thermal denudation is the main process that creates retrogressive thaw slumps —
slope failures resulting from thawing of ice-rich permafrost that consist of almost vertical retreating
headwalls with exposed ice-rich permafrost and debris flows at the base of headwalls (van Everdingen,
1998).

2.2 Permafrost in Alaska

2.2.1 Permafrost map of Alaska

Permafrost in Alaska can be encountered almost everywhere — according to the permafrost map of
Alaska (Jorgenson et al., 2008b) (Figure 2-6), about 80% of the State belongs to the permafrost region
(Jorgenson et al., 2008). The permafrost map contains general information on surficial geology and
primary soil texture, permafrost temperature and extent, ground ice volume, distribution of pingos and
ice wedges, and primary thermokarst landforms. Permafrost in Alaska includes areas with continuous
(29%), discontinuous (35%), sporadic (8%), and isolated (8%) permafrost. Permafrost is absent beneath
15% of the State, with glaciers and ice sheets occupying 4% and large water bodies 1% of the area
(Jorgenson et al., 2008). Only 60 of 187 Alaskan rural communities are located within permafrost-free
areas (Kanevskiy et al., 2019).
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Figure 2-6 Permafrost map of Alaska (Jorgenson et al., 2008b).

2.2.2 Yedoma distribution in Alaska

Yedoma is defined as ice- and organic-rich syngenetically frozen silty sediments that can be more than
40 m thick; these deposits contain large ice wedges, which can reach up to 10 m in width and more than
40 m in vertical extent (Romanovskii et al., 2004; Kanevskiy et al., 2011a, b; Schirrmeister et al., 2013;
Murton, 2013). Occurrence of yedoma presents a great challenge to road construction and should be
closely considered during geotechnical investigations (Kanevskiy et al., 2012). Ice-rich yedoma deposits
have been observed in many areas with predominantly continuous and discontinuous permafrost that
were not glaciated in the late Pleistocene (Kanevskiy et al., 2011a). Within the yedoma region, yedoma
is distributed very irregularly (Figure 2-7). In some areas it covers only a small percent, while in other
areas it may form a dominant terrain unit. In many poorly drained areas yedoma has been strongly
reworked by thermokarst since the end of Pleistocene, especially in the discontinuous permafrost zone.
Main yedoma areas in Alaska include “Silt belt” in the northern Alaska, and the Seward Peninsula with
adjacent areas. Yedoma is also abundant in the foothills and valleys of the Interior Alaska.
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Figure 2-7 Yedoma occurrence within different permafrost zones of Alaska.
2.2.3  Continuous permafrost

Continuous permafrost zone includes vast areas of northern and north-western Alaska: Brooks Range,
Arctic Foothills, Arctic Coastal Plain, and the northern part of Seward Peninsula with adjacent areas
(Figure 2-6). North of the Brooks Range, permafrost thickness generally varies from 200 to 400 m and
reaches a maximum depth of 600 m in the Prudhoe Bay area (Brown and Sellmann, 1973; Lachenbruch
et al., 1988; Jorgenson et al., 2008; Jorgenson, 2011). Mean annual permafrost temperatures vary from
about -9 to -4°C but may be close to 0°C under shallow lakes. If the water depth exceeds 1.5 m, the
mean annual bottom temperature commonly exceeds 0°C, and closed taliks develop under such lakes.
Monitoring of permafrost temperature in deep boreholes showed its significant increase during the last
decades (Osterkamp and Jorgenson, 2006; Brown and Romanovsky, 2008; Smith et al., 2010; Jorgenson,
2011; Romanovsky et al., 2017) (Figure 2-5). Thickness of the saturated active layer usually does not
exceed 0.5-0.6 m, but it can reach 1-1.5 m under bare surfaces. The minimal thickness of the active layer
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(0.2-0.3 m) is typical of organic soils. Degradation of ice wedges has occurred during last decades over
vast areas of northern Alaska (Jorgenson et al., 2006, 2015; Raynolds et al., 2014; Kanevskiy et al.,
2016b, 2017; Frost et al., 2018).

Yedoma is quite common in the continuous permafrost zone (Figure 2-7) and occurs primarily in
lowlands and foothills which were unglaciated during the Late Pleistocene. Yedoma is widespread in the
Arctic Foothills and adjacent parts of the Arctic Coastal Plain (Lawson, 1982, 1983; Carter, 1988; Brewer
et al., 1993; Kanevskiy et al., 2011a, b, 2016a; Jorgenson et al., 2014; Schnabel et al., 2014; Trochim et
al., 2016) and in the northern part of Seward Peninsula (Hopkins, 1963; Shur et al., 2012; Stephani et al.,
2012; Ulrich et al., 2014). Within poorly drained plains, yedoma has been strongly reworked by
thermokarst lakes. Thaw-lake basins are much less frequent in the foothills.

Yedoma sections were described by Carter (1988) in the low foothills of the Brooks Range, where
continuous areas of eolian silt (loess) contain large ice wedges. According to Carter, these areas form a
silt belt 5 to 70 km wide at the boundary between the Arctic Coastal Plain and the Arctic Foothills. We
believe that the area of yedoma in northern Alaska is larger than it was mapped by Carter (1988), and
isolated yedoma sequences of smaller scale can be found outside the silt belt area as well (Kanevskiy et
al., 2011a). Thawing of yedoma deposits in northern Alaska, which started in the end of Pleistocene,
have resulted in formation of large thaw-lake basins up to 20-30 m deep (Livingstone et al., 1958;
Williams and Yeend, 1979; Carter, 1988).

Despite complex ground-ice conditions, the cold climate is an important favorable factor for engineering
activities in northern Alaska. The recent increase in the permafrost temperature itself has not created
serious problems because the temperatures of soils in northern Alaska are still quite low. Cold climate
and low permafrost temperatures allow for using frozen soils as foundations without expensive
technical means. Pads and embankments with a thickness greater than the active layer depth in dry
granular soil prevent ice-rich permafrost from thawing.

2.2.4  Discontinuous permafrost

Discontinuous permafrost is common in Alaska (Figure 2-7). Most Alaskan villages are located within the
discontinuous permafrost zone. The thickness of permafrost in this zone usually does not exceed 120 m
(Jorgenson et al., 2008). Mean annual permafrost temperatures vary from about -3 to 0°C, and closed
and open taliks are quite common. Monitoring of permafrost temperature in deep boreholes showed
relatively small (in comparison with the continuous permafrost zone) increase during the last decades
(Smith et al., 2010; Romanovsky et al., 2017) (Figure 2-5). The active layer thicknesses vary from less
than 0.5 m in organic soils to more than 1 m in mineral soils.

Many unfrozen areas in the discontinuous zone of permafrost in Alaska consist of sand and gravel, and
the nearby perennially frozen areas consist of silt (Péwé, 1975). Commonly permafrost occurs within the
areas with thick surface organic layers. Very often permafrost is absent within south-facing slopes,
active floodplains, and in the areas affected by forest fires and development. Permafrost and ground-ice
conditions in the discontinuous permafrost zone are very diverse. Jorgenson et al. (2013) described the
four typical landscapes most common across boreal regions of Alaska underlain by discontinuous
permafrost: (1) rocky uplands on ice-poor hillside colluvium, (2) silty uplands on extremely ice-rich loess
(yedoma), (3) gravelly—sandy lowlands on ice-poor eolian sand, and (4) peaty-silty lowlands on thick ice-
rich peat deposits over reworked lowland loess (Figure 2-8).
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Figure 2-8 Topographic profiles illustrating relationships among topography, hydrology, soils,
permafrost, and vegetation within rocky upland, silty upland, gravelly-sandy lowland, and peaty lowland
landscapes (Jorgenson et al., 2013).

Ice wedges are mainly inactive or weakly active (Péwé, 1975). Modern ice wedges develop mainly within
peatlands with relatively low permafrost temperatures (Hamilton et al., 1983; Bjella et al., 2017).
Inactive ice wedges commonly occur in yedoma, which can be encountered mainly in foothills and
valleys within the uplands and low mountains, unglaciated during the Late Pleistocene. Wedge-ice
contents in yedoma deposits of interior Alaska vary from 10 to >50% by volume, and the vertical extent
of ice wedges may exceed 25 m (Kanevskiy et al., 2008, 2012; Shur et al., 2010). In many cases, ice
wedges in yedoma are buried under the layer of relatively ice-poor silt up to 5 m thick (Péwé, 1975;
Hamilton et al., 1988; Shur et al., 2004; Bray et al., 2006; Kanevskiy et al., 2008, 2012; Jensen et al.,
2013; Jorgenson et al., 2013; Nossov et al., 2013).

It is difficult to distinguish yedoma terrain in the discontinuous permafrost zone because it is obscured
in boreal forests. Baydzherakhs (conical thermokarst mounds) which indicate the presence of yedoma
are visible mainly in drained thaw-lake basins or old agricultural fields. They also can be detected in
LIDAR images. In most cases yedoma sites may be detected only by drilling.

Main yedoma areas in the discontinuous permafrost zone include southern part of the Seward Peninsula
and adjacent areas, Yukon-Tanana upland, and parts of Yukon Flats adjacent to foothills. Yedoma has
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been described at numerous sites in interior Alaska, primarily within Yukon-Tanana upland (Péwé, 1975;
Kanevskiy et al., 2012; Jensen et al., 2013; Jorgenson et al., 2013; Nossov et al., 2013).

Yedoma remnants exist mostly in the well-drained areas adjacent to foothills or large river valleys.
Within poorly drained plains (e.g., Koyukuk Flats, Innoko Flats), yedoma has been almost completely
reworked by thermokarst and thermal erosion since the end of the Pleistocene, and permafrost occurs
mainly within uplifted peat plateaus, interspersed with unfrozen bogs and fens (Jorgenson et al., 2012;
O’Donnell et al., 2012). The mean annual soil temperature at the base of the active layer within
permafrost plateaus is close to 0°C. Surficial deposits often comprise frozen organic soils up to 4.5 m
thick underlain by ice-rich lacustrine silt (presumably reworked yedoma). The volume of visible
segregated ice in silt in these areas locally exceeds 50%, with ice lenses up to 10 cm thick (Kanevskiy et
al., 2014). Modern ice wedges are not typical of this area, though Weber and Péwé (1961, 1970)
reported the presence of ice wedges up to 1 m wide and 4.5 m tall in the Yukon-Koyukuk lowland.

Buried glacier ice and ice-rich glacio-lacustrine sediments can be encountered in the mountains and
large valleys developed during the late Pleistocene glaciation. Investigations at the Gulkana Airport
(Copper River Basin, Alaska) revealed ice-rich glacio-lacustrine silty clay at depths of 7 to 11 m with ice
lenses up to 15 cm thick and spacing from 10 to 30 cm (Shur and Zhestkova, 2003).

Destruction of vegetation in the discontinuous permafrost zone leads to degradation of permafrost
(Douglas et al., 2008). Thawing of ice wedges under the roads (Figure 2-9), agricultural fields, or
buildings often results in significant differential thaw settlement. In the areas with ice-rich permafrost,
relatively high permafrost temperatures complicate using frozen soils as foundations. Mitigation
techniques are discussed in Chapter 5.

Figure 2-9 Thermokarst mounds (baydzherakhs) developed due to ice-wedge degradation under the
abandoned part of the Dalton Highway, interior Alaska.
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2.2.5 Sporadic and isolated permafrost

Areas with sporadic and isolated permafrost cover approximately 15% of Alaska where the ground is
mostly unfrozen. Permafrost thicknesses usually do not exceed 50 m. However, in some areas (e.g.,
around Bethel) they can be more than 100 m (Jorgenson et al., 2008) (Figure 2-6). Permafrost
temperatures are close to 0°C, and permafrost exists mostly in organic soils or in the areas with very
thick surficial organic layer.

In many areas with sporadic and isolated permafrost, mean annual air temperatures (MAAT) are above
freezing leading to degrading permafrost. For example, the mean annual air temperature in Anchorage
exceeds +2°C, which is unfavorable to the existence of permafrost. However, isolated masses of relic
permafrost in this area are protected from rapid thawing by a thick layer of moss and peat. According to
Lee (1977), permafrost existed in about 2 to 5% of the Anchorage area. Permafrost bodies usually
occurred at depths from 4.5 to 10 m; some of them are ice rich with ice lenses from 2 to 30 cm thick
(Lee, 1977). Frozen soils found at the study site near Birchwood, which is located between Anchorage
and Wasilla, include silty clay of glacio-lacustrine origin with numerous layers of segregated ice up to 70
cm in thickness (Kanevskiy et al., 2013). The average volume of visible ice is 42.5%; and total gravimetric
water content is 68%. With an average permafrost thickness of 9.5 m and an average thaw strain of
40%, the thaw settlement of the surface is expected to be at least 3.8 m after complete degradation of
permafrost, an unacceptable deformation for any engineered structure on these soils. Riddle and
Rooney (2012) provided a comprehensive review of permafrost occurrence and its impact on structures
in the Anchorage area.

In the coastal area of the Yukon-Kuskokwim Delta, ice-rich permafrost widely occurs in abandoned-
floodplain deposits within elevated plateaus with thick surficial organic layer (Jorgenson, 2000). Residual
currently degrading permafrost plateaus exist in the western Kenai Peninsula lowlands of south-central
Alaska, a region with a MAAT of +0.5 to +2.5°C; thickness of ice-rich peat in this area may exceed 5 m
(Jones et al., 2016).

Yedoma-like terrain (supposedly yedoma hills and thaw-lake basins) was detected within Yukon-
Kuskokwim delta and adjacent areas. There is also information available on massive ice (presumably
large syngenetic ice wedges) at several sites (e.g., near the village of Chevak). However, there is no
confirmed evidence of yedoma occurrence in these areas.

Most villages within the sporadic and isolated permafrost zones are located on unfrozen ground but
occurrence of the ice-rich permafrost mentioned above shows that permafrost-related hazards still may
exist in these areas and affect either some parts of communities or adjacent areas. Warm permafrost
temperatures and MAAT above freezing make preservation of soils in frozen state extremely difficult.

2.2.6 Mountain permafrost

In the mountain areas, a significant part of terrain is exposed bedrock, which is generally ice poor. Ice-
rich weathered bedrocks containing golets ice may be encountered. Ice-rich sediments are localized
mostly at bases of gentle slopes and in the bottoms of river valleys. During the late Pleistocene,
mountain areas of Alaska were mainly glaciated, so no ice wedges could form at that time. Small
Holocene ice wedges occur in the mountains mainly within the continuous permafrost zone (e.g., the
Brooks Range). Buried glacier ice and ice-rich glacio-lacustrine sediments may be encountered in large
glacial valleys (Kreig and Reger, 1982; Brown and Kreig, 1983; Kanevskiy et al., 2011b). Mass-wasting
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processes such as solifluction, creep of frozen soils, and formation of rock glaciers and frozen debris
lobes are active in these areas, as well as formation of frost blisters and icings.
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3 GEOTECHNICAL INVESTIGATIONS

3.1 Overview

Geotechnical data is crucial to project success for three reasons:

1) Design to meet performance and maintenance expectations during the life of the structure.
2) Ensure contracting milestones and spending limits are met during the construction phase.
3) Reduce change orders and cost over-runs.

Design of roadways and airfields in Alaska requires an understanding of permafrost and surficial
properties and potential impacts of thawing permafrost to infrastructure. Key parameters affecting
performance are the extent and quantity of ice (gravimetric moisture content), soil type, frozen
condition, and active layer thickness (Andersland and Ladanyi 2013, Johnson 1981). More importantly
however, perennially frozen materials most often have highly variable ice content, laterally and
vertically due to the permafrost and ecosystem geomorphology (Jorgenson and Kreig 1988, Shur and
Jorgenson 2007).

Management of risk and cost requires a systematic approach that characterizes the site. Drilling
regularly spaced boreholes provides indispensable exploratory and confirmatory site data. However,
drilling is costly, and each borehole provides information about a single point. Drilling can miss critical
variability and spatial relationships between the boreholes, especially in the boundary zones where
critical bearing capacity changes occur between ice-rich vs. ice-poor conditions, or frozen and thawed
areas.

Employing a strategic, comprehensive approach that maximizes the value of each borehole while
allowing interpretation between those boreholes can often reduce the risk of claims and change orders
during construction. Geotechnical data may be acquired through multiple methods including analysis of
aerial and satellite imagery, geophysical measurements, and geologic and topographic maps to include
digital elevation models (DEMs) or through remote sensing techniques.

Chapter 3 provides an overview of the geotechnical investigation tools available. In keeping with the
theme of this synthesis the information presented here allows the designer to understand the strengths
and weaknesses of each method and when they may be applied. There is no method that works in every
case. Consequently, the primary goal is to allow the designer to engage in a meaningful discussion with
subject matter experts who can assist in the development of a geotechnical investigation plan to meet
the needs of the project.

3.1.1 Terrain units

Geotechnical investigations in the permafrost region are often based on the terrain-unit approach (Kreig
and Reger, 1982). Terrain (or geomorphic) units are distinguished based on geomorphology and surficial
geology. This approach is based on a close correlation of ground-ice volume and other permafrost
characteristics with terrain units because the process of ground-ice accumulation is controlled by soil
texture and properties, geologic history, and conditions of permafrost formation. Such correlation has
been proven during the permafrost studies throughout Alaska (Shur and Jorgenson, 1998).

Terrain analysis assumes that geomorphic, geologic, and geotechnical properties of terrain are closely
related, and that terrain units formed during the same time, under the same climatic conditions, and
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affected by similar processes. Climatic conditions during formation of terrain units are especially
important for geotechnical investigations in the permafrost region. For example, in Alaska, textures of
soils of modern floodplains in the continuous and discontinuous permafrost zones may be identical, but
permafrost properties of soils including thermal state, ground-ice content, existence of massive ice, and
permafrost-related processes may be completely different (Schnabel et al., 2014). Much of this is
discussed in Chapter 2 and in more detail in the companion publication A Permafrost Primer for Highway
and Airport Engineers.

Mapping of terrain units is based mainly on interpretation of aerial photographs, satellite imagery, and
topographic maps, and analysis of previous studies (geological, geomorphological, and vegetation maps,
geotechnical reports, scientific papers, etc.). Preliminary terrain-unit maps (Figure 3-1) depict main
landforms.
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Figure 3-1 Example of a terrain-unit (landform) map.

3.1.2 Satellite imagery and air photo interpretation

Interpretation of imagery is widely used in geotechnical investigations in permafrost-affected areas
because of the close relationship between permafrost properties and surface features (Schnabel et al.,
2014). This includes satellite images, air photos, and aerial light detection and ranging (lidar).

There is an abundance of satellites constantly capturing the state of the Earth, many of which have
freely available data. Each satellite has different sensors, and spatial and temporal resolutions.
Therefore, it is important to understand what is needed for the analysis before beginning a data search.

Aerial lidar is another method used to do a terrain analysis. Laser returns map the surface of the earth to
create a high-resolution picture of the ground and elevation. Lidar series collected over time can be
differenced to detect elevation change due to permafrost melt. Many municipalities, boroughs, and
government agencies such as USGS and DGGS collect aerial lidar and make these data available to the
public. Private companies provide customized aerial lidar at a specific area of interest. Unmanned Aerial
Vehicles carrying inexpensive lidar cameras are becoming more common. As a result, lidar data are
becoming increasingly available at lower costs.
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3.1.3 Engineering-geological maps and sections

Engineering-geological maps are compiled based on the terrain-unit approach. The data on permafrost
conditions and soil properties may be obtained through detailed geophysical and other subsurface
investigations (drilling, excavation, description of natural exposures, etc.) along selected transects. With
sufficient information on permafrost and surficial geology, terrain-unit maps can be transformed into
engineering-geological maps (Figure 3-2). Terrain-unit maps can then be transformed into engineering-
geological cross-sections that contain important geotechnical information (Figure 3-3).
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Figure 3-2 Example of an engineering-geological map that was modified from the terrain-unit map (see
Figure 3-1).
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Figure 3-3 Example of an engineering-geological cross-section

Engineering-geological mapping is impossible without field studies, which start with detailed mapping
and description of surficial features and include characterization of vegetation; measurements of thaw
depth; mapping of various permafrost-related landforms (e.g., ice-wedge troughs and other polygonal
features, thermokarst ponds, sinkholes, thermo-erosional gullies, pingos, solifluction lobes, etc.); and
characterization of adjacent infrastructure (permafrost engineered vs non-permafrost engineered, road
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deformations, etc.). These surficial features, some of which may be detected based on interpretation of
aerial photographs and satellite images, may indicate occurrence and sometimes properties of the near-
surface permafrost. However, characterization of subsurface conditions is impossible without detailed
geotechnical investigations, namely drilling. Several boreholes, their locations along the selected
transects, and depth of drilling should be determined based on diversity of terrain conditions and results
of geophysical investigations.

3.2 Introduction to Geophysical Investigations

Geophysical techniques such as earth resistivity tomography (ERT) and ground penetrating radar (GPR)
have been used successfully for subsurface profile imaging of many types of earth materials, both in
sediments and bedrock. These techniques specifically provide unique visualization of the subsurface in
frozen environments due to electrical contrast between water and ice. ERT measures the transient
response of subsurface materials to an electrical impulse, where frozen ground is higher in resistivity
while thawed or wet soils are low in resistivity (high conductivity). Resistivity has been proven to
delineate between frozen vs. thawed, and ice-rich vs. ice-poor terrain. The energy is input to the
subsurface either by direct electrical conductors (galvanic) or via capacitive coupled systems. The latter
allows for long continuous transects.

GPR measures velocity changes of radar frequency impulse into the subsurface. Differences in dielectric
permittivity cause velocity and polarity changes of the signal indicating depth and location of major
subsurface changes. Sub-horizontally layered strata such as sediments and man-made earthen projects
are easily discernable, particularly where phase change boundaries exist at the top of the permafrost
and water tables. It is important to understand that GPR provides only horizons where changes occur. It
does not provide information concerning what those changes are without additional information.

The equipment for these techniques is commercially available and easily operated with a modest
amount of training. In the case of GPR, some complexity can arise when discerning details in complex
subsurface structure, requiring expertise for refined processing.

Once the user becomes familiar with these technologies, information becomes immediately apparent.
This not only provides data for the areas between ground truth locations (test pits, boreholes, outcrops),
it optimizes geotechnical investigation by providing information related to the variability of the soil
structure. The decision to utilize surface geophysics is often predicated on the end user’s familiarity with
the techniques and the anticipated information provided to the project. However, it is often influenced
by the budget.

Project team members, particularly geologists and geotechnical/materials engineers, readily understand
the requirement for subsurface sampling via boreholes or test pits. Geophysical methods are rapidly
demonstrating the benefits of inclusion in a geological/geotechnical investigation, particularly on linear
projects in frozen terrain. However, the utilization of surface geophysics including which technology,
how and when they are used, is evolving.
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3.3 Electrical resistivity tomography (ERT)

3.3.1 Capacitive Coupled Resistivity (CCR)

CCRis a type of ERT survey using the earth as one conductor of a parallel plate capacitor. The
transmitter and receivers are connected via coaxial cables creating a dipole antenna. The transmitter
sends a continuous-current sine wave through the dipole antenna, polarizing the surrounding earth
material. A passing receiver measures the induced polarization from which the resistivity can then be
calculated. This system does not require inserted electrodes and can continuously collect pulsed
readings at a frequency of 10 Hz (Figure 3-4) while traveling along the surface. The transmitter dipole
antenna is separated from the series-connected receiver dipoles antennae with a non-conducting rope.
Increasing the separation increases the survey depth up to 20 m. The system can be pulled on foot, by
snow-machine, all-terrain vehicle, or full-size vehicle. The overall length of the CCR array to be towed
can exceed 100 m (330 ft) when using the 10 m dipoles and a rope separation of 25 m. The system can
collect data throughout the year and under damp conditions, including rain. GPS information is
incorporated in the data to allow for transect location. Processing of the data is the same as directly
coupled ERT through utilization of inversion to provide a pseudo-section of the subsurface resistivity
using either commercially available or user written software and an image of the profile produced.

=
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Figure 3-4 CCR system pulled by a snowmobile on a packed trail
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The image is composed of a color index coded and contoured to illustrate areas of high or low resistivity
with red-purple indicating high resistivity and blue-green indicating low resistivity (high conductivity),
although these can be modified based on end-user preference. Details of dramatic changes in resistivity
is limited to 2 to 3 meters resolution. The change from thawed to frozen ground occurs abruptly,
especially when considering the thawed active layer over permafrost. Fortunately for geological
investigations extreme detail of the horizontal and vertical location of the dramatic changes is less
important during the preliminary assessment, and greater precision will be attained with ground truth
drilling or test pit excavation.

In Figure 3-5, a pseudosection is shown of a portion of a 13 km survey northwest of Fairbanks, Alaska,
for the relocation of the Dalton Highway 0 to 8 Mile. The CCR survey was conducted along the proposed
centerline after clearing and grubbing. Borehole drilling was conducted along the centerline during the
CCR survey at 100 m (300 ft) intervals per ADOT&PF field protocols. The location consists of
discontinuous warm permafrost. Drilling of the lower portion of the alignment in the West Fork of the
Tolovana River encountered numerous thawed areas and areas with ice-poor permafrost. The boreholes
are overlain with the resistivity, to include gradation, frozen condition, and ice volume.

3.3.2 Galvanic (electrode coupled)

The galvanic method of ERT utilizes metal electrode stakes driven into the soil or rock at equal intervals
along the surface to be surveyed. Resistivity is determined by injecting current directly into the
subsurface via two current electrodes and reading the resultant voltage via two potential electrodes
(Figure 3-6). Increasing the electrode spacing increases the depth. Thirty-meter depths or more is
achievable with electrode separations of 6 m. Setup is time consuming requiring electrodes to be
hammered into the ground. Each survey is limited to the length of the cables at maximum electrode
spacing. Data can be collected all seasons of the year, however electrode installation in frozen earth
materials of the winter requires considerable effort and the electrodes must be potted in saline solution
to facilitate lower contact resistance. Operators should take appropriate precautions when working
around water to avoid electrical shock. Electrode location is topographically mapped with conventional
mapping equipment, optical or GPS. Averaging algorithms are used to calculate the apparent resistivity
over a range of depths along the electrode line, producing a two-dimensional pseudo-section of
inversion results.
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Figure 3-5 Station 310+00 to 340+00, 0 to 8 Mile Dalton Hwy Realignment. The ERT-CCR survey was conducted prior to the borehole drilling.
(units are imperial)
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Figure 3-6 Direct coupled ERT system installed in tundra terrain.

Ground penetrating radar (GPR) is a common geophysical method used for subsurface imaging of
stratified geological formations (Figure 3-7) or isolated natural or manmade features such as buried
utilities. GPR uses short pulses centered within the radio frequency spectrum, typically between 50 and
3000 MHz. Higher frequencies provide higher vertical resolution at the expense of penetration depth.
Reflections are the result of changes in electrical properties defined by the relative dielectric constant of
each material. Transitions from frozen to unfrozen, and from wet to dry provide the strongest
reflections creating the utility of GPR in cold regions. Antenna units are typically dragged along the
ground surface recording the position every 50 or 100 m using non-differential GPS.

Good success in penetrating permafrost has been obtained in areas of floodplain alluvial sands and
gravels (Delaney et al. 1990; Arcone et al. 1992, 1998). Penetration in ice-rich sands has reached 80 m
and 40 m in deeply frozen moraines (Arcone et al. 2002). GPR measurements are routinely made along
potential road corridors and existing pavements, gravels, or other substrates. In permafrost regions both
thaw settlement and frost heaving cause degradation in which investigation and mitigation is greatly
aided by GPR surveys (Bjella, 2020).

Late winter frozen well-graded and gravel fill embankments in interior Alaska afford more than 10 m of
signal penetration utilizing an antenna frequency of 400 MHz. As such, GPR is useful in helping to route
and design roads and in investigating problem spots along existing embankments. Results of GPR
conducted over fine grained sediments, such as the air-borne silt (loess) of Interior Alaska, are mixed.
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The mineralogical component of the glacially derived sediments can cause extreme attenuation of the
GPR signal, specifically in the wet or frozen state (Arcone, 2008).

Figure 3-7 200 MHz antenna pulled over an airfield embankment.

Post processing of ground penetrating radar data can be time consuming and complicated depending on
the subsurface composition and desired features to be imaged. In general, GPR will provide good results
where non-mineralogical clay minerals are present, such as in layered structures of manmade
embankments, alluvial gravel deposits, and bedrock outcroppings. Where massive deposits of clay or silt
are present, these strata attenuate the GPR signal, greatly decreasing resolution of features at even
shallow depths. Presence of ground water also attenuates the signal, and fine-grained sediments such as
clay and silt (loess) can be excellent harbingers of ground water, further attenuating the signal.

In Figure 3-8, a radargram of a section of the Elliott Highway is seen prior to the most recent
reconstruction. The layered structure is the repeated infilling of asphalt at a location experiencing
continued and dramatic permafrost thaw settlement approximately 0.5 km north of Haystack Mountain
Road. This survey was conducted with the 400 MHz antenna pulled behind a vehicle on a specially
designed plastic cart.
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Figure 3-8 400 MHz GPR profile on the Elliott Highway, Fairbanks, Alaska. Deep thaw settlement
can be seen.

3.4 Dirilling, logging, and sampling

3.4.1 Drilling

Drilling remains the primary means of getting soil profile data even when geophysical data are
collected, primarily due to the ease of soil property interpretation by visual means or by testing (Figure
3-9). The most common practice is the use of solid stem, hollow stem or flight auger to bore and recover
soil samples. Solid-stem drilling is relatively inexpensive and fast, allowing soil classifications, moisture
content and the ability to detect relative ice content. In areas where natural or artificial permafrost
exposures are rare, drilling becomes a main source of geotechnical information. In many cases, this
provides adequate information for the embankment design.

Soil description and samples obtained from the auger cuttings cannot be used for appropriate
evaluation of permafrost structure and associated properties. There are several drilling methods
commonly used in the permafrost region (Rand and Mellor, 1985; ADOT&PF, 2007; CAN/BNQ 2501-
500/2017, 2017). The common practice of geotechnical investigation in permafrost areas of Alaska
includes augering with solid flights (hollow-stem drilling) as a main drilling method and sampling of
frozen soils with split spoons. Several split-spoon samples are usually taken from each solid-stem
borehole. These samples are suitable for describing cryogenic structure, evaluating visible ice volume,
and soil testing; but information from several samples cannot be extrapolated to the whole section. The
same problem exists for other drilling methods (rotary drilling, air drilling/downhole hammer)

For reliable geotechnical information, consider drilling boreholes using continuous-coring methods in at
least some part of a study area. A detailed description of boreholes helps clarify permafrost structure
and origin and furthers the study of frozen soils properties with undisturbed samples. Without a good-
quality core, it is impossible to distinguish the nature of ground ice. For example, massive ice bodies
encountered by augering at different depths can be interpreted either as layers of tabular massive ice
(Figure 3-10A) or as syngenetic ice wedges (Figure 3-10B). This problem can be solved only by studying
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undisturbed samples of ice obtained by a corer, or moderately disturbed samples of ice obtained by split
spoons, hollow-stem drilling, or direct-push Geoprobe drilling.

The most significant consideration for augering in frozen soils is maintaining in situ temperatures below
-3 degrees Celsius. Otherwise, the augers may conduct heat and melt the pore ice. Sampling with
hollow-stem augers should be used with caution because the auger may become frozen in the hole.
Thawing the device with a brine or antifreeze solution may release it, but this may cause the borehole
walls to thaw and destabilize. The SIPRE ice corer has notable success coring both frozen soils and ice.
These corers are motor-driven augers that are raised and lowered by hand, and they consist of three-
foot long stainless-steel coring barrels with quick release drive heads and cutting heads with
replaceable, carbide-tipped cutting bits. They return undisturbed cores typically 0.5m long and 76 mm in
diameter. SIPRE corers are portable with an average shipping weight of about 85 pounds and do not
require fluids. One disadvantage is that excess cuttings tend to accumulate above the barrel which may
jam the auger in hole.

Direct-push Geoprobes are forced into the ground by hydraulically powered presses or hammers. No
rotational augering occurs, producing little to no cuttings. Typical probe depths are 9 to 18 meters.
Probe heads can be either sampling or driving heads, where the small diameter probes do not disturb
the surface as much as other drilling methods, important when drilling through roadways or runways,
but they do tend to compress the soil horizons below surface. Direct-push Geoprobes are most
applicable in unconsolidated soils but have limited penetration in semi-consolidated soils and almost no
penetration in soils containing excess cobbles or boulders. Operators report effective penetration in
frozen soils and permafrost conditions (Geoprobe Systems, 2019). Thus, while other drilling and
sampling methods may have difficulty in keeping the soil frozen at depth without chilled drilling fluids,
this method has future promise.

Wireline coring, a method commonly utilized for rock coring can be used on frozen soils. One
disadvantage is the potential of the latches on the core barrel to become frozen preventing the cable
from properly seating at the time of withdrawal. The benefit of not having to remove the drill assembly
each time still makes this a good option provided the latches can be prevented from freezing.

The drill bits have a profound effect on the success of the operation in frozen ground. Chisel-edge,
wedge-shaped, finger-style bits diamond or tungsten tipped have proven the most effective in frozen
soils for rotational drilling. However, the soil-ice matrix must remain as solid as possible, otherwise the
material may crumble, become soft with some localized thawing of the ice freezing to the drill string.
This often prevents further cuttings from migrating up auger flights and prevents the drill bit from
cutting and penetrating. Drill bits should be full-faced and stable (US Army Corps of Engineers, 2001).
The cutters on the bit should not be irregular, chipped, or broken. Gouges and irregularities could
develop on the core and frictional melting could destabilize the core, the borehole or both.

Aggressive penetration rates could cause the core to break or the fluid ports in the bits core barrel to
become clogged or frozen. However, if the rate is too slow, or the bite is ineffective, small chips could
melt and refreeze (US Army Corps of Engineers, 2001).

Frictional melting and heat conduction are additional concerns when drilling in frozen soils. As
mentioned earlier drilling fluid acting as a coolant is sometimes used. In the past the type of fluid was
often petroleum based, but this has been replaced with chilled brine solutions.
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Figure 3-9 Drilling methods used for geotechnical studies in permafrost areas of Alaska. A — Drill rig
performing solid-stem and hollow-stem drilling at the Dalton Highway Innovation Project field site, May
2008; operated by DOT&PF crew; equipped with a modified CME sampler (2 in. inside diameter); depth

of drilling — up to 30 m; B — Drilling with a Nodwell mounted CME 55 drill rig with a 154 kg automatic
hammer for split-spoon sampling at the HAARP field site, October 2007; performed by Discovery Drilling

Inc. crew; depth of drilling — up to 20 m; C — Direct-push Geoprobe drilling performed by CRREL crew,
CCHRC field site, August 2014; depth of drilling — up to 20 m; D — Drilling with the SIPRE corer, UAF AUTC
project, field site AR-6, Anaktuvuk area, September 2010; SIPRE corer (7.5 cm inner diameter) was
equipped with a small (1.89 cu. in., 1.3 h.p.) two-stroke Tanaka TIA-340 engine; depth of drilling — up to
6m.
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Figure 3-10 Alternative interpretations of massive ice bodies based upon drilling results: A — tabular
massive ice; B — syngenetic ice wedges.
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4 THERMAL MODELING

4.1 Overview

Thermal modeling allows designers to understand the thermal impact of their designs. However, if the
models are not used properly, they can also mislead the designer. This chapter discusses various
techniques for estimating the soil temperature profile so that the designer can understand what method
is appropriate. The chapter also discusses potential pitfalls and how to avoid them. The chapter does not
instruct the designer on the details of running thermal models. It is assumed that they will reach out to
others with the appropriate expertise. Rather the intent is to allow the designer to understand the limits
of thermal models and to help them interpret the results.

4.2 Introduction to Thermal Modeling

In the paragraphs that follow a summary of basic heat transfer and thermal modeling is provided. The
goal is to provide the designer with a basic knowledge of the physical processes involved, the various
ways of approximating thermal impacts of roadway designs, both simplified analytical approaches and
numerical models, and finally, the various pitfalls and complexities that can complicate modeling and
interpreting results.

4.2.1  Physical Processes

Heat Transfer Modes

The movement of heat within a typical roadway structure is governed by three fundamental physical
processes. These include thermal conduction, thermal convection or advection, and thermal radiation.
Within the granular materials of a roadway embankment and its supporting foundation soils, the most
prevalent heat transfer process is thermal conduction (also known as thermal diffusion) which is
typically modelled with Fourier’s Law of Heat Conduction. In its most general form, Fourier’s Law can be
written as a multi-dimensional vector equation:

G=—kVT

where ¢ is the conduction heat flux vector, k is the thermal conductivity of the granular material, and

VT is the temperature gradient. In the most simplified case (e.g., the vertical heat transfer into or out of
the ground through the soil surface), Fourier’s Law can be written as:
_ dT

q; = —k E
where g, is heat flux in the vertical direction, and zis the depth below the ground surface. Fourier’s Law
represents the theoretical expression that governs the movement of heat through the granular roadway
embankment and foundation soils in response to temperature differences. It dictates that the
movement of heat is directly proportional to the thermal conductivity of the material and the
temperature gradient. Note that the negative sign in the expression simply indicates that heat will
always flow from warmer to colder zones, in exact opposition to the direction of the thermal gradient.

The other two heat transport mechanisms, convection and radiation are typically less common within
the bulk of a granular material (either the embankment prism or foundation soils), but they can and do
have a big impact on boundary temperatures. One exception arises when the roadway structure is
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subjected to the flow of a fluid (either a liquid such as water, or a gas such as air) through the granular
material. Examples might include the seepage of melt water downslope through the base of an
embankment, or the convection of pore air as occurs in air convection (ACE) embankments (to be
discussed later). In such a case the moving fluid can carry a substantial amount of heat with it, either
depositing or removing heat from the embankment structure as it flows. Such a process is known as
heat convection and, when it occurs, it must be recognized and accounted for in the thermal modeling
process.

More commonly, convection and radiation are processes that primarily impact boundary temperatures
such as the temperature of the roadway surface or the embankment side slope. In this context,
convection can be considered as the physical process that connects surrounding atmospheric air
temperatures to the temperature at the surface of the ground or embankment. In this case, the
convective heat transfer that occurs between the ground/embankment surface and the surrounding air
is a function of surface conditions, wind speed, and embankment orientation. Newton’s Law of Cooling
is often used to express convective heat transfer that occurs at a solid boundary:

q=h(T,— Ts)

where g is the heat flux into (or out of) the surface, % is the heat transfer coefficient, 75 is the air
temperature, and 7;is the ground or embankment surface temperature. Note that the larger the heat
transfer coefficient, 4, the closer the surface temperature is to the air temperature. However,
determining a value for / is complicated by wind speed and surface conditions as mentioned above.

Thermal radiation is the result of thermally induced emission of electromagnetic radiation. All objects
emit thermal radiation as a function of their absolute temperature. Thus, the ground/embankment
surface will emit thermal radiation, sending it away, typically toward the sky. At the same time, the sky
and or sun will emit thermal radiation that is received by the ground/embankment surface.
Fundamentally the radiation process is governed by the Stefan-Bolzmann Law:

q=¢eoT*

where g is the heat flux away from the surface, ¢is the surface emissivity, ois the Stefan-Bolzmann
constant, and T 'is the absolute temperature of the surface. In terrestrial applications, radiation transfer
is typically broken into long-wave and short-wave contributions. As a result of Plank’s Law, the
wavelength of emitted radiation is tied to the temperature of the surface, with surfaces at
environmental temperatures (such as the ground/embankment surface or atmospheric air masses)
emitting long-wave radiation and very hot objects (such as the sun) emitting short-wave radiation. At
the ground/embankment surface, it is the net radiation flux that becomes important in determining
surface temperatures.

Convective and radiative heat transfer at the ground/embankment surface will be discussed further in
Section 4.3.2 in relation to surface boundary conditions for thermal modeling applications.
4.2.2 Energy Balance

To formulate a numerical model that can be utilized to solve for embankment and foundation soil
temperatures, it is necessary to carry out an energy balance on a representative volume of the granular
material. Thinking for a moment about a small control volume of the granular material that forms either
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the embankment or foundation soil structure, the temperature within that volume will be determined
by how much thermal energy (heat) enters the volume as compared to the material’s ability to store
that energy. Adding heat to the control volume will generally cause its temperature to increase, or, if ice
exists within the control volume, it may cause some melting to occur. Conversely, removing heat may
cause a temperature reduction or freezing to occur. Both the solid granular particles and any pore water
present in the material can store thermal energy, but only the pore water will undergo freezing or
thawing. Energy storage associated with freezing or thawing of the material is known as latent heat,
whereas energy storage that increases or decreases the temperature of the material is known as
sensible heat. Collectively the ability of the material to store heat is measured by its volumetric heat
capacity which can have both sensible and latent heat components.

For steady state heat transfer in a granular soil system (i.e., temperatures do not change with time), the
energy balance is simplified because there is, by definition, no change in energy storage over time within
the granular material. However, steady state heat transfer generally does not occur in roadway
embankment situations due to the changing yearly and daily ambient temperatures. For unsteady heat
transfer it is necessary to balance the net heat flux into a representative volume with the material’s
ability to store that heat. For instance, for materials with high heat capacity values, or materials that are
undergoing freeze/thaw (and thus have a large latent heat capacity), the representative volume may be
able to absorb or reject a large amount of heat with only a minimal change in temperature. By
formulating a basic energy balance using the first law of thermodynamics (conservation of energy), a
numerical equation can be derived for the temperature change of the representative control volume as
a function of how much heat is entering or leaving to neighboring control volumes. These control
volume equations can then be stepped forward in time, producing a time series of control volume
temperatures and providing the designer with a picture of how temperatures vary throughout the
embankment and foundation soil over time. This is the essence of how a numerical thermal model is
developed. The details of control volume construction depend on the geometry of the problem and the
type of numerical model (typically finite difference or finite element) that is being employed. In the end
the model will produce a collection of control volume temperatures at varying times as the surface
temperatures of the embankment or ground change. For most embankment thermal modeling
applications, net heat transfer into each of the control volumes is governed by thermal conduction.
However, as mentioned above, if there is a moving fluid, such as percolating or flowing ground water or
moving pore air as in an ACE embankment, thermal convection can play a dominant role in transferring
heat between the control volumes and, therefore, must be accounted for in the model.

4.2.3  Physical Domain

Most highway embankment analyses can be considered two dimensional (2D). That is, the temperatures
in the embankment and underlying foundation soils vary substantially with depth and vary across the
embankment cross section from centerline to toe and out into the undisturbed ground. Near the
embankment centerline, temperatures will be impacted by annual variations of the driving surface
temperature and by the thermal properties of the embankment material which are generally quite
different than the properties of the underlying native foundation soils. In some cases, however, it may
be possible to simplify the problem to one dimension (1D, typically this would be the vertical direction),
or it may be necessary to include heat transfer in the centerline direction, making the problem three
dimensional (3D). A 3D analysis may be necessary, for instance, if there is substantial ground water flow
and temperature variation in the direction of the road centerline.
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The question of whether to use a 1D, 2D, or 3D analysis essentially boils down to a question of
anticipated temperature differences in the embankment and foundation soils. Generally, the largest
temperature differences occur between the upper surface and the layers of granular materials below.
This, in turn, implies that the largest and most significant heat transfer will occur in the vertical
direction. On the other hand, sometimes there are large differences in temperature between the
embankment centerline and the shoulder area. As an example, this could be the case for a paved
highway that is plowed in the winter with most of the snow then accumulating on the side slope. For
this situation, low winter air temperatures would result in a relatively cold asphalt surface, but warmer
shoulders due to the insulating effect of the snow. In this case, which is somewhat typical, there can be
substantial horizontal temperature differences and, thus, important heat transfer effects in both the
vertical and horizontal directions, making the problem 2D.

1D problems are sometimes amenable to simplified modeling solutions. Some of these 1D techniques
are discussed in section 4.4. On the other hand, 2D problems require some sort of numerical solution
which will entail much more work on the part of the designer or consultant than a simplified 1D analysis.
Looking to even more complex problemes, it is possible to conduct a numerical analysis of a 3D problem,
but the resources required to do so will be substantial and may not be justified or even be possible
within typical design budgets.

Once the dimensionality is settled on, an appropriate model domain must be determined. For a 2D
model, the model domain would extend from the upper surface of the embankment/ground to some
depth. The depth should generally be set large enough that no appreciable annual temperature
fluctuations are expected at the lower boundary of the model. The lateral boundaries could be set at the
embankment centerline (so long as symmetry about the centerline can be assumed) and at a distance
significantly away from the edge of the embankment toe such that the thermal influence of the
embankment is no longer impacting temperatures. This implies that the heat transfer at the outer
lateral boundary should be 1D, in the vertical direction only. Understanding these requirements will
allow the designer to determine if an adequate model domain has been utilized by simply examining the
temperatures produced by the thermal model.

4.2.4 Time Domain

Given that roadway embankments are subjected to substantial surface temperature variations, we can
anticipate that the temperatures within the granular embankment materials and foundation soils will be
variable depending on the time of year, or perhaps even the time of day. The important time scales can
vary from hours to many years but typically the annual temperature cycle with thawing occurring during
summer and re-freezing occurring in the winter is of greatest interest. With that in mind, a numerical
thermal model would typically be run for several seasons with a time step on the order of a day to
obtain an idea of annual thaw or freeze depths.

When determining what time scales to use for thermal modeling of a roadway embankment several
important factors must be considered. These include the purpose of the modeling effort, which might be
to control frost heave beneath an embankment, to avoid annual thaw into an ice-rich permafrost layer,
or to avoid long-term thaw of warm permafrost. In addition, the time scale of the modeling program
could be impacted by the level of knowledge regarding the initial temperatures of the embankment
material and underlying foundation soil. This results from the fact that the model will start with these
measured (or approximated) initial temperatures and then trace out future thermal behavior based on
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that initial temperature distribution. If the initial temperatures are only poorly known, then a longer
simulation run time (many yearly annual cycles) may be needed to reduce the impact of the
approximated initial temperature distribution.

For roadways that are constructed in non-permafrost areas, the primary reason to conduct a thermal
modeling effort would be to avoid potential frost heave due to freezing of frost susceptible materials at
the base of the embankment. For a problem such as this, a numerical analysis could be performed using
measured pre-construction ground temperatures and a total run time of a few years. In this case the
model should quickly converge (within a few annual cycles) to a repeatable annual freeze/thaw pattern,
thus giving the designer a good idea if freezing might reach frost susceptible material.

For roadways constructed in permafrost areas, two potentially problematic scenarios are possible. For
locations with cold permafrost (defined here as permafrost that is cold enough that it is unlikely to
experience large-scale thawing), the designer needs to be concerned about the annual thaw depth to
ensure that it does not penetrate the surface of the pre-existing permafrost layer. In this case it may
also be possible to conduct a sufficient numerical analysis using the measured pre-construction ground
temperatures and a model run time of a few years. As for the non-permafrost case, this type of
modeling effort could be expected to converge to a repeatable annual freeze/thaw pattern within a few
annual cycles, thus indicating if thawing into the permafrost layer will be an issue.

For roadways constructed in warm permafrost areas, as found in much of interior Alaska, the purpose of
the modeling effort might be different still. In this case, it is likely that the warm embankment surfaces
may cause large-scale, long-term thawing of the permafrost layer underlying the roadway. To accurately
determine the extent of any large-scale thawing, a model simulation time of many years (maybe as
many as 30-50 years) may be needed. This is a result of the fact that thawing of a large permafrost mass
will require the addition of a substantial amount of heat, which will happen only slowly over time,
particularly if insulation is used in the roadway. Conducting a multi-year thermal analysis such as this
may give the designer an idea of the level and intensity of maintenance problems to expect, which could
influence the types of mitigation strategies considered in the design process.

4.3 Data Requirements

Several types of data are needed to conduct a thermal modeling analysis. These include the thermal
properties of the materials that make up the embankment and foundation soils, appropriate boundary
condition data, and initial temperature data. The thermal properties can generally be determined from a
knowledge of the soil and embankment material types and moisture content. Boundary conditions
include the temperatures at the upper surface of the ground and embankment as a function of time,
and information regarding the geothermal flux of heat that enters the bottom boundary of the model.
Initial temperatures are probably most appropriately based on direct measurement of temperatures
before/during the construction process. For example, these could include pre-construction soil
temperature profiles as measured by a temperature string and embankment material temperatures
measured during construction (or assumed based on handling and ambient air temperatures).

4.3.1  Material properties

Thermal properties of soils and granular materials are a function of mineralogy, texture, porosity, and
moisture content. With a knowledge of these material parameters, it is possible to use a variety of
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different correlations or charts to determine thermal conductivity, heat capacity, latent heat, and
permeability (important for modeling convection of ground water or pore air) which are the suite of
thermal properties needed to support thermal modeling. Depending on the amount of moisture present
in the material, the thermal conductivity and sensible heat capacity will vary substantially between the
frozen and thawed state. This is a result of the fact that liquid water and ice have different thermal
conductivities and sensible heat capacities.

One common source of thermal conductivity data is the earlier work of (Kersten, 1949) who produced
graphical correlations for soil thermal conductivity data. Kersten produced thermal conductivity plots for
sands and gravels, for silt and clay soils, and for peat and organic soils, for both the frozen and unfrozen
states. In the graphical correlations, the thermal conductivity values were given as a function of the
material’s dry density and moisture content. Kersten’s original work has been reanalyzed and
reformatted by several subsequent authors and is also available in Andersland & Anderson, 1978, as
well as Farouki, 1981. In addition to Kersten’s graphical data, Johansen provided several correlations for
thermal conductivity, including correlations for the thermal conductivity of crushed rock which may be
important when modeling air convection embankments (Johansen, 1975).

While thermal conductivity is complicated to determine because of the microscopic heat conduction
path through a mixture of solid material grains, pore air, and pore water/ice; heat capacity values are a
more straight-forward function of the constituents. As a result, thawed and frozen sensible heat
capacity of a granular material system can be calculated based simply on knowledge of the dry density
of the material and the water and/or ice content. Similarly, latent heat values can be calculated based
simply on the moisture content of the material. Equations and methods for calculating sensible and
latent heat for soils and other granular materials can be found in in the geotechnical engineering
literature, see for example Andersland & Anderson (1978) or Andersland & Ladanyi (1994).

For situations where flow of a pore fluid (water or air) is suspected, it will be necessary to add the
permeability to the list of important material properties. Where ground or surface water flow is
expected to impact the thermal regime beneath the embankment, analysis options are limited and often
complicated by lack of knowledge of exact geometries, particularly if channeling of water is expected in
a confined zone beneath the embankment. On the other hand, for air circulation in air convection
embankments or ventilated shoulders (see Chapter 5 for further details), it is often possible to define
geometries and material properties accurately enough that a thermal modeling study can be completed,
although these analyses are also more complicated because of the need to solve the governing equation
for air flow as well as for temperatures.

From the designer’s perspective, the important consideration is that an accurate thermal analysis will
rely on accurate knowledge of both the foundation soil properties and the properties of the
embankment materials. These will include soil type, dry density, moisture content, and in some cases
accurate gradation curves. During site investigation it will be necessary to do adequate testing to ensure
that, for instance, foundation soil properties are known from the surface to depths of approximately half
the embankment width. In addition, some amount of source pit sampling will also be needed to
accurately characterize the properties of the embankment materials themselves. If substantial changes
in moisture content occur throughout the annual cycle or are expected during the lifetime of the

project, this should also be characterized as completely as possible and passed on to those who may be
conducting the thermal modeling analysis.
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4.3.2 Boundary conditions and the surface energy balance

In addition to accurate characterization of material properties, a thermal model will also be reliant on
detailed knowledge of temperature behavior at the boundaries of the model, including the ground or
embankment surface, and the lateral and lower boundaries of the model. As indicated in section 4.2.2,
the lower boundary of a model domain should be placed at a sufficient depth below the surface that
minimal annual temperature variations are expected. Under those circumstances, the governing
boundary condition at the lower boundary will consist of a geothermal heat flux specification.
Geothermal heat flux is generally on the order of 0.06 W/m?, but can vary across the state, see Batir, et
al., (2013) for more details.

For the lateral boundaries of a 2D (or 3D) model, it is usually possible to assume zero heat flux (implying
temperature changes only in the vertical direction), so long as the lateral boundaries are located at a
symmetry plane (e.g., potentially the embankment centerline) or moved outward away from the
embankment into the undisturbed native vegetation zone.

By far the most complicated boundaries are those of the ground and embankment surfaces.
Temperatures at these surfaces are governed by interaction with the atmosphere and are complicated
by changing surface conditions throughout the yearly cycle such as the presence or absence of a snow
layer. They may also be even further complicated by climate change depending on the lifetime of the
project and expected changes in atmospheric conditions over that time.

The most comprehensive and most accurate way to treat the upper surface boundary condition is to
carry out a comprehensive surface energy balance. In such an analysis the entire array of important heat
transfer interactions between the surface and the atmosphere are considered and balanced to calculate
the heat entering or leaving the upper boundary of the model domain. Important components of the
surface energy balance include the net incoming radiation (both short-wave and long-wave
components), convective heat transfer between the surface and the air, and any energy transfer
associated with evaporation/condensation/sublimation of surface moisture. A common form of the
surface energy balance equation can be represented as follows:

Qg = Qnet rad — Qconv - Qevap

where Q. is the heat entering the ground or embankment surface, One: raa is the net radiation heat flux
arriving at the surface, Qconv is the convective heat loss from the surface to the atmospheric air, and
Qevap is the energy loss from the surface associated with evaporation/sublimation/condensation of
moisture. The net radiation term is driven primarily by incoming solar radiation, but long-wave radiation
away from the surface (especially during clear nights) also has a big impact on surface heat transfer. The
convective heat transfer is determined by the difference between surface and air temperatures and the
heat transfer coefficient (see the discussion of Newton’s Law of Cooling above). The heat transfer
coefficient is a complex function of surface roughness, wind speed, and buoyancy. Finally, the energy
transfer from the surface due to evaporation/sublimation/condensation is a function of surface
moisture conditions and relative humidity in the atmospheric air mass. Many researchers have reported
on the importance of these various surface energy balance terms in arctic conditions (Hinzman, et al.,
1998).
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As is evident from the discussion above, carrying out a complete surface energy balance for a typical
roadway embankment modeling exercise is both analytically challenging and data intensive. To
characterize the surface energy balance terms accurately, comprehensive meteorological data is needed
at the site. Meteorological data is collected with a data station that includes air temperature and
relative humidity instruments at multiple elevations above the ground, in addition to wind speed
anemometers and net radiometers. These instruments would typically be polled multiple times per day
and records would need to be available for the entire yearly annual cycle. If such data is available, it can
often be used in commercial thermal modeling packages to provide an accurate simulation of surface
conditions and, thus, improve the quality of the thermal model output. Unfortunately, such
comprehensive data is usually not available, so modeling efforts often must utilize simplified methods
for handling the surface boundary condition.

The most common method for simplifying surface boundary conditions involves the use of a surface N-
factor. A comprehensive description of the N-factor methodology was published by Lunardini (1981).
The method recognizes the fact that the most important driving factor in determining surface
temperatures is the atmospheric air temperature. However, the correlation is not exact due to the other
terms in the surface energy balance. Measurements have indicated that ground or embankment surface
temperatures are often warmer than air temperatures during both winter and summer. During winter
conditions this situation can result from the insulating effect of snow cover which tends to keep the
ground surface warmer than the winter air. During summer, the warmer surface conditions can be
traced to heating of the surface by solar radiation.

In the N-factor approach, the fine details of the surface energy balance described above are included
only in an approximate, yearly average sense. This allows treatment of the surface boundary condition
based on knowledge of air temperatures alone, which are often easier to acquire for a given project site
than all the individual surface energy balance components. For the winter freezing season, the freeze N-
factor is defined as:
ISf

Nf Iaf
where Nris the freeze N-factor, Isris the surface freezing index, and I4fis the air freezing index. The air
freezing index for the winter season can easily be determined from air temperature measurements as
the sum of the number of integrated degree-days that the air temperature is below freezing. Given
freeze N-factor data appropriate for the conditions being considered, the surface freezing index can
then be calculated using the equation above. Similarly, for the thawing season:

I
N, = ==

Iat
with parameters defined the same as above for the thawing season. Using the same considerations as
for the freezing case, the equation above allows the calculation of the surface thawing index. The
surface freezing and thawing indices, thus obtained, can then be used to establish surface boundary
conditions for the thermal modeling effort.

While the N-factor approach described briefly above, can dramatically simplify the treatment of the
ground/embankment surface for the purposes of thermal modeling, there are potential pitfalls with this
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method that the designer should be aware of. First, the existing N-factor data is based on field
measurements and is categorized by surface type, see Lunardini (1981) for data for various types of
surfaces. Snow cover has a large impact on heat transfer between the ground/embankment surface and
the atmosphere, so it is particularly important to understand how the effects of a potential snow cover
have been included (or excluded) from N-factor data for the freezing season. In addition, average wind
speed in each location also has a strong influence on N-factors. The US Army Corps of Engineers
completed a study of thawing N-factors and showed that N, decreases by about 50% as average wind
speed increases from 1 to 15 MPH (Department of the Army, 1966). As a practical approach, it may be
advisable to bracket model calculations using a range of N-factor data to better understand the
influence of the surface boundary condition on the output of the thermal model.

4.4 Analytical Modeling

If the design conditions warrant a more simplified modeling approach, an analytical thermal model (as
opposed to a numerical model) may be a viable option. In general, analytical modeling will be limited to
one-dimensional (1D) situations where the important heat transfer occurs only in the vertical direction.
As discussed above, roadway modeling situations often violate this condition due to the differences in
the thermal behavior of the driving surface, as opposed to the snow-covered embankment side slopes
and native ground cover. This variation of surface conditions across the right-of-way leads to a
significant amount of lateral/horizontal heat transfer and tends to reduce the accuracy of 1D analytical
modeling. However, the effort associated with 1D modeling is dramatically lower than that required for
a multi-dimensional numerical model and may be a better choice for projects that are deemed to be
more insensitive to thermal impacts or for cases where limited project funding is available. As an
example, 1D models may be adequate to predict the annual thaw depth at the centerline of an
embankment located in an area of continuous permafrost.

In the following sections a summary is provided for four different analytical modeling techniques,
ranging from the simpler to the most complex. The intention here is to provide the designer with an
appropriate background so that decisions can be made regarding model complexity, rather than
providing detailed instructions on employing the modeling techniques.

4.4.1  Stefan and Whiplash solutions

The two most simplified 1D models include the Stefan freeze/thaw analysis and the Whiplash curve
solution. Each of these methods can be used to estimate an annual depth of freeze or thaw, but both
have significant simplifications that limit the accuracy of the results for a given set of circumstances. For
both methods, the surface boundary conditions as discussed above, typically characterized by the
surface freezing and thawing indices, are used to drive the analysis. Both methods rely on accurate
knowledge of the material properties and both assume that the material is uniform in the vertical
direction. This may be a reasonable assumption for a gravel embankment with a uniform type of
material between the upper surface and embankment base.

The primary difference between these two methods lies in the way that they incorporate the effect of
the heat capacity of the material (refer to section 4.3.1 above). In the Stefan analysis, the sensible heat
of the material is neglected and the fundamental assumption is that all the heat either added or

removed from the surface goes to either advancing the thawing front or the freezing front, depending
on the circumstances. Given this approach, the Stefan analysis tends to be more accurate for materials
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that are highly saturated with water. In this case the heat entering or leaving a given material volume
will be used primarily for thawing or freezing of the material, with relatively little energy used to change
the temperature away from the freezing point. As such the Stefan method can be used accurately to
calculate the depth of a forming ice layer on a lake surface. For the thawing case the Stefan solution can
be written as:

where Xis the depth of thaw after a time interval f when the surface is exposed to a temperature 75
that is above the thawing temperature 7. In the equation above, k is the thermal conductivity of the
material and L is the latent heat. Also, note that (7s-T))t can be replaced with the surface thawing
index. See Andersland & Anderson (1978) for more discussion on how to use this model equation and its
limitations.

As opposed to the Stefan solution, the Whiplash curve analysis neglects latent heat and includes only
the sensible heat effect. As a result, this method is more accurate for very dry materials that do not
contain a substantial moisture content such that all heat energy added or removed from the material
goes toward changing its temperature as opposed to freezing or thawing. Such an analysis could be
relatively accurate, for instance, in the case of solid bedrock with little water content. This solution is
often illustrated as a sinusoidal annual temperature fluctuation at the ground surface with an
exponentially decaying amplitude with depth, see Andersland & Ladanyi (1994) for a discussion of the
Whiplash curve equations and graphical illustrations.

4.4.2 Neumann solution

For real world roadway problem:s, it is unlikely that the conditions for use of the Stefan or Whiplash
curve methods will be met (i.e., extremely wet, or extremely dry materials). As a result, it is valuable to
move up one level in 1D model complexity and consider the Neumann problem. In the Neumann
analysis it is assumed that the problem starts with a uniform soil column that is initially either frozen or
thawed. At the beginning of a given time period the ground surface is then exposed to a temperature
either above or below the freezing point and the soil column begins thawing or freezing from the top
down, respectively. The added complexity is since the Neumann analysis includes consideration of both
sensible and latent heat and can also account for differences in the frozen and thawed properties of the
soil. An analytical solution to this problem was derived by Neumann in 1860 and is reported on in detail
in Carslaw & Jeager (1959) with applications to geotechnical freeze/thaw problems discussed in
Andersland & Anderson (1978). While the mathematics are a bit more complicated with the solution
including the Error Function, it is possible to implement the Neumann solution in a spreadsheet for use
in soil freeze/thaw calculations.

4.4.3 Modified Berggren Method

The Modified Berggren method can be thought of as a layered version of the Neumann solution that
allows the calculation of freeze or thaw depths in layered systems. This method is more applicable to
roadway embankment problems since the embankment prism usually consists of horizontal layers of
different material types, perhaps even including insulation layers. For a freeze depth situation, the
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Modified Berggren Method allows the designer to calculate the amount of surface freezing index
needed to freeze each layer of the system. Once all the surface freeze index has been used for a given
winter season, the final freeze depth can be obtained. A similar procedure can be utilized for calculating
the annual depth of thaw in a permafrost area. The Modified Berggren method does account for both
sensible and latent heat, so it is a fairly accurate method for calculating annual depth of freeze/thaw in a
layered system, albeit it is limited to 1D vertical freeze/thaw as are the other analytical modeling
methods discussed here. Andersland and Landanyi (1994) provide a practical guide and some examples
for using the Modified Berggren method to solve foundation problems. This method is also amenable to
spreadsheet implementation.

4.5 Numerical Modeling

While the analytical methods discussed in Section 4.4 offer the designer a relatively simple way to
estimate freeze or thaw depths in 1D situations, there are no known analytical solutions for the more
complex 2D or 3D situations associated with modeling of an entire embankment profile. As discussed in
section 4.2.2, roadway embankment problems typically have differences in surface conditions across the
embankment profile that result in 2D heat transfer. Under these circumstances it will be difficult to
ensure accurate freeze/thaw depth analysis using the 1D analytical solutions described above. As a
result, all comprehensive thermal modeling studies of roadway embankments are completed using
numerical methods. The advantage of utilizing numerical methods is that any level of detail or
complexity can be incorporated in the model so long as adequate knowledge of material characteristics
and boundary conditions can be obtained. On the other hand, the disadvantage is the amount of effort
required to build a comprehensive numerical model of a real-world situation and the time it typically
takes to obtain and analyze the results. Once obtained, however, the results will offer the designer the
knowledge of specific temperatures throughout the embankment and foundation soils as a function of
time. If thawing of an underlying permafrost layer is a concern, the numerical model output should be
able to provide a timeline for such thaw and would also indicate zones where the thaw rate is highest.
Such information could be valuable in terms of designing mitigating measures such as placement of
insulation or use of ACE structures.

At a fundamental level, all numerical thermal modeling procedures begin by determining the physical
boundaries of the spatial domain to be simulated and then breaking that domain up into small control
volumes using some sort of discretization scheme. In general, the discretization ends up generating a set
of nodal points that are associated with the control volumes and dispersed throughout the model
domain. A set of numerical equations are then developed for each of the control volumes and solved
simultaneously to advance the temperature solution from time step to time step. In this way the
temperature behavior at each of the nodes is traced out over time giving the designer a detailed view of
the temperatures throughout the embankment and foundation soils as time evolves.

4.5.1 1D finite difference/finite element models

1D numerical models are substantially simpler than their 2D or 3D counterparts, mostly because the
discretization scheme is quite simple and will consist of a series of nodal points starting at the upper
surface boundary and extending down into the soil column to depth. Given the 1D nature of such
models, they suffer from the same issues as the 1D analytical methods discussed above in that they are
unable to account for differences in surface conditions between the driving surface, side slopes, and
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native ground cover which likely result in lateral heat transfer. For this reason, 1D numerical models do
not offer much advantage over the analytical methods described above and are not used very often in
practice. However, one potential advantage is that they can be configured to incorporate many of the
complexities in surface boundary conditions and material characteristics that are hard for analytical
methods to deal with. For example, if meteorological data is available for the site, it would be possible
to drive the surface boundary condition with a full surface energy balance model. In addition, a 1D
numerical model can easily incorporate multiple layers of materials with different properties and would
be capable of tracing out the thaw/freeze behavior over a multi-year period, thus indicating the
potential for long-term thaw of a pre-existing permafrost layer.

4.5.2 2D and 3D finite element models

Thermal modeling of a complete roadway embankment profile will require at least a 2D analysis, see
discussion of model physical domains in section 4.2.2. Modern 2D and 3D numerical models are
generally based on the Finite Element method due to the flexibility of the method’s discretization
techniques. The flexible elements that are used to represent the domain consist of different geometrical
shapes and sizes that allow the modeler to accurately represent complex boundaries and to use smaller
elements in areas where sharper temperature changes are expected. This allows efficient and accurate
solutions to be obtained.

The complexity of 2D/3D numerical modeling will generally require the use of pre-existing commercial
(or potentially public domain) software. These methods are not amenable to spreadsheet
implementation by a designer or consultant. It is also likely that supporting software will be needed to
visualize the results, both over the spatial extent of the simulated domain and over time. Depending on
the purpose of the analysis, output may be needed over a series of many annual cycles. This is
particularly true if climate change impacts or long-term multi-year thaw of permafrost are being
investigated.

Several commercial simulation packages are available to help analyze typical roadway geotechnical
problems (more about those in section 4.5.6). In their simplest forms, these models will begin with
known or assumed initial temperatures for the domain and then use the entered material properties
and boundary conditions to calculate temperatures within the modelled domain as time evolves. If it is
anticipated that there will be no pore fluid motion within the domain (no ground water flow nor
substantial movement of pore air) the modeling package will solve the heat transfer equation assuming
that only thermal conduction occurs within the domain. This is generally a good assumption for normal
well-graded embankment materials and foundation soils so long as no concentrated groundwater (or
surface water) flow pathways exist.

4.5.3  Modeling advection

In some cases, it may be necessary to consider the impact of flowing pore fluids (advection). Doing so
will require quite a bit of additional knowledge regarding the type of moving fluid (water or pore air) and
the mechanism(s) responsible for fluid movement. Pore water will move in reaction to some sort of
hydraulic gradient, perhaps due to impoundment of surface water on an uphill embankment toe. If this
type of water flow occurs it could have incredibly significant impacts on temperatures beneath the
embankment. In this case, the equations governing pore water flow will need to be solved as part of the
numerical simulation since the thermal model will need to include the impact of any heat carried
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through the domain by the moving pore water. Most finite element modeling packages are capable of
modeling pore water flow and the impact of that flow on the temperature field, but the model inputs
will now need to include information regarding material permeability and hydraulic gradients across the
domain. Theoretically this information could be gathered through material testing and stand tubes in
the field to record water head at the boundaries of the model domain, but this adds significant
complexity to the modeling exercise.

Another possibility for advection includes the effect of moving pore air. Generally substantial pore air
motion will only occur in materials that have extremely high air permeabilities, such as those used for
the construction of Air Convection embankments (ACE) embankments. ACE materials typically consist of
poorly graded aggregate with a large particle size (on the order of 2 inch (5 cm) or above). In such cases,
pore air motion will usually only occur because of temperature-induced buoyancy differences within
portions of the embankment, although wind-driven air circulation is a potential as well. As in the case of
pore water flow, the impact of pore air flow will need to be considered by the numerical model and the
pore air flow equation will need to be solved simultaneously alongside the heat transfer (energy)
equation. For density driven pore air flow (also referred to as natural convection) it is the variation in
temperature throughout the domain that results in pore air motion. This situation is somewhat simpler
than the case of ground water flow (which is driven by external hydraulic gradients). For a situation such
as encountered in an ACE embankment, the problems become coupled in that the pore air flow vectors
must be calculated based on the current temperature distribution and the calculation of the
temperature distribution requires knowledge of the air flow vectors. Several commercial packages can
solve the pore air flow and temperature equations simultaneously, thus allowing the designer to
examine the impact of pore air motion on the thermal behavior of the embankment and underlying
foundation soils.

4.5.4  Model verification and numerical resolution

Before the results of a numerical modeling study are relied upon, two important aspects of the model
analysis should be considered carefully. The first involves verification that the model is capable of
correctly solving the physical equations that are needed to obtain the relevant solutions, and that the
material property and boundary condition data has been incorporated correctly. Assuming that a
commercial software package is being utilized, it is likely that the developer has verified that the critical
equations and solution methodology are working properly, and they will often provide a suite of
example outputs that demonstrate the capabilities of the software. However, if the designer or
consultant is using such a package for the first time, it would be wise to run a simplified problem,
perhaps one with a known analytical solution (based on the Nuemann solution for instance), such that
the model output can be compared with a known/expected result. Successful completion of this
exercise will verify not only that the software package has correctly implemented the appropriate
equations, but also that the designer or consultant has mastered use of the software. Similarly,
experimenting with a few different boundary conditions and different types of materials would be a
worthy exercise when learning to use a thermal simulator for the first time.

The second important check on the output of a numerical simulation has to do with a method for
ensuring that the numerical resolution of the model is adequate. Fundamentally, the accuracy of any
numerical model is a function of the size of the control volumes used to represent the domain. More
control volumes (or elements) results in more nodal points with smaller spacing and, thus, a better
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ability to represent the temperature variations across the domain. Essentially, more elements/nodes
lead to a more accurate solution. The critical question then becomes; how many elements is enough?
This is an important question, because adding elements ad nauseam increases the computing
requirements and makes the resulting data analysis more challenging. One way of addressing this issue
is to conduct a grid resolution study. In such a study, a base solution is obtained for the problem using
an element spacing that seems adequate just based on experience and the expected temperature
profile in the domain. Once the base solution is obtained, another numerical simulation is obtained for
at least one test case that uses significantly more elements (perhaps twice as many). Then the base
solution is compared to the solution obtained on with the expanded grid. Minor differences between
the two solutions would tend to indicate that the base-level numerical grid is sufficient to obtain
accurate results. Some commercial software packages have automatic grid refinement modules that can
aid in conducting this type of grid resolution study.

Related to the size/number of elements used to represent the spatial domain, some consideration
should also be given to the time domain. If times steps that are too large are used in the simulation the
results will also become inaccurate. As a result, it may also be important to consider a time step
resolution study like that described above for the spatial domain. A base solution would be obtained
with a time step size considered adequate by the designer or consultant and then a second solution for
at least one test case could be obtained using a time step size that is substantially smaller. Again,
comparisons between the base solution and the solution obtained with a smaller time step would
indicate the adequacy of the time step size used.

If the designer is relying on numerical solutions to make significant design decisions, these issues of
model verification and grid/time step resolution should be considered and discussed with whoever is
responsible for producing the model results.

4.5.5 Quick introduction to commercial software

While there are quite several commercial and public domain finite element simulation packages
available, only a few have been designed with a focus on the type of geotechnical problems faced by
designers of roadways in areas with extensive freeze/thaw or permafrost foundation soils. Please note
that this discussion does not provide an endorsement of any software, commercial or otherwise, it is
simply intended to provide the designer with a quick summary of existing software that may be of use
for modeling the types of roadway design problems typically encountered in Alaska.

Two packages that are well-suited for northern transportation situations include the Geoslope Suite by
Seequent, and the Soilvision suite by Bentley. Both companies offer comprehensive geotechnical
engineering software packages that include finite element modeling capabilities for problems that
incorporate freezing and thawing soils, atmospheric boundary conditions, and material characterizations
that support different frozen and thawed properties of constituent materials. In particular, the Temp/W
simulator (part of the Geoslope suite) is configured to use N-factor based surface boundary conditions
or a complete surface energy balance model, depending on the level of data available. It also has
comprehensive material routines that include the impact of freezing/thawing moisture. If advection is
present, the Geoslope suite is also capable of coupling the Temp/W module to either Seep/W (for
groundwater flow coupling) or Air/W (for pore air flow coupling). These capabilities are also present in
the Soilvision software suite. In addition, both packages include routines that can be used to handle the
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impact of thermosyphons. More information can be obtained from the respective company web sites
(Bentley, 2020, Seequent, 2020).

4.6 Real World Modeling Challenges

The methods and thermal models discussed above are well-developed and are more than capable of
solving the fundamental equations governing heat transfer and freeze/thaw in geotechnical settings.
However, the complexity of real-world situations can sometimes undermine the ability of these models
to re-produce what is observed in the field. Problems include changing conditions or arise from the
difficulty of knowing all the material properties and field conditions accurately. As a result, the designer
should use output from thermal modeling in combination with other available information as a general
guide as opposed to considering model output an exact indication of how the thermal conditions within
an embankment and its foundation will evolve over time. Some of the complexities which can lead to a
mismatch between thermal model output and observed conditions in the field are outlined in the
paragraphs that follow.

4.6.1 Material properties including heterogeneity

Accurate thermal modeling relies on detailed knowledge of the materials that are used for embankment
construction and those that make up the foundation soils. While models can consider complex spatial
variations in materials, it is seldom possible to conduct a sampling regimen that is really capable of
capturing this complexity. More commonly there is one set of properties used for the foundation soils
and two or three other sets of properties used for the presumed embankment construction materials. In
addition, while it is possible to characterize construction materials at the source site, these often end up
being quite variable and the embankment material properties as placed may be quite different than
those assumed for modeling during the design phase. Further, changes in conditions throughout a
typical annual cycle or over many years can also cause departures between predicted temperatures and
those experienced in the field. A significant potential error source has to do with changing moisture
conditions over time. Particularly since the freeze/thaw process will liberate or absorb a large amount of
latent heat, small discrepancies between moisture contents used for modeling as opposed to the actual
moisture conditions in the field can have a large impact on predicted temperatures. In some cases,
annual variations in moisture conditions (e.g., wetter in spring and dryer during fall) may be known
anecdotally, but quantifying these variations and incorporating them in a modeling effort can be difficult
even though the impact on model output can be large. An example might include the impact of water
saturation in an organic-rich active layer. A highly saturated active layer will substantially slow the
freezing process in the fall or the thaw penetration in the spring. One approach to improve model
output would be to run a 1D numerical model of the undisturbed site and compare the model output to
field measurements. This exercise allows some amount of “tuning” and verification of the native
foundation soil characteristics before the embankment is added to the surface. Related to this is a
consideration of the alteration of the active layer behavior once the embankment is placed. Compressed
organic active layer materials will have significantly altered thermal properties compared to those in the
natural uncompressed state.

4.6.2 Boundary condition uncertainty

As discussed in section 4.3.2, the upper boundary where the road and native surfaces interact with the
atmosphere is quite complex. It is also variable. For instance, in Interior Alaska, mean annual air
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temperatures can easily vary by 5°F from year to year. As a result, a string of warmer than normal years
could well produce additional thawing over that predicted by a thermal model using long-term average
data to drive the upper boundary condition. One approach for including this in a modeling effort is to
bracket the surface conditions by running a simulation model with warmer than normal air
temperatures for several years in a row to assess the impact of a warm period.

In addition to atmospheric air temperatures, variations in precipitation patterns can also have a big
impact on the thermal state of an embankment and its foundation. As with air temperatures, large
interannual variations in snow depth are possible. If N-factors are being used to set upper surface
boundary conditions, a particularly heavy snow year will cause a significant reduction in the freeze N-
factor. Again, a modeling approach to account for snow layer variation might be to run a series of
thermal models with different freeze N-factors to examine the impact of variable snow depths.

4.6.3  Appropriate initial conditions

Another significant uncertainty that can result in variations between thermal model output and real-
world observations has to do with the initial condition of the embankment and foundation soil layers at
the time of construction. To accurately characterize initial soil temperatures, a foundation soil
monitoring study should be carried out ahead of time. If exact soil temperature data is not available, it
may be possible to estimate the soil column temperatures based on known air temperatures and
surface conditions, but this is likely to be less accurate. Data are also needed that characterizes the
temperature of the embankment materials at the time of placement, but this is sometimes poorly
known ahead of time during the design process. Still, placing warm embankment material during the
middle of a summer construction season can have a big impact on foundation temperatures for several
years after project completion. This is a particularly important consideration for embankments placed
over permafrost. Thermal modeling may be an effective method for examining tradeoffs regarding
winter (or fall/spring) construction timing for these situations. However, poor, or inaccurate
assumptions regarding the initial temperatures of embankment or foundation materials can result in
poor agreement between model outputs and real-world observations.

4.6.4 Climate variability

While interannual climate variability was discussed above, the perhaps larger issue of climate change is
also something that the designer may need to be concerned with, depending on the expected lifetime of
the project. This is where appropriate use of thermal modeling can be a big advantage since models can
be run out for thirty years or more with gradually increasing air temperatures included in the surface
boundary conditions. Clearly there may be a compounding impact if interannual variability (e.g., several
warm years in a row) is combined with an overall warming climate. Again, appropriate model scenarios
can be worked out to give the designer an idea of how a particular embankment configuration might
react 25 years from now in the face of several unusually warm years but deciding on the exact
parameters of such a thermal modeling experiment will likely be challenging.
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5 DESIGN ALTERNATIVES

5.1 Overview

There have been numerous technologies applied to construction of embankments over permafrost.
These range from avoidance of permafrost to passive cooling systems to purposely thawing the
permafrost. Those that have proven to work, may or may not be practical for an application. Except for
avoidance none are cost effective on a large scale. That often leaves the engineer with a single choice;
accept the consequences of thawing permafrost.

The use of any of the mitigation techniques is predicated on the benefits derived from the increased
costs. The engineer is consequently burdened with justifying those potential benefits. This becomes
increasingly difficult as the result of changes in our climate. Questions concerning whether a solution to
keep the permafrost frozen will work in 10 or 20 years are a critical part of the decision process.

The techniques presented in this chapter are simply tools available to the engineer. They may or may
not work in a specific application. Nor are they necessarily cost effective. Whether to use these or other
technologies is left to the engineer in consultation with subject matter experts. Consequently, design
alternatives are presented here for the engineer to consider. Each alternative is discussed in turn
providing the engineer with information concerning best uses and when to avoid their use. Detailed
design information is not provided here. It is assumed that the design engineer will either seek out
appropriate expertise or take the time to learn the required design methodology. References provide
detailed information.

5.2 Avoiding permafrost

Avoidance of permafrost was a critical part of route selection established by the Alaska Road
Commission during the upgrade of the Richardson Highway in 1910. It is still considered the preferred
approach by DOT&PF. While this policy may increase the cost of the initial route selection, the cost of
maintenance and reconstruction of embankments over permafrost will likely be more expensive over
time.

There are, however, exceptions. If the thaw sensitive permafrost layer is thin, removal and replacement
may be more attractive. For example, a thin layer of ice rich silt over frozen gravel is common in the
upper and middle Tanana Valley. If the frozen gravel is thaw stable, removing the ice rich silt may prove
cost effective.

Indeed, if the embankment can be constructed on thaw stable material, then that alternative should be
considered.

5.3 Acceptance of the consequences of thaw

In many cases, especially in areas of widespread permafrost, there is little that can be done that
eliminates the impact of thawing permafrost. Consequently, the resulting impacts must be accepted
(Figure 5-1). This does not mean nothing can be done to reduce the severity of the impacts.

First, minimize the disturbance whether a new construction or reconstruction. This means minimize
disturbance of vegetation, the existing embankment and especially drainage patterns. The goal is to
minimize changes to the energy balance.
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Finally, consider how the surface, side slopes and cut slopes will be maintained. This may mean
flattening side slopes, increasing the embankment thickness, or increasing culvert sizes. Decisions during
the design process greatly impact construction and maintenance activities.

Figure 5-1 Roadway damage resulting from thawing permafrost. Photo by Thomas Kinney

5.4 Shoulder and Side Slope Modification

There are essentially three shoulder and side slope modifications: slope flattening, stabilization berms,
and shoulder widening. The value of these treatments continues to be debated. The philosophy of all
these treatments is that by adding material to the slopes, the thaw consolidation and the resulting
longitudinal cracking will occur in the slopes or shoulder areas instead of the travelled way. As with
insulation, an understanding of the thermal regime will aid in the determination of whether
modifications will work.

Two factors determine whether modifications will be effective: mean annual surface temperature
(MASR) and water (advection). If the MAST of the shoulder or fore slopes is above freezing, the
permafrost below the shoulders or fore slopes can be expected to ultimately thaw. Consequently, areas
of sporadic permafrost, south facing slopes in areas of discontinuous permafrost and areas where the
snowfall is sufficient to insulate the shoulders and slope enough to raise the MAST above freezing are
poor candidates for these techniques. In the Fairbanks area, mean annual roadway surface
temperatures are typically around 30°F while the side slopes are typically around 37°F (McHattie, 1983).
Consequently, side slopes whether modified or not, will thaw the permafrost beneath them which is
typically around 31°F.
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5.5 Pre-thawing and Consolidation

Pre-thawing has its roots in the mining industry using steam points. Hot water injection and finally cold-
water injection proved more effective in later years. Miners would simply thaw and remove the
overburden above the ore bearing layer.

The Alaska Road Commission uses the thaw and cut method for roadway cuts. Available equipment
simply would not allow removal of frozen material (Naske, June 1983). It was critical that the thaw not
get ahead of the removal of the material in the cut. Doing so would result in increased volumes of
material removed which must be replaced. With the advent of larger equipment, this method is
generally avoided.

More recently, the material is thawed by simply clearing the soil of vegetation and allowing to thaw over
one or more summers. Between 4 and 5 feet of thaw can be expected in ice rich soils (Esch, 1982). Time
to thaw and drain must be sufficient to achieve the desired results. While inexpensive, the project
schedule may not provide adequate time.

5.6 Preservation of Permafrost

Most of the development of construction on permafrost has focused on the preservation of permafrost.
Techniques range from insulation which thermally protects the permafrost to passive freezing
techniques including thermosyphons, air ducts and air convection embankments. While each of these
can reduce the ground temperature, they may not have the capacity to keep the permafrost frozen
especially in areas of warm permafrost. The designer must carefully evaluate each alternative
considered to ensure the technique is cost effective over the life of the embankment.

5.6.1 Insulation

Insulation has proven an effective means of reducing or eliminating both thawing of permafrost and
frost heave. The use of insulation in Alaska began in 1968 at the Anchorage International Airport using
Dow Chemical Company STYROFOAM (Kelner, June 18, 1968). Kelner noted that the installation proved
the value of insulation and recommended its use in other applications. The report also indicates the
development of Insulfoam by Western Insulfoam was in progress.

The same year the Department of Highways first used expanded foam insulation for control of frost
heave 11 miles south of Anchorage (Esch, 1986). The study concluded that expanded plastic foam was
not acceptable due to the water uptake. Between 1968 and 1986, insulation was used at thirty-nine
sites for both frost heave protection and for the preservation of permafrost (Figure 5-2). Two types of
insulation emerged as the preferred alternatives, extruded polystyrene foam insulation, and expanded
polystyrene foam insulation (Esch, 1986).
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5.6.1.1 Comparison of performance of Extruded Polystyrene Foam Insulation (XPS) and
Expanded Polystyrene Foam Insulation (EPS)

Both XPS and EPS have performed well in embankments over time. Neither tend to absorb water when
submerged as defined by ASTM C-518-91. However, EPS tends to take on more water in the soil because
of vapor pressure produced when one side is warmer with a high humidity and the other is cold and dry
such as when the embankment is freezing (Connor, 2019).

Extruded polystyrene foam insulation used in embankments is manufactured using an extrusion process
which produces a relatively dense, closed cell, ridged insulation with compressive strengths typically in
the range of 40 to 100 psi. Depending on the manufacturer, the dimensions are generally 2ft. x 8 ft. x 2
in. The color may be blue, pink, or yellow representing the manufacturer. The primary advantage of XPS
is that the water uptake resulting from vapor transport is less than that of expanded foam insulation
(EPS) and the R-value of XPS is less sensitive to moisture content (Figure 5-2).

R-value vs Moisture Absorption

R-vaule per inch (hr*ft2*F)/BTU

0 S 10

Water, % volume

Figure 5-2 R-value - Moisture Relationships (Connor, 2019)

The designer may wish to consider using an in-service R-value rather than the published R-values of
foam insulation. Unfortunately, in-service R-value data is quite limited. However, the available data are
reasonably consistent (Connor, 2019).

5.6.1.2 Installation Depth

The depth at which the insulation should be place continues to be debated. The optimal depth depends
on several factors including preservation of permafrost or slowing the thaw, winter or summer
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construction, surface energy balance, and soil conditions. A conceptual overview is provided here. It is
suggested that the design engineer consult experts in thermal modeling to guide the final decisions.

First determine whether insulation will have economic value through either preserving the permafrost
or slowing the rate of thaw thereby reducing the annual maintenance costs. A first approximation looks
at the ratio of the thawing and the freezing index at the surface which can be estimated using the
following equation.

Surface TI  n(Air TI)
Surface FI — n(Air FI)

Where

Tl= Thawing Index
Fl= Freezing Index
Nfreezing=0.7 t0 0.85
Nthawing = 1.6 t0 2.0

If the ratio is equal to or greater than 1 one can expect thawing of the permafrost to occur. As the ratio
gets larger, the rate of thaw can be expected to increase. If the geothermal gradient is considered the
thaw rate will increase as insulation is added. Consequently, the best that can be achieved with the use
of insulation if the ratio is near or greater than one is to slow the rate of thaw. An economic analysis is
required to determine if the benefit-cost ratio is attractive. In this case, a better approach is to use long
term thermal modeling as discussed in Chapter 4 to determine the value of using insulation.

If the thaw-freeze ratio is below one the likelihood of preserving the permafrost in the near term is
good. If climate change is accounted for, the ratio will likely change over time.

Once the decision is made to include insulation in the design, the location of the insulation must be
determined. This is best explained using the cooler analogy. First, it makes no sense to mix warm and
cold items in the cooler. Similarly, it makes no sense to place warm material between the insulation and
the cold permafrost. Consequently, if the desire is to place the insulation higher in the embankment,
then the material between the insulation and the permafrost should be cold (Figure 5-3). This means
material placed below the insulation should be placed in the winter and allowed to freeze prior to the
installation of the insulation. If the embankment is already frozen this work can be done in late winter or
early spring when construction is easier.
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Like the cooler, the greater the cold mass and the colder the mass,

the longer it will take to thaw. Placing a cold mass between the Surface Course [
permafrost and the insulation significantly reduces or eliminates the

. . 36 in. Minimum
thaw rate beneath the insulation.
However, winter construction may not be appropriate. The engineer
may decide that summer or fall construction. Like the cooler, only | 4 5in typical
cold material should be beneath the insulation. This requires 12 in minimum
excavating the warm material and placing the insulation near the —
permafrost. Ideally this work should be done in late fall or early ,

i . i X L. i Permafrost Varies

spring so that additional thawing is minimized. Depending on the
location, mid-summer or late summer work may result in
unacceptable thawing leading to the development of a talik
between the permafrost and the insulation. The rate of thaw may Figure 5-3 Typical Section for
increase, reducing the value of the insulation. Installation of Insulation

Experience has shown that a 12-inch buffer between the permafrost and the insulation performs better
than if the insulation is place directly on the permafrost. Again, this encourages the installation in early
spring or late fall so the temperature of the buffer is low.

If the insulation is placed too close to the surface, the thermal mass over the insulation will be so small
that the material rapidly freezes causing differential icing. This can lead to an unacceptable increase in
vehicle crashes. Experience has shown that 36 inches of embankment above the insulation will minimize
differential icing.

Finally, the thickness at the ends of the insulation section should be tapered as a transition. An abrupt
ending often results in an unacceptable bump. Figure 5-4 depicts proper installation of the insulation.

Figure 5-4 Installation of DOW Extruded Foam Insulation at Fairhill Road near Fairbanks, AK
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5.6.2 Techniques Using Air Convection

Air convection techniques are proving to be among the most effective means of maintaining permafrost.
Three techniques are being used: air convection embankments, air convection culverts and heat drains.
Each, when properly installed provide good results. The choice depends on the location, climate, and
availability of rock.

The descriptions provided here give a general understanding of how these systems are configured, with
their variations and how they work. However, it is best to engage someone skilled in these systems to
ensure they are properly designed.

5.6.2.1 Air Convection Embankments (ACE)

Air convection embankments (ACE) are proving to be one of the most effective means of preserving
permafrost. The principles behind ACE are conceptually simple and computationally complex. During the
winter months, the relatively warm soil at the bottom of a porous embankment material heats the air.
The warmer, lighter air rises until it reaches the cold surface of the roadway where it cools becoming
heavier and begins to fall creating air convection cells as shown in Figure 5-5 (Goering, 1994). The
process cools the soil preserving the permafrost. When the driving surface approaches the temperature
of the soil, the air ceases to circulate creating a mildly insulative layer.

ACE has been used effectively on several projects in Alaska, on the Qinghai Tibet Railway in China and in
the Yukon Territory, Canada.

A second configuration of ACE is the
ventilated shoulder shown in Figure 5-6. The Highly-Porous Embankment Material
concept is the same except only the Daivivg Surhee Snow Layers
shoulders are treated. The ventilated
shoulder works well when the center of the
embankment is frozen, but the shoulder is

thawed. Because only the shoulders are Air Convection Cells

covered in rock, the cost is considerably less.
Unlike the ACE shown in Figure 5-5, the cold

air is drawn in at the toe of slope and the
warm air is exhausted higher in the Figure 5-5 Schematic of the Air Convection Embankment

(Goering, 1994)

Ice-Rich Permafrost

embankment. Unfortunately, the
performance of the ventilated shoulder may
be compromised during the summer months in windy areas. This can be overcome by placing
geosynthetic over the rock which is then covered by topsoil.

Using a full ACE on high fills is unnecessarily expensive. By combining the two configurations discussed, a
cost-effective configuration can be constructed as shown in Figure 5-7. This system keeps both the
center of the roadway and the shoulders frozen.

Where appropriate rock is readily available, ACE is an attractive alternative. However, where there is no
rock, it becomes prohibitively expensive. Consequently, cost is the primary consideration when ACE may
be a viable solution.
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| Sft min.  Ventilated Shoulder (ACE layer)

Figure 5-6 Ventilated Shoulder Section (Mchattie, 2009)
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Figure 5-7 ACE on a High Fill (Alaska Department of Transportation and Public Facilities , 2003)

5.6.2.2 Air Convection Culverts
There are two types of air convection culverts. The first is simply a culvert, typically 18 to 24 inches in
diameter placed high in the embankment oriented in the direction of the prevailing wind (Nixon, 1978).
These systems cool the embankment, but not the
shoulders. The Qinghai-Tibet Railway used this
system extensively. (Cheng, 2003)

The second type of air convection culverts work in
much the same way as the ACE Ventilated Shoulders
discussed in Section 5.6.2.1. As the air in the culvert
is heated by the ground, air is drawn into the inlet.
The air then flows through the pipe and rises in the
vertical standpipe when the air temperature is cold

Figure 5-8 Air Convection Culverts with Chimney
(zarling, 1984)
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enough in much the same way as the air in the chimney on a furnace (Figure 5-8 and Figure 5-9).
Through this process, the ground is cooled (Zarling, 1984). Like the ventilated shoulder, air convection
culverts cool only the shoulders. The primary advantage of the air convection culverts is that they can be
used where there is no rock.

Air convection culverts have proven effective in reducing thawing beneath the shoulders. As a result,
longitudinal cracking due to shoulder rotation is also reduced or eliminated (Braley, 1991). Take care to
place the inlet and the horizontal run well above the water to ensure the pipe remains open as the
embankment settles. Ideally, the inlet and outlet should be closed during the summer months to keep
air from flowing due to wind.

Figure 5-9 Air Convection Culverts at Beaver Creek, Yukon Territory, Canada (photo by B. Connor)

5.6.2.3 Heat Drains

Heat drains are being used in Canada to remove heat from the embankment using air convection and
have proven quite effective (Figure 5-10). They consist of a highly permeable composite drainage
geosynthetic using the air layer between the outer geosynthetic layers to convey air (Dore, 2009). An air
intake is located at the foot of the embankment with a complementary outlet located near the top of
the embankment, both attached to the geocomposite (Figure 5-11). The geocomposite may be placed
underneath the embankment with the inlet and outlet located on opposite sides of the embankment. As
an option, the geocomposite may be placed in the shoulder with the inlet and outlet place on the same
side of the embankment. As in the air convection culverts and the air convection embankment, the
warm ground heats the air which creates air circulation through convection.

It is critical that the heat drain be placed in the embankment above the water table. Anticipated
settlement of the embankment must be accounted for to ensure water does not get into the
geocomposite.
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Figure 5-11 Heat drains in Salluit, Nunavik Canada (photo B. Connor)

5.6.3 Shading with Snow Sheds

Removing solar insolation during the summer months is a valid means of skewing the thermal balance
toward cooling of the surface. In nature, vegetation provides shade allowing the underlying permafrost
to remain frozen. It is well known that slopes with south facing slopes have much greater sun exposure
that north facing slopes. Consequently, permafrost is more likely to exist on northern slopes; again, due
to the presence or lack of shading.

Snow removal and storage on roadway embankments increase the surface temperature by insulating
the slopes from the winter temperatures. As a result, thawing of the permafrost beneath the slopes and
at the toe of slope occurs. This results in longitudinal cracking migrating up the slope into the traveled
way; often called shoulder rotation.
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Snow sheds were developed to combat both solar 7
insolation by shading the slopes and insulation due to I1
snow removal (Zarling, 1986). Snow sheds are
constructed using trusses holding a roof off the ground
allowing air to flow under the shed. Zarling concluded
that the snow sheds reduced the mean annual ground
surface temperature from 39°F down to 28°F.

More recently the Yukon Territory Department of
Highways and Public Works constructed a test site near
Beaver Creek consisting of several of the techniques
described in this chapter. One of those was an updated
snow shed, Figure 5-12. The ground surface Figure 5-12 Snow Shed Installed near Beaver Creek
temperatures under the snow shed were 13°F colder Canada (Photo B. Connor)

during the winter and 9 degrees cooler during the

summer (Fortier, 2018). Fortier noted that the clearance beneath the snow shed should be sufficient to

allow air convection during the winter.

The primary disadvantage of the snow sheds is that they may require guard rail if they are within the
clear zone. Using the Beaver Creek design, the Yukon Department of Highways and Public Works did not
feel guard rail was necessary.

It is important to recognize that snow sheds affect only the slopes upon which they are placed and have
little thermal impact on the roadway surface. They do, however reduced the longitudinal cracking that
result from thawing under the slopes.

5.6.4 Thermosyphons

Thermosyphons were originally developed by Erv Long in 1956 and first iy
used in 1960 (Wagner, 2014). Thermosyphons are a two phase, passive - Eeces

system commonly used to transfer heat. Applications include cooling of Ra 2=
spacecraft, cooling of electronic components and maintaining permafrost s

beneath buildings and embankments. iR fow

The principles behind the thermosyphon are simple (Figure 5-13). A tube l ! B
is filled with a pressurized gas such that the pressurized gas resides as a 1 l - iandrecs

liguid in the bottom of the tube with the gas above. When the el s B f\ :::‘ .
temperature at the condenser at the top is sufficiently cold, the heat is 5 .}
released to the environment cooling the gas which then liquifies and '. LA {‘\“

moves to the evaporator at the bottom. The relatively warm soil at the " eatrion

bottom heats the liquid which then becomes a gas which then returns to

the condenser. The gas and pressures are designed to work at the

desired working temperature range of the system. For use in permafrost

regions the temperature range is around 31°F for the evaporator and around 0°F for the condenser.
While propane and ammonia have been used, CO, is commonly used today.
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Thermosyphons can be placed in embankments using several configurations including vertical, sloped
evaporators, sloped fin, hairpin, and flat loop (Wagner, 2014). The configuration depends on the
application. Consequently, the design engineer should work closely with those with expertise and
experience in the design of thermosyphons.

5.6.4.1 Vertical Thermosyphons

Vertical thermosyphons as depicted in Figure 5-13 are typically used in building foundations, for pile
foundations or for vertical appurtenances such as utility poles or light standards. They may be installed
alongside the pile or foundation or within the pile for foundation.

5.6.4.2 Flat Evaporator Thermosyphons

Flat evaporator thermosyphons use evaporators that have the evaporator flat. These are the most used
in embankments because of the ease of installation and good performance. Flat evaporator
thermosyphons were used on the Bethel airport in the 1970’s and more recently on Chena Hot Springs
Road near Fairbanks in 1998 (McFadden, 1988, Forstrom, 2003). Insulation over the evaporator may
improve the performance of the system.

The condensers may be either vertical or sloped depending on winds, snowfall, and other environmental
factors.

5.6.4.3 Flat Loop Thermosyphons

Flat loop thermosyphons are like flat evaporator thermosyphons except that the evaporator forms a
loop which has been found to increase the efficiency of the system by around 40%. To date these
systems have been used beneath slab on grade foundations and beneath crawl space. While the primary
use is under buildings, they do have application within roadways, see the Chena Hot Springs test section
discussion below.

5.6.4.4 Buried Condenser Thermosyphons

As its name implies buried condenser thermosyphons are completely buried. The primary advantage of
these thermosyphons is that they are protected from damage due to vehicles leaving the roadway. The
disadvantage is that they are not as efficient as thermosyphons which have their condensers exposed to
the winter air (Wagner, 2014). There are two installations in Alaska, one on Chena Hot Springs Road and
one on Thompson Drive on the University of Alaska Fairbanks campus. Both reduced the thawing under
the roadway (Forsstrom, 2003). The hairpin thermosyphons installed at UAF reduced the amount of ice
on the roadway immediately above the thermosyphon which is an advantage to traffic. While, there are
cracks above each thermosyphon, these cracks have not been detrimental to the performance of the
roadway.

Due to their cost, thermosyphons are generally appropriate for small, localized problem:s.

5.6.5 Winter construction

Winter construction can help ensure the underlying permafrost remains frozen by shielding it from
summer temperatures. However, winter work requires planning and often increases the cost. Several
techniques are available.

One approach is to prepare the subgrade after freeze-up and construct the embankment using frozen
material. Unfortunately, it is impossible to get the same levels of compaction that can be achieved using
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thawed material. It is best to use dry sandy material to obtain maximum compaction and minimize
settlement. Compacting materials with high moisture content will result in low compaction. If this
material thaws, loss of soil strength and high settlement can be expected.

A better approach is to place the material in a thawed state and allow it to freeze in place before placing
the next layer. This is generally achievable by placing the material in about one-foot layers and allowing
to freeze overnight. This technique may be difficult in areas of continuous permafrost.

A third technique is to place a layer of material during the first winter to protect the permafrost and
continue construction during the summer.

In any case the decision to use winter construction must be made with a full understanding of the
difficulties involved and the potential gains in performance including the impact on the underlying
permafrost.

5.7 Geosynthetics

Geosynthetics have been used in embankments since the 1970’s with good success throughout the
world. Their use in permafrost regions has been to reduce the impact of thawing permafrost. The most
effective use has been to minimize longitudinal cracking due to shoulder rotation and lateral spreading
as shown in Figure 5-14 (Johnson, 1983). However, the use of geosynthetics has not been effective in
reducing vertical displacement over permafrost.

1% Asphalt Pavement
Geotextile ¢
\ |
]
|
|
|

3"

32lul ]

Figure 5-14 Wrapped geotextile reinforcement (Johnson, 1983)

Geosynthetics are effective as a separator between fine grain soils and courser materials used in
embankments. Care must be taken over permafrost to select a material that will allow water to move
out as the permafrost thaws and to accommodate movement. There have been instances where the
water caused the fabric to act much like a water balloon which ultimately burst. In other cases, the
fabric was ripped rendering it ineffective.
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5.8 Summary

The mitigation techniques do not necessarily represent all the techniques available. They do represent
the most used at the time of the writing of this synthesis. Not included in this synthesis are conceptual
mitigation techniques which have not been proven. The reader may be struck by the cost of most of
these techniques and that the techniques listed here only address localized problems. This is not to say
these techniques are not cost effective. In many cases, they have proven cost effective. The designer
should work with the geotechnical staff to determine the best technique and analyze the costs and the
benefits to be derived.
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6 SLOPE STABILITY

6.1 Introduction

Environmental regulations regarding work in permafrost areas have reached such a high level of legal
importance that they can compete with the need for the road project itself — and may exceed that

need without a convincing demonstration of competent permafrost engineering. Engineers now working
on road or airfield projects in permafrost areas of Alaska have no choice but to learn how some kinds of
disturbed permafrost can degrade and how to confront that problem in an acceptable way.

Ice-rich permafrost is often encountered during construction of roads and other projects in the arctic
and subarctic. This type of permafrost is typically silt with segregated ice and/or massive ground ice.
Thawing of ice-rich permafrost causes problems on Alaska transportation projects including reduced
equipment mobility, uncontrolled erosion, dirty runoff, and slope failures unless special measures have
been taken. See Chapter 2 for a comprehensive discussion of permafrost as a naturally occurring
material as well as its general characteristics and distribution within Alaska.

Water quality on construction projects is of such great concern that resource agencies are concerned
with the by-products of the thawing process — particulate-rich effluent and accompanying terrain

disfigurement. Consequences of environmental distress include project delays, change orders, and
contractor claims. Added to these initial construction site problems are needs for: (1) managing legal
environmental issues associated with exposed ice-rich permafrost, and (2) ways of properly disposing of
excavated ice-rich material.

Throughout this chapter, the working definition of “ice-rich” is permafrost having a frozen water content
high enough to cause “problems” upon thawing. Using this definition, and the recent direction of
environmental regulation, monitoring, and enforcement, the definitions of “ice-rich” and “problem” will
likely change with time.

Engineers have basically only two methods for dealing with icy cut slopes should they be encountered.
They can: (1) preserve the ice-rich soil in its frozen state, or (2) accommodate thawing using design
methods that minimize thawing’s most negative effects. Preservation requires expensive passive
refrigeration or an even more expensive active refrigeration system. However, it would certainly be too
expensive to preserve the frozen state of materials except perhaps in some unusual situations.
Preservation would be especially difficult throughout the areas of warm permafrost of Alaska DOT&PF’s
Interior, Central, and Southcentral Regions. The alternate approach, the one addressed in this chapter, is
to accommodate thawing with environmentally acceptable design measures.

Chapter 6 provides practical engineering guidance when ice-rich cut slopes are considered the best, if
not only, alternative. The word “practical” is stressed for good reason. Engineers are used to calculating
their way toward solutions for difficult problems. Ice-rich cut slope solutions require a combination of
common sense-based engineering judgement plus guidance from experience. The exact 3-dimensional
distribution of non-ice-rich soil/massive ice/ice-rich soil is usually unknown prior to making the
construction cut into the icy material. Knowing the exact distribution of these material types is vital to
any standard engineering analysis. This kind of exploration would require extraordinary expense and
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effort far beyond normal geologic exploration methods for roadways and airfields. Specifically, standard
slope stability analysis and runoff prediction is not possible because:

e Distribution of massive ice or ice-rich materials along the cut face is not known before exposure.

e 3-Ddistribution of ice/icy soils behind the cut face remains unknown even after exposure.

e Thaw-consolidation cannot be predicted before thaw.

e Thaw-consolidation across icy cut faces likely will be very non-uniform.

e Soil drainage appearance, duration and total volume cannot be predicted before thaw.

e Silt load and chemistry of the runoff cannot be predicted before thaw.

Figures 6-1 shows a Dalton Highway example of surprises encountered when constructing a cut slope in
icy materials (before thawing). Figure 6-2 shows examples of cuts at different locations after thawing
has progressed.

Ice-rich soil

Figure 6-2 Massive ice exposed in cut slope (left) and runoff from thawing ice-rich cut slope (right).

The following sections first describe how ice-rich materials exposed in a construction cut thaw and
degrade followed by an overview of past and present methods for dealing with thaw unstable slopes.
Finally, several methods are recommended for dealing with ice-rich cut slopes and excavated materials,
accompanied by a summary of Alaska’s regulatory environment that guides development of these and
future methods. The reader must understand that past methods that worked mechanically/thermally
would not be allowed today if done in the old way due to changes in environmental laws and
regulations. Only one of the treatment methods recommended in this chapter has a documented history
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of repeated use in Alaska. Even that treatment has been modified in this version to control runoff and
improve water quality.

This chapter is generally based on Documenting Best Management Practices for Cut Slopes in Ice-rich
Permafrost (Vinson and McHattie May, 2009). As used in that report, recommended best management
practices (BMPs) offered the best possibilities for practical and effective solutions to icy cut slope
problems. Except for the first of several icy cut slope treatments discussed in detail later in this chapter,
none of the treatments benefit from well documented, repeated histories of successful use.

This chapter focuses on the problem of ice-rich cuts. In addition, it briefly discusses disposal of ice-rich
materials excavated from those cuts and formation of embankments using that ice-rich material.

6.2 How ice-rich permafrost cut slopes degrade

A much more complete picture of permafrost science and theory is presented in other chapters of this
synthesis. This section only provides a cursory discussion of ice-rich permafrost degradation as it
pertains to icy cut slopes.

6.2.1 Erosion mechanisms

The rate of erosion is affected by several variables. The most significant are soil type, vegetation, climate
(e.g., intensity and duration of precipitation) and drainage basin characteristics (e.g., length and
steepness of slopes, drainage density, relief, size of watershed). Transportation corridor construction
activities that cause surface disturbance such as clearing vegetation, excavation of ditches, side and
through-cuts, diversion and concentration of flow generally cause the rate of erosion to accelerate. Silts
and fine sands are most susceptible to erosion after cutting into ice-rich material.

When the ground cover is removed or disturbed, subsidence and entrapment of water often occurs. If
water begins to flow, erosion gullies form. Thermal erosion is generally associated with rapid thawing of
ice-rich, fine-grained permafrost. Severe accelerated erosion is always observed when drainage is
uncontrolled through an area of exposed ice-rich permafrost.

6.2.2 General erosion observations

Exposure of ice-rich permafrost during construction of roads and other projects is all-too-common. Ice-
rich permafrost exposed during late spring through early fall has an extremely high potential to thaw
during that construction season and begin degrading immediately. Ice-rich permafrost waste material
excavated any time of the year will almost certainly cause problems if not disposed of properly—in the
case of winter excavation, disposed of prior to spring thaw. When thawed, ice- rich permafrost, typically
silts with segregated ice or massive ice, experiences a substantial (perhaps complete) reduction in
strength owing to the exceedingly high-water content and lack of drainage and consolidation during the
thawing process. If the exposure is on a cut slope, a slope failure will result (Figure 6-3).
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Figure 6-3 Advanced thaw degradation of cut slope shows block failures and runoff of highly fluid silt
into ditch

Serious environmental issues arise when thawed particulate laden fluids (sometimes dense slurries)
must be controlled. R & M Consultants summarized the possible consequences of thermal erosion as
follows (R & M Consultants, Inc. Novmber, 1973):

e Settlement-induced depressions resulting in water ponding.

o Surficial movement or sliding of thawed materials effecting drainage and drainage
structures.

e Redeposition of flowing material that covers, damages, or destroys previously installed
erosion control structures.

e Headward erosion and severe gully and fissure development, particularly in areas of
cross drainage.

e Stream pollution by excessive sediment transport.

Thawing of ice-rich soils has posed problems since the first construction projects in permafrost
environments. Complicating the engineering decision process, decades of observations regarding
degradation of ice-rich permafrost have taught us an unfortunate lesson. Conclusions/recommendations
regarding a permafrost problem at one location may not be reliably applicable to an apparently similar
permafrost problem at another location. A corollary to this lesson is in the form of a warning to the
design engineer: Do not casually use a total design workup from previous projects for dealing with ice-
rich cuts. The specific location creates a unique design challenge, so base the design on all available
information for that location.
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Figure 6-4 Advanced cut slope thaw with silty runoff flowing in ditch and general slumping of coarse
material.

Figure 6-4 shows three major types of damage and the associated environmental problems obviously
created during thawing: (1) damage above the cut slope, (2) damage on the cut slope, and (3) ditch
damage; all of which are unacceptable today.

6.3 Previously tested or proposed treatments for ice-rich cut slopes

A special design feature addressing the instability of cut slopes in ice-rich permafrost and massive
ground ice was included in the 1969 design guidelines for the 123 km (56 mile) Livengood to Yukon River
initial segment of the Trans Alaska Pipeline System (TAPS) haul road (J. R. Rooney November, 2007), now
known as the Dalton Highway. Basically, the mitigation procedure was intended to allow thermal
erosion to occur in a controlled way. It was further intended that thermal equilibrium of the cut slope
would be slowly reestablished when the vegetal mat removed during construction would be naturally
restored. This method, illustrated in Figure 6.5, is like the “controlled ablation” method presented later
in this chapter, but without the control of runoff water as now required.

An alternate mitigation strategy is to develop a thermal barrier between the permafrost and the warm
ambient air temperatures. In nature, the vegetation overlying the permafrost creates a thermal barrier
through a combination of low conductivity and evapotranspiration. Artificial thermal barriers should
include (J. Rooney, A study of thermal erosion control techniques 1973):

e Radiation protection in the form of a high reflectivity surface treatment.

e Conduction protection in the form of a low conductivity surface treatment.

e Promotion of heat exchange at the surface through a system that provides shading and high
evaporation characteristics.

Rooney noted that convective heat transfer induced by the surface characteristics of a thermal erosion
treatment is probably of secondary importance.
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Variations on Rooney’s themes outlined above were developed into experimental features in the field
and as design features incorporated repeatedly into project plans. Anecdotal and published sources of
information confirm that these techniques have been employed with varying degrees of success, to
mitigate problems related to thawing ice-rich permafrost.

Based on observations along the TAPS haul road, Berg and Smith recommended the procedure shown in
Figure 6-5 (Berg and Smith October, 1976). This design concept is shown in its original form because of
its importance. It was used successfully in many projects in one modified form or another. A
modification to the Rooney/Berg and Smith approach has been presented by the writer and is
incorporated as part of the “controlled ablation” design concept presented further on in this chapter.
The modified approach is required by environmental concerns. It includes a separation berm to ensure

complete containment of thawed material.
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Figure 6-5 ldealized Development of Stability in Ice Rich Cut (after Berg and Smith, 1976)

The Berg and Smith recommendation was based on the performance of near vertical cuts in ice-rich silt
made on the 90 km (56 mi) Livengood to Yukon River segment of the Dalton Highway (Smith and Berg
1973). The Dalton Highway cuts were made following observations by the project consultants of similar
ice-rich fine-grained soil cut slopes along the Alaska Highway (J. R. Rooney November, 2007).

Synthesis of Practice 6-22 Chapter 6. Slope Stability



Four techniques have been informally discussed within ADOT&PF and perhaps even tried on a few
projects but remain undocumented. These are:

1. Cutthe slope very flat (3 to 1 or flatter) with no surface treatment. The presumption is that slow
thawing of the lower angled slopes would result primarily in soil settlement with little or no
lateral movement. However, fine-grained very high ice content materials which experience rapid
thawing may flow even if cut at a very low slope (flatter than 6 to 1). An example of thawed
material flowing on a very slight grade was observed adjacent to the Glenn Highway about 20
miles west of Glennallen. It is worth noting that these and other materials found within the
Copper River Basin were known to exhibit unusual/unexpected stability behavior due to their
unique marine origin and geologic history.

2. Cover the cut slope with a vegetation mat (closed netting) to provide minor insulation plus
shading.

3. Reduce the slope inclination to 1.5 or 2 to 1, place topsoil on the slope; seed at 2 to 3 times the
“normal” application rate (best suited to non-ice-rich permafrost).

4. Cut the ice-rich permafrost slope about 1.5 to 1 and place a gravel buttress (i.e., berm or
blanket) adjacent to the slope face (buttress height = cut slope height). The thickness is typically
2 to 4 ft. thick with slope heights only limited by the reach of the construction equipment;
typically excavators. The inclination must be less than the angle of repose of the gravel. Claridge
and Mirza (1981) discuss the successful application of a buttress of crushed rock on a section
Dempster Highway (NWT). The buttress does not need to be thick enough to eliminate thaw
entirely. It functions by reducing the rate of thaw and facilitates drainage and thaw
consolidation. It protects the slope from both thermal and hydraulic erosion. With proper
attention to gradation characteristics, it may also enhance air convective heat transfer in the
buttress.

A successful example of large scale, erosion stabilization of permafrost on a shallow angle cut slope is
provided during a runway improvement project at the Kotzebue airport. The top of a hill that extended
into aircraft glidepaths was excavated into degradable (though not ice-rich) permafrost soils to improve
the approach to the runway as shown in Figure 6-6.
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Figure 6-6 Synthetic netting used at Kotzebue Airport protects large permafrost cut slope

Synthetic matting was placed on a large area of exposed permafrost in spring of 2006 to retard thaw and
erosion and promote stabilizing plant growth. Vegetation was established by late summer 2006.

Kinney recently presented the concept of an erosion control soil (ECS) and demonstrated the concept
with two projects in the Seattle, Washington area (Kinney 2008). An ECS is a soil manufactured of
natural materials with the correct combination of physical, chemical, and biological properties to
provide a sustainable system in the required environment (specific environment at the design site).
Mature ECS produces an erosion resistant, free draining vegetation mat in a very efficient manner. The
concept of an ECS has not been used in a permafrost environment.

6.4 Recommended management practices as of 2020

Select route alignments and use design features that minimize or eliminate thawing of ice-rich
permafrost or massive ground ice. This is the preferred way to control thermal erosion. Reconsider and
eliminate if possible, even minimal cuts in ice rich permafrost areas. For example, perhaps a shallow cut
into icy permafrost may be avoided with a small design grade change.

The reader of this section is assumed to have a working engineering familiarity with: (1) general
materials properties and engineering problems associated with permafrost, (2) standard materials
engineering skills needed for roadway/airfield designs, and (3) simple drainage applications of
geosynthetics including geocomposites. The engineer intending to apply information presented in this
section of Chapter 6 must have the knowledge and experience to produce detailed designs from
concepts presented here. Further, the engineer must be able to modify each concept as necessary, so
the final design best fits a specific location and construction scheduling.

If the design considers the possibilities for handling ice-rich permafrost on the project, the design should
be amenable to simple modifications during construction or even post construction by others. This is
according to the general principle of “shared fate” where the success is share by all.

The construction engineer interpreting plans and specifications at a construction site must realize that
the design engineer simply may not know what may become evident as construction progresses. The
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first detailed information about an icy cut face comes after exposure of the face. The ability to maintain
a “flexible” interpretation of plans and specifications will be critical to your success in handling any
encounter with ice-rich materials.

Design concepts included in this section should provide useful cut slope treatment options when cuts
into ice rich permafrost materials are unavoidable.

e Design illustrations in this section are conceptual engineering works in progress. Limited
experience to date requires that they be presented as tentative recommendations to the degree
indicated for each method. While ADOT&PF has in fact accumulated considerable experience
dealing with icy cut slopes, much of the technology used in the past would not fully comply (or
comply at all) with the most recent clean water requirements. Each of the designs is intended to
minimize runoff rate and/or greatly improve runoff quality.

e Only one design concept presented here (Controlled Ablation) has been repeatedly tested in
Alaska although not through a full range of soil types and thermal conditions. Even this concept
has been modified to improve runoff water quality.

e No detailed standards/dimensions have been established except as indicated in the drawings.
Design and construction engineers must work with regional geotechnical personnel to address
project-specific thermal, stability, and drainage issues as well as site-specific topographic details.

e Designs based on these drawings and done prior to construction, must be simple and general
enough to be modified in the field as construction progresses or to address post construction
problems.

e Constructed features based on concepts presented in this report must remain serviceable long
after project construction is completed. Such features are intended to minimize damage or
pollution due to permafrost degradation and must be robust enough to remain functional with
little or no maintenance as a permanent part of the project and/or until thermal equilibrium is
reestablished and the feature is no longer required.

e Once constructed, none of the design features illustrated in this section should be removed until
issues of thermal equilibrium, stability regarding mass movement, and environmental safety are
completely satisfied for all concerned agencies.

e The possible exception to this could be eventual removal of smaller berms placed to intercept or
divert silt laden runoff during the initial thawing. Removal of some of those berms when they
are no longer necessary may aid ditch maintenance. Consult with the Regional Geotechnical
Engineer and Environmental Coordinator prior to any such removal to verify that there will be
no stability or pollution issues
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6.4.1 Controlled ablation

Objectives and Applications

Controlled thaw and failure, i.e., controlled ablation, was the method of choice for treating ice-rich cut
slopes for about the last 30 years of the 20™" century. The process begins when a nearly vertical cut is
first made into the icy permafrost. The cut fully exposes the permafrost surface and expedites ablation,
i.e., thawing, failure, and drainage of material into an over-wide ditch. The ditch is designed wide
enough to provide a catchment area for the thawed material and still allow for normal storm and
meltwater drainage.

The rate and extent of thaw and ablation is controlled by the original surface vegetation mat. The mat
tends to remain intact while being undercut as the icy material thaws and ablates beneath it. If the
process goes as planned, the mat descends downward to cover, i.e., drape over the thawed material.
The mat provides (1) mechanical protection for the newly thawed unstable material, and (2) an
insulation blanket that slows then eventually stops further thaw.

Common Failures Generally Due to Faulty Installation or Design

The controlled ablation process relies on the existence of a well-developed organic mat and limited
massive ice content in the cut. The method relies on the observation that thawed material often
assumes a gentle slope that is naturally covered with a descending and readily drapable organic mat. A
missing or poor organic mat will not cover the thawed material as expected. If much of the cut slope
material is extremely ice-rich or (worse yet) massive ice, the organic mat will tear apart over the open
void, therefore failing to control further thaw.

Experience has shown that the use of interceptor ditches or any other feature which damages the
thermal stability above cutslopes near the face of the slope leads to thermal erosion of the top of the
cut. This renders the drapable organic mat ineffective. Consequently, it is recommended that ditches or
any other feature which leads to thermal erosion near the top of slope be avoided. This includes
machine clearing that damages the vegetative mat.

Other Considerations

This method was used successfully many times in Alaska in the past as a standard BST. The problem now
is that it would be considered environmentally unacceptable in its original form. The original design
could and did produce and release uncontrolled runoff of silt laden water. Use of the separation berm in
the improved design requires consideration of an overflow drainage feature in an extreme rain event or
heavy snow runoff. Standpipes and/or slot bypass drains may be added if appropriate.

Design

Alaska experience suggests this method will be successful if the height of the back slope is <3 m (10 ft).
Consult with the Regional Geotechnical Engineer for approval of final design details.
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Materials

As required by specific design details and location, materials forming the separation berm should be free
draining. The drainage process may be expedited by using combinations of geocomposites and drainpipe

as suggested in the berm illustration shown in Figure 6-7. The drainage “plumbing” also may be needed
if the berm is not constructed using free draining material.

Installation (refer to Figures 6-7 & 6-8)

Initial control of thermal erosion will consist of cutting the slope at a ratio of 1/4 to 1 (nearly
vertical).

Provide a wide ditch at the base of the cut to allow removal of material, if necessary, and allow
deposition of some overlying material during the stabilization process. A separation/retention
berm, with or without internal drainage depending on the availability of a free draining material
for the berm, may be required to ensure control and containment of particulate laden runoff
and thaw weakened material with a sufficiently high-water content that it may flow. The
minimum width of the ditch without a separation berm is 2.4 m (8 ft)—probably not
environmentally allowed at present. The minimum width of the ditch with a separation berm is
4.2 m (14 ft) including the width of the separation berm. The minimum height of the separation
berm is 0.8 m (2.5 ft) with 1% to 1 sideslopes. Use of steeper berm sideslopes to a maximum of
1 to 1 may be possible with some gravel materials. The berm may or may not have a flat crown.

Hand clear the area beyond the slope stake limit to allow controlled ablation of the slope,
typically a distance equal to 1% times the height of the slope. Any tree over 10 cm (4 in.)
diameter and vegetation taller than 1.5 m (5 ft) shall be removed. The clearing activities must be
conducted in a manner to ensure the organic mat is not damaged.

All slash and timber will be removed from the cleared area to minimize tearing the organic mat.
Stumps should be cut as close to the soil surface as possible (i.e., less than 0.3m (1 ft)). The
application of a stranded wire fastened to the stumps may be considered to provide additional
tensile strength to the organic mat and reduce tearing of the mat. All tree cutting should be
accomplished with hand tools; heavy equipment should not be used outside the limits of the
excavated area.

The organic mat will drape over the face of the slope as the cut degrades which will shade and
insulate the face. The mat will be reinforced with biodegradable netting if necessary, to prevent
tearing of the mat.

Do not cut an interceptor or crown ditch through the organic mat above the cut slope. If
drainage interception is absolutely needed, build a berm rather than cutting through the
drapable organic mat.

Vegetation seeding should be attempted only on stable potions of the slope at selected times.
Diversion levees may be designed above ablating slopes on a site-specific basis.

See design concept illustration for construction sequence. The separation berm with internal
drainage features and additional site drainage measures may require consultation with the
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Regional Geotechnical Engineer. Construction placement of a geocomposite layer within the
berm, as indicated in the illustration, may at first appear impossible. However, the
geocomposite can be easily placed against the sloped side of the nearly completed berm and
then covered with a blanket of gravel after connections with the drainpipes are completed.

Maintenance
Design so that maintenance is minimal or, preferably, none is required. Maintenance to eliminate

localized ponding must be performed. The thawed material retained by the berm should not be
removed as it serves to buttress the thawing slope.
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Figure 6-7 Progression of controlled ablation process with time.
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Figure 6-8 Separation berm used to intercept runoff from controlled ablation.

6.4.2 Gravel buttress

Objectives and Applications

The gravel buttress concept serves a purpose functionally like the result of controlled ablation. It can be
used in place of the controlled ablation for cut heights up to 3 m (10 ft). It is a recommended alternative
when the cut slope height exceeds 3 m (10 ft).

Common Failures Generally Due to Faulty Installation or Design

This feature has not been used enough to have accumulated any history of common failures. The author
considers it to be a reliable method for dealing with ice-rich cut slopes if the designer carefully considers
and successfully abides by the following warning. When installing this kind of feature, it is critical to
make sure that the buttress is free draining as installed and will remain free draining. The designer’s
inadvertent creation of a dam that blocks water flow from exiting the thawing permafrost can cause
buttress failure or even catastrophic failure. A good geotechnical rule-of-thumb is to never create a dam
unless a dam is intended and that always includes blocking groundwater flow.

Other Considerations

Covering the exposed icy cut slope material with a gravel buttress is a simple and robust technology.
Considerations other than those expressed above and below are not warranted given only limited
application of berms for protecting ice-rich cut slopes to date.

Design

Limited (but successful) Alaska experience suggests this method can be used as treatment for cut slopes
of any height. For cut slopes significantly higher than 3 m (10 ft), perform a slope stability analysis using
conservative estimates for properties of materials retained by the buttress. Part of the justification for
requiring a 2.7 m (8 ft) minimum buttress width at any stage of construction, regardless of cut height, is
because of the assumed method of placing berm material. The top of the buttress provides a driving
surface for the end-dumps that will haul and place the berm material. While it is likely that material for
high berms will be placed using end-dumps, lower berms needed to protect minimal cut heights can be
placed using a backhoe.

Consult with the Regional Geotechnical Engineer regarding any slope analysis requirements and for
approval of final design details.
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Materials

As required by specific design details and location, free draining materials must be used in constructing
the gravel buttress. Geosynthetics placed between the cut face and buttress must be one of those types
least likely to plug, blind or in other ways significantly restrict water flow from the thawing permafrost
or from any other groundwater source.

Installation (refer to Figure)

A gravel or rockfill buttress may be used to control thawing of cut slopes in fine-grained permafrost that
will not self-stabilize. The buttress may be placed with minimum compaction if the angle of repose of
the material is greater than the inclination of the finished slope. For a finished slope inclination of 1% to
1 the angle of repose must be greater than 35 degrees.

The cut slope will generally be no steeper than % to 1 and consistent with the global slope stability and
thermal requirements to achieve the cut. A geotextile, typically needle punched and stretched tight,
may be placed on top of the cut slope to facilitate placement of the buttress provided uniform thaw
consolidation is expected. In areas where non-uniform thaw consolidation such as areas known to have
ice wedges or basil ice, it is best to place the rock directly on the frozen soil. By doing so, the rock will
conform to the differential settlement providing stability. The use of geotextiles in these areas will result
in the initial spanning of the void which will accelerate thawing. As the voids grow, the geotextile will rip
allowing the rock to fall into the void.

The top of the buttress should generally be a minimum of 8 ft wide to facilitate construction. The
gradation characteristics of the buttress may be specified to ensure that convective heat transfer will
occur in the buttress.

Specific site conditions (especially topography) and equipment availability will dictate the extent to
which standard construction techniques and design features must be modified to accommodate
placement of the buttress. Construction of a free draining buttress may require temporary equipment
access to expedite material placement. For example, if the blanket is constructed using scrapers or end-
dumps, temporary ramps must be provided both up-station and down-station from the blanket to allow
ingress and egress of construction during placement of the blanket fill. Additional cutting of the natural
slope may be required to provide for the additional width of the blanket.

Maintenance

Expect no special long-term maintenance if this design concept is used. However, keep in mind that
when massive ice or very icy soils thaw a void is created, which can become a problem. If large amounts
of massive ice or extremely ice-rich permafrost are encountered in the construction cut, you can expect
that eventually it may be necessary to add more gravel or rock to the buttress face to replace buttress
material lost into voids created by thawing. Limited experience with such buttresses in Alaska suggests
that additional materials are usually not needed.
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Figure 6-9 Gravel blanket concept showing geotextile placement (geotextile to be used only when
uniform settlement is expected).

6.4.3 Insulated thermal blanket

Objectives and Applications

As with a gravel buttress, the insulated thermal blanket serves a purpose functionally like the result of
controlled ablation. It can be used in place of the controlled ablation for cut heights up to 3 m (10 ft). It
is a recommended alternative when the cut slope height exceeds 3 m (10 ft). Insulated thermal blankets
may be used on cut slopes in fine-grained permafrost soils that will not self-stabilize. This method may
also be used for cuts in ice-rich permafrost soils where slope height and gravel availability make gravel
buttresses impractical.

Common Failures Generally Due to Faulty Installation or Design

This feature has not yet been used in Alaska. Discussion of failure modes are therefore based on
assumptions. The thermal blanket is not a buttress although the illustration (Figure 6-10) below may
appear to be one.

When installing this kind of feature, it is critical to make sure that the blanket will be free draining as
installed and will remain free draining. The designer’s inadvertent creation of a dam that blocks water
flow from exiting the thawing permafrost can cause buttress failure or even catastrophic failure. A good
geotechnical rule-of-thumb is to never create a dam unless a dam is intended and that always includes
blocking groundwater flow.
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Other Considerations

Covering the exposed icy cut slope material with an insulated blanket represents new technology. It
appears to have good potential for protecting certain icy cut slopes and doing so in an environmentally
acceptable way. It should be less costly than a massive gravel buttress in locations where the limitations
of a thin blanket are acceptable, and the cut slope is high. It will not, for example, be an acceptable
treatment for cut slopes exposing permafrost with a high ice content. In such cases, the large mass of
the gravel buttress can serve to cover voids of fairly large size and retain thawed material in place.

Real evaluation of this design concept will follow observations of trial installations in Alaska. Consult
with the Regional Geotechnical Engineer for recommendations regarding using this type of design at a
specific location.

Design

This method may be appropriate as treatment for cut slopes of any height. For cut slopes significantly
higher than 3 m (10 ft), a slope stability analysis may be warranted. This can help determine if the
proposed thinly blanketed cut slope does not instead require the mass of a full-size gravel buttress for
acceptable stability. For minimal cuts, an insulated blanket design will provide a buttress effect that can
be verified by stability analysis.

Consult with the Regional Geotechnical Engineer regarding slope analysis requirements and for approval
of final design details.

Materials

As required by specific design details and location, free draining materials must be used in constructing
bottom layer of this design feature. Geosynthetics placed between the cut face and buttress must be
one of those types least likely to plug, blind or in other ways significantly restrict water flow from the
thawing permafrost or from any other groundwater source. Insulation type and thickness will be
determined by thermal analysis. The topsoil layer should be material capable of supporting luxuriant
plant growth. This layer should be double, or triple seeded after placement because a heavy growth of
vegetation will benefit the thermal properties of the blanket through shading and evapotranspiration.

Installation (refer to Figure 6-10)
The select material beneath the insulation should be a sand and/or gravel or similar non-frost

susceptible material, free draining. The minimum thickness of this layer (measured perpendicular to the
slope face) is 0.9 m (3 ft). The sand and/or gravel layer may be placed with minimum compaction if the
angle of repose of the material is greater than the inclination of the finished slope. For a finished slope
inclination of 2 to 1 (as shown in figure 6-10), the angle of repose should be greater than 27 degrees.
The minimum thickness of the topsoil layer (measured perpendicular to the slope face) is 0.6 m (2 ft).
Installations for higher cuts may be done using a 1.5 to 1 slope if the frictional properties of the blanket
materials including insulation will allow stable placement.
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Maintenance

There will likely be no special long-term maintenance concerns if this type of blanket is placed on
permafrost soils containing only a moderate amount of frozen moisture and few or no massive ice
features. When massive ice or very icy soils thaw, a void is created. Any large void may become a
problem if the thermal blanket concept is used.
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Figure 6-10 Insulated blanket concept showing geotextile and insulation placement.

6.4.4 Retention berm

Objectives and Applications

Disposal of excavated material is one of the most common problems associated with exposing ice-rich
permafrost. Contractors cannot simply stockpile excavated permafrost at a convenient location without
regard to the environmental consequences of slope failures, blow outs, or even sediment-contaminated
seepage from the eventually thawed material. One solution to the disposal of excavated permafrost is to
construct retention berms and place the permafrost inside the berms. When the ice-rich permafrost
eventually thaws it is restricted to the area inside the berms. The retention berms shown herein allow
the thaw water to escape.
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It is also possible to use excavated permafrost materials—including ice-rich materials—to construct
useful transportation-related structures such as runway embankments. This application is discussed
briefly elsewhere in this chapter.

Future retainment schemes or civil construction applications for permafrost, like runways, may be
complicated by another issue. Runoff water generated during thawing may need treatment prior to final
release to the general environment from the storage or construction site. There are now engineering
resources as well as equipment builders/suppliers located within Alaska that specialize in portable
systems for processing wastewater at remote sites.

Common Failures Generally Due to Faulty Installation or Design

When installing a retainment berm for wet, perhaps even slurry, materials it is critical to make sure that

the retaining structure will be free draining as installed and remain free draining. Inadvertent creation of
a dam that completely blocks water flow from the retained material may cause a failure of the retaining

structure.

Other Considerations
At many locations in Alaska, free draining gravels, shot rock, etc. will not be available. Therefore, berm

designs that incorporate a drainage system may be needed often. Reliable designs for constructing such
a berm and its “plumbing system” (even from ice-rich materials if necessary) should be developed as
ADOT&PF standards. The Regional Geotechnical Engineer will be a valuable resource for developing such
a standard.

Design

Two types of retention berms are illustrated in Figure 6-11. Ideally the retention berm will be
constructed with gravel or a similar free draining material. If a free draining material is not available, the
internal drainage features will be required. An overflow drainage feature may be required to
accommodate an extreme rain event or heavy snow runoff. Standpipes and/or slot bypass drains may be
added if appropriate. The retention berm should be approximately 1/3 the height of the excavated
permafrost stockpile. The berm may or may not have a flat crown.

Materials
Select materials as required by specific design details and location.

Installation

Construction placement of a geocomposite layer within the berm, as indicated in the illustration, may at
first appear impossible. However, the geocomposite can be easily placed against the sloped side of the
nearly completed berm and then covered with a blanket of gravel after connections with the drainpipes
are completed.

Maintenance
Design so that maintenance is minimal or, preferably, none is required.
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Figure 6-11 Retention berm without drain (top) and with drain (bottom)

6.5 Excavating ice-rich permafrost?

This will become a pressing problem immediately after making the cut into ice-rich material. During
construction is never the best time to first consider the problem. Plans and specifications for projects
where icy permafrost cuts are expected (or even likely) should provide a backup plan for such
contingencies.

6.5.1 Retention of excavated permafrost as waste

Disposal of excavated material is one of the most common problems associated with exposing ice-rich
permafrost. It is not acceptable to simply dispose of excavated permafrost at a convenient location
without regard to the environmental consequences of failure or runoff from the eventually thawed
material. One solution to the disposal of excavated permafrost is to construct retention berms and place
the permafrost inside the berms (see section 6.4.4. for berm design). When the ice-rich permafrost
eventually thaws it is restricted to the area inside the berms. If excess water generated during thawing
needs treatment prior to release from the containment area, portable treatment systems obtained from
Alaskan suppliers can be leased or purchased and brought into play.
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6.5.2 Using excavated permafrost to build an embankment

A problem in western Alaska, also related to permafrost degradation, is the use of excavated permafrost
to construct a road or airfield embankment. This unusual practice is necessary owing to the scarcity of
suitable embankment fill at some locations. Permafrost is excavated in the winter and placed in the
location of the required embankment. Over a period of several years the permafrost fill progressively
thaws and becomes increasingly stable and viable as a runway embankment. If the thawed material is
restrained from lateral spreading and flow, it eventually settles and drains and can be shaped and
compacted to form the final load supporting embankment. Snow berms can be placed adjacent to the
embankment sideslopes to retain the thawing permafrost or, if necessary, berms of the kind indicated in
section 4.4.4. Given ideal conditions, thawed soil, initially retained by the snow berm, drains, and forms
its own soil berm that continues to contain the spread of additional thawed material after the snow
disappears.

If compaction of frozen soil is attempted it must be done with heavy rollers to break down the frozen
chunks (GeoEngineers, Inc August, 2004). Frozen soil compaction will result in an open void structure
and springtime snow meltwater infiltration will occur. An embankment placed with material from a
permafrost pit source will likely take years to consolidate and stabilize. In Western Alaska, frozen (or
once frozen) silt is the only available material, ADOT&PF personnel were unanimous in preferring
previously thawed borrow pit sources; frozen pits are often preferred by contractors. Use of thawed
material ensures that volume changes associated with ice melting in frozen material will occur prior to
placement of the material in the embankment—otherwise the contractor gets paid for hauling and
placing a large quantity of water. In the case where the contractor is using frozen material from a freshly
made icy cut, the previous issue would be automatically settled. Consult the Geotechnical staff when
designing for the use of frozen material.

6.6 The regulatory environment

It is not an overstatement to say that any uncontrolled water released from a cut in ice-rich permafrost
will quickly become an environmental problem. As covered throughout much of this synthesis,
construction activities in permafrost soils often result in the release of water and water-borne fines onto
some observable (and monitored) surface of the construction project. Cut slopes constructed in ice-rich
permafrost are visually obvious, or become obvious, and grab the attention of environmental
monitors/agencies unless special design and construction care is taken. In fact, such cuts will likely
violate clean water regulations without special attention. This section describes the general legal
environment regarding this problem.

Realize that this description of the regulatory environment will have a short “shelf life.” Environmental
regulations change frequently. This version of the regulatory environment represents merely the state
of regulation as of mid-2020. Also, be aware that the internet URLs now providing wonderfully useful
information at a mouse click will change. General advice: when you see interesting/useful information
on the internet, save it. It may not be there tomorrow. Better yet, consult the environmental staff
whenever runoff from thawing permafrost is anticipated.

The ADOT&PF prepared a Guide (2005) which explains the requirements of the Alaska Pollutant
Discharge Elimination System (APDES), presently administered by the Alaska Department of
Environmental Conservation (DEC), “Storm Water Construction General Permit (CGP)” for construction
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sites. The guide focuses on development and implementation of a Storm Water Pollution Prevention
Plan (SWPPP) required for coverage under the CGP.

A SWPPP is a document that describes the nature and extent of a construction activity and the measures
that are used to ensure that sediment and other pollutants are not carried into the storm water
discharges from the construction site. To control these pollutants, the contractor can use a variety of
measures, referred to as Best Management Practices (BMPs). The BMPs form the basis of the SWPPP,
and the contractor must select a BMP based on the conditions at the construction site. For a SWPPP to
be effective, the contractor must properly design, construct, and maintain the BMPs during the life of
the project.

The Guide presents several BMPs, along with application, design, construction, inspection, maintenance,
and removal guidelines. Additional BMPs are given on the ADOT&PF environmental Web site:

http://dot.alaska.gov/stwddes/desenviron/resources/stormwater.shtml

The BMPs must be carefully analyzed before they are recommended for use in a permafrost
environment. The Guide makes no reference to permafrost, frozen, freezing, thawing, thermal or other
terms or concepts specifically relevant to handling ice-rich materials.

6.6.1 Summary of Applicable Water Quality Laws and Regulations.

Federal and state governments have passed numerous laws to minimize environmental harm from
storm water discharge at construction sites. Some of these laws and subsequent regulations require the
implementation of erosion and sediment control measures, while others mandate that construction
activities maintain water quality. The two most important water quality related laws and regulations are
the Federal Clean Water Act and the State of Alaska Water Quality Standards, as defined in the Alaska
Administrative Code (18 AAC 70).

The 1972 amendments to the Federal Water Pollution Control Act (known as the Clean Water Act or
CWA) form the primary legal framework meant for controlling construction site discharges and setting
water quality standards. The CWA, implemented by the Environmental Protection Agency (EPA),
required site operators to comply with a General Permit or an individual NPDES permit. The nature of
handling the EPA rules has changed such that now primary administration and adjudication of the EPA
requirements has passed from Federal to State hands—to the Alaska Department of Environmental
Conservation (DEC). DEC now handles water quality issues that will be pertinent to construction
handling of ice-rich cut slopes through its Construction General Permit (GCP). The following few
paragraphs are summarized from the DEC website.

https://dec.alaska.gov/water/wastewater/stormwater/construction

The 2016 CGP authorizes storm water discharges from large and small construction-related activities
that result in a total land disturbance of equal to or greater than one acre and where those discharges
enter waters of the U.S. (directly or through a storm water conveyance system) or a municipal separate
storm sewer system (MS4) leading to waters of the U.S. are subject to the conditions set forth in the
permit. The permit also authorizes storm water discharges from certain construction support activities
and some non-storm water discharges commonly associated with construction sites.
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The goal of the 2016 CGP is to minimize erosion and reduce or eliminate the discharge of pollutants,
such as sediment carried in storm water runoff from construction sites through implementation of
appropriate control measures. Polluted storm water runoff can adversely affect fish, animals, plants,
and humans. To ensure protection of water quality and human health, the permit describes control
measures that must be used to manage storm water runoff during construction activities. On December
29, 2015 DEC reissued the Construction General Permit for Storm Water Discharges for Large and Small
Construction Activities (2016 CGP, AKR100000). The 2016 CGP became effective on February 1, 2016.

The primary requirement of the EPA Storm Water General Permit for Large and Small Construction
Activities is development and implementation of a Storm Water Pollution Prevention Plan (SWPPP). The
SWPPP is a written storm water management plan to protect water quality by minimizing or eliminating
the pollutants (including sediment) in the storm water discharges reaching Waters of the U.S. from
construction activities. DEC requires the preparation of a SWPPP before the start of any construction
activities that disturb 1 acre or more of land. For all projects disturbing 1 acre or more, the contractor
must minimize potentially harmful water quality impacts by using BMPs to control erosion and
sedimentation.

The Alaska DEC sets water quality standards for Alaska waters and regulates discharges into these
waters. All discharges of storm water from construction projects disturbing 5 acres or more that are
authorized under the EPA Storm Water General Permit for Large and Small Construction Activities must
be reviewed by DEC and require a plan review fee.

Other federal and state laws and regulations applicable to storm water discharges from construction
activities are listed below. There are thresholds for jurisdictional applicability for many
permits/authorizations. The ADF&G Fish Habitat Permits (fish acts below) are for work below ordinary
high water (OHW), and obviously would not apply to many, perhaps any, projects, or areas where cut
slopes in ice-rich soils would be an issue.

Section 404 Permit of the Clean Water Act. The U.S. Army Corps of Engineers (USACE) administers this
requirement. A permit is required for dredging, grubbing, excavating, or filling in rivers, streams, lakes,
ponds, tidelands, and wetlands. The section 404 permit usually requires erosion and sediment controls
to ensure minimal harm to jurisdictional areas and related to USACE 404 permit — Alaska DEC 401 Water
Quality Certification.

Alaska Statute 16.05.871, Anadromous Fish Act. The Alaska Department of Natural Resources (ADNR)
regulates construction activities that will affect freshwater anadromous fish habitat. Any activity that
will pollute or change the natural flow or bed of a stream important for the spawning, rearing, or
migration of anadromous fish must be approved by ADNR to ensure that the construction plans and
specifications will protect fish and game. Often, the ADNR permit requires an erosion and sediment
control plan.

Alaska Statue 16.05.841, Fish Passage Act. (like above, but for resident fish species)
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7 DRAINAGE IN PERMAFROST TERRAIN

7.1 Overview

Every highway engineer understands the importance of drainage. Poor drainage affects not only the
impoundment of water, but it also impacts the moisture content in the embankment itself. Water
generally weakens the soil layers reducing the life of the pavement structure.

Drainage in permafrost adds the dimension of thawing the permafrost itself; perhaps the most
challenging aspect of embankment design. Water is more destructive in permafrost than air
temperature and is perhaps the most difficult to manage (Figure 7-1). While the principles of drainage
common to temperate climates generally apply, the principles thermal erosion and potential mass
transport of thawed permafrost must also be applied. In areas of ice rich permafrost, thawing
permafrost can generate considerable water.

Larger drainage patterns can be characterized using topographic maps, aerial and satellite photographs,
or surficial observation. As noted by the Alaska Road Commission, drainage in permafrost requires
careful inspection of the terrain including water movement in the active layer.

Figure 7-1 shows the water in the active layer and at the top of  pwwr———————
the permafrost, often called a perched groundwater. In most Active tayer
cases construction will either channelize water resulting in

Perched Groundwater |

permanent changes in drainage patterns or block water
movement in this layer resulting in thermokarsts and
impoundment.

. . . . Permafrost
Even minor activities may cause destructive changes in

drainage patterns. Figure 7-2 and Figure 7-3 show the
alteration of drainage and subsequent thawing of permafrost
from the installation of a fiber optic cable along the northern
portion of the Dalton Highway. The construction method used a
mechanical shallow burial technique. Both thermal and
sediment erosion are expected to continue. Sub-permafrost Groundwater

It is critical that drainage and erosion control account for the

thermal impacts in addition to thermal considerations. These

are inseparably coupled such that if either are ignored, the Figure 7-1 Depiction of water in permafrost
consequences may severe. regions
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Figure 7-2 An example of advection along the Dalton Highway from the installation of fiber optic cable.
Photo by Mikhail Kanevskiy

Figure 7-3 Erosion due to Advection due to installation of fiber optic cable along the Dalton Highway.
Photo by Mikhail Kanevskiy

Synthesis of Practice 7-2 Chapter 7. Drainage in Permafrost Terrain



7.2 Advection

Advection is the transport of a substance, energy, or extensive quantity by bulk motion often a fluid
such as water or air. Advection in permafrost generally relates to the thermal energy transported by
bulk water flow and the transport of sediments freed during the thaw process. Moving water will cause
the thaw of permafrost faster than any other natural system. Consequently, the design engineer must
be keenly aware of the movement of water along, across and beneath the embankment. Failure to
address advection will invariably result in poor roadway performance and high maintenance costs.

7.3 Understanding the how permafrost affects surface drainage

Surface drainage in permafrost regions is a complex interaction between topography, ice rich soil, and
polygons. In general, the goal of highway designers is to move water from one side of the roadway to
the other with minimal disruption. This is straight forward where drainage patterns are defined by the
topology. However, in permafrost regions, drainage patterns are further determined by thawing ice
wedges, thermokarsts, thaw consolidation and sheet flow through the vegetation on top of the
permafrost layer.

Shoulder warming due to buildup of snow from plowing on the side slopes of the embankment results in
thermokarsts (Figure 7-4). Esch (Esch, 1977) shows that these thermokarsts begin to form during the
first year after construction. Figure 7-5 shows water ponding at the toe of slope resulting from the
formation of the talik. Thawing accelerates as warm water moves into the low-lying areas.

As the talik grows longitudinal cracks move up the

slopes and into the roadway as shown in Figure 7- goLt  4qQLt E  -agrt  8ORm

6. Once started, it is nearly impossible to stop I

degradation until equilibrium is reached. e T 1
Unfortunately, the only method of eliminating the f 4T .
ponded water is to fill the depressions. Backfilling 5 -6} S -
with fine grained material works better than using -8l with Toe Insulation ¥
granular material since coarse grained material

will still allow water to move through the system.

As shown in Figure 7-1, there is often water on 2T i
top of the permafrost. This perched groundwater -4 o
may be flowing, even on what appears to be flat -.G't -
terrain. The weight of a constructed embankment -gk Homual Enhaskoent i
will compact the vegetation in the active layer, ‘ e PR
cutting off the flow of water. Unless measures are , b i
taken to allow the water to pass, the resulting 3 28 B

ponding may result in thawing of the permafrost & '%"

on the upstream side of the embankment while
potentially preserving the downstream

permafrost. Figure 7-7 shows the progression of the
progression of wetting at the bottom of the photos and
drying at the top of the photos due to the roadway
embankment.

Figure 7-4 Thaw consolidation due the
formation of thermokarsts along the
roadway embankment. (Esch, 1977)
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Figure 7-5 Water ponding in Talik formed at toe of slope.

Figure 7-6 Longitudinal cracking due to
thawing permafrost (photo DOT&PF)
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Figure 7-7 Time series (1968 — 2013) of changes to water flow through ice-wedge polygons due
to the construction of Spine Road near Lake Coleen, Prudhoe Bay. Aerial photographs courtesy of
BP Alaska Exploration.

7.3.1 Drainage resulting from thawing ice wedges

Thawing ice wedges have the greatest potential for altering drainage patterns. Where there is polygonal
ground, the locations of ice wedges are readily seen. However, in many areas, the surface thawed and
refroze, masking the wedges. As a result, there may or may not be any surface evidence of the existence
of those wedges. Figure 7-8 shows the impact of thawing ice wedges on the roadway even though they
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cannot be seen in the surrounding terrain. In these cases, the designer must rely on the geotechnical
engineer to identify those areas which have ice wedges at depth.

Where low centered polygons exist, melting ice wedges will drain the polygonal ponds transforming the
low centered polygons into high centered polygons. Figure 7-9 shows polygonal ground during the
transformation.

If the roadway or airport embankment has been in place for an extended time, the location of the
wedges will likely become evident and appropriate action may be taken to ensure proper drainage. This
has been discussed in Chapters 2 and 3.

Figure 7-8 Thawing of deep ice wedges on the abandoned section
of the Richardson Highway east of Fairbanks
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Figure 7-9 Drainage of low centered polygons on the North Slope
of Alaska, Photo by Mikhail Kanevskiy

7.4 Drainage structures in permafrost

7.4.1 Culverts

The most common method of allowing the water to pass is using regularly spaced culverts. There are
few guidelines to the appropriate space. As a result, the designer is left to the use of regional experience
and judgement. The minimum cross culvert size is 36” if cover permits, to ensure capacity as the culvert
settles. In flat terrain, the slope on the culvert should be between 1 and 3 percent with a maximum
camber of % the crossfall applied parabolically along the length of the culvert. If the terrain requires
more than a 2% gradient, the camber should equal 0.5% applied parabolically over the length of the
culvert (American Iron and Steel Institute , 2007). This allows for settlement of the culvert due to the
weight of the embankment.

Culverts encourage thermal erosion along the toe of slope on the uphill side of the embankment as the
water moves along the embankment to the culvert. To minimize the impact on the traveled way, the
designer may want to consider flattening the slopes to keep the water further away from the trafficked
surface (Figure 7-10).

One means of reducing thermokarst damage is to increase the length of the culvert at the outlet to
release the water further from the embankment (Figure 7-11). It is critical that the exposed section be
embedded well into to the embankment to guard against potential for band failures. This technique
should only be used for culverts with intermittent low flows with little or no ponding expected.
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Figure 7-10 Erosion at the toe of slope due to Figure 7-11 Culvert with extended outlet
advection

The inlet tends to be more problematic especially if the culvert is in inlet control. A talik is often formed
at the inlet due to advection (Figure 7-12). Notice the end of the culvert is depressed due to thaw
settlement. Extending the inlet will not help and in some cases cause a buoyant failure. Advection can
be reduced by ensuring the culvert of sufficient size to ensure no water is being ponded at the inlet. It
may be helpful to use a headwall or use riprap to stabilize the slopes (Figure 7-13).

Figure 7-12 Settlement of inlet due to advection Figure 7-13 Use of Riprap to

reduce slope damage due to
thaw settlement.

Settlement through the barrel of the culvert is perhaps the most difficult. As the water flows through
the barrel, heat is transferred to the permafrost resulting in thaw settlement. As the culvert settles
buckling generally occurs. If bands are used to connect culvert sections, the bands often separate from
the culvert allowing material from above to fall. Spiral culvert use J-seams in their construction. These
seams are weak and will separate as the culvert settles. Consequently, it is recommended that J-seams
be welded on any spiral culverts that are installed in permafrost terrain.
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7.4.2 Permeable embankments

Permeable embankment constructed of a layer of rock at the bottom of the embankment with a
separation geotextile above and below the rock minimizes the disruption of the flow of water. In doing
so, the altering of the thermal regime is minimized. If coarse rock is readily available, this can be an
effective solution. Otherwise, the cost becomes prohibitive.
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8 CONSTRUCTION

8.1 Overview

A design is only as good as those who build it could not be more true than for roadways and airports
constructed on permafrost. Construction staff should understand the impacts of construction on the
permafrost. As discussed in Chapter 1, early roadbuilders in the north recognized that even minor
disturbances in the vegetation results in the thawing of permafrost. Consequently, it is important to
minimize disturbance of the terrain during construction.

Communication with everyone on the project including equipment operators, inspectors, etc. to ensure
they know the importance of adherence to specifications, permits and best practices is key. In many
cases, once the thermal regime has been disturbed, it cannot be undone. The intent of this chapter is to
ensure the construction staff understand the importance of specifications, permits and how to avoid
unintended consequences in permafrost terrain.

8.2 Importance of minimizing disturbance

Design of roadways and airports in temperate climates focuses on economics and safety which dictate
alignment. Stripping of vegetation along with cut/fill activities are common practices. In permafrost
regions, such practices have proven costly. In areas of discontinuous permafrost, simply clearing the
trees over ice rich permafrost can increase the thaw depth by 5.9 ft. in the first five years. Removing the
vegetation caused 8.8 feet of thaw after 5 years (Linell, 1973). Linell reported the depth of thaw
increased to 15 ft when trees are removed and 22 feet when vegetation is removed indicating that the
impact cannot be reversed.

While it is tempting to remove brush and trees to provide visibility to the right of way, doing so when
permafrost is present may impact the roadway by causing thaw consolidation and ponding water
adjacent to the roadway. These thermokarsts often accelerate thaw along the toe of slopes which result
in longitudinal crack in the traveled way. Consequently, the clearing should be performed only when
required. If the vegetation must be removed to ensure sight distances, do so without damaging the
underlying mosses.

8.3 Small mistakes; Big consequences

Even small construction mistakes during constructions may have large consequences in permafrost
terrain. The simple act of parking equipment on the tundra outside the construction zone can trigger
thawing of the underlying permafrost resulting in a talik. This talik may result in a maintenance problem
for many years.

In another case, a contractor chose the wrong equipment to subcut beneath a park road requiring the
use of thaw and cut. As a result, the rate of thawing exceeded the contractor’s ability to remove the
thawing material and the meltwater. Consequently, the cost of the project rapidly increased and the
completion of the project was delayed.

As construction proceeds, project personnel must remain vigilant especially when permafrost is
involved. Repair of construction damage to the permafrost is rarely effective.
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8.4 Enforcement of Permits

Enforcement of permits is always important. Failure to follow the requirements of permits in areas
underlain by ice rich permafrost may result in irreparable damage. In many cases, areas of ice rich
permafrost are considered wetlands. As such, wetland regulations apply. The Corps of Engineers and
other regulatory agencies are keenly aware the impacts of construction over permafrost.

While it is always prudent to discuss permits with the contractor before commencement of
construction, the presence of permafrost increases the need that everyone including equipment
operators and inspectors know and understand the terms of the permit.

8.5 Managing unforeseen ice

Unfortunately, geotechnical investigations do not always identify high ice content permafrost. In
discontinuous permafrost zones, it is not uncommon to encounter ice in roadway cuts. The ice may be
an ice wedge or basil ice (glacial ice). In either case, the construction staff should immediately contact
the regional Materials Engineer for instructions concerning how to proceed. In general, work in the area
should be stopped until the extent of the ice can be determined. If the ice mass is small, it will likely be
removed. If the mass is extensive, then other actions may be taken to minimize the impact of thawing.
The appropriate action depends upon several factors including the extent of the ice, the probability and
rate of anticipated thaw, and the impact of thaw. Actions may include full or partial removal, some
method of insulation, or some means of passive cooling. In any case, rapid action may be required.
There have been several cases where rapid thaw resulted in rapid movement of soil as the ice melted. In
some cases, damage to adjacent land has occurred.

8.6 Winter Construction

Summer construction over permafrost terrain will, invariably result in thaw of the underlying
permafrost. Depending on the temperature of the permafrost, the ice content and the depth of the
active layer, the resulting thaw may not be recoverable. In these cases, the designer may choose to
construct the embankment during the winter months.

Winter construction can be considerably more expensive than summer construction due to the difficulty
of mining, transporting, and placing material. The daylight hours are short requiring the work area be lit.
The workforce and equipment must endure cold temperatures.

The design may vary considerably. In some cases, the design calls for placement of thawed material in
lifts with each lift being allowed to freeze before subsequent layers are placed. In this case, it is
generally best to construct the embankment early in the year to avoid removing the frozen overburden.
However, the contractor may choose to construct the embankment in late winter so that the soil freezes
more quickly. If so, take care to remove the frozen overburden in the material source so that only
thawed material is placed.

In other cases, the contractor can place frozen material. Experience has shown that compacting frozen
material in essentially impossible. Consequently, this approach is generally reserved for the lower
portions of high embankments. The intent is that the material will remain frozen which will minimize
settlement. If possible, use dry material or better yet, rock to minimize settlement. Avoid ice rich
material which can result in settlement due to creep of the ice.

Synthesis of Practice 8-2 Chapter 8. Construction



Geosynthetics are often used to separate layers of materials. In the case of winter construction, the
geosynthetic may separate that material which is placed in a frozen state from that which is placed in a
thawed state.

Getting density when placing frozen material is difficult and of limited value since normal density
specifications cannot be achieved. Consequently, the construction engineer is often instructed to use
judgment concerning the level of compaction that can be reasonably achieved.

While winter construction is difficult, in some instances, it can improve the long-term performance of
the embankment. The construction engineer should check with the designer to understand the
objectives and limitations of winter construction.
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9 BEST PRACTICES IN MAINTENANCE

9.1 Overview

Maintenance forces are rarely trained in techniques to minimize the impact of maintenance activities on
permafrost. Consequently, irreparable damage can be done by improper maintenance out of a lack of
understanding. The purpose of Chapter 8 is to provide maintenance forces with the knowledge to make
the proper decisions.

9.2 Minimizing damage outside the roadway prism

In general, maintenance personnel should avoid work outside the roadway prism or other engineered
structures in permafrost terrain. If work is required, consider consulting with the geotechnical engineers
and others trained in permafrost engineering. Damage to vegetation, alteration of drainage patterns or
other disturbances which alter the thermal balance may result in unintended consequences for both the
roadway and adjacent properties. If work on undisturbed adjacent permafrost cannot be avoided,
conduct work during frozen and preferably snow-covered conditions. Active layer measurements on the
same project indicate that operating a track-mounted drill in summer and winter left comparable
appearing “scars” in vegetation, but that the summer drilling increased the depth of seasonal thaw far
deeper than winter drilling.

9.3 Impacts on drainage patterns

Before altering drainage patterns, check with the Hydraulic Engineer and Environmental Coordinator.
When in permafrost terrain, also ask the geotechnical engineers to review the proposed change to
ensure the change will not have unacceptable consequences such as thermal and physical erosion or
thermokarst. Even routine ditch cleaning can result in unanticipated consequences.

Drainage patterns should be monitored along the roadway. If drainage patterns change in a way that
adversely impacts the roadway, the regional hydrologists and the materials section should be consulted
before taking any action. They can also advise as to whether action may be beneficial.

Culverts are important in moving water across the roadway. As such they should be inspected every 3 to
5 years to determine their condition and function. If any culvert is damaged or not functioning properly,
appropriate action should be taken. If the culvert is no longer required, it may be abandoned in place in
many circumstances. Larger culverts, especially those in deep fills, may be lined using one of several
lining techniques. Contact the hydraulic engineer for guidance.

9.4 Selection of materials to fill in longitudinal cracks and thermokarsts

Longitudinal cracks in the roadway surface are commonplace in permafrost regions. Little guidance has
been provided concerning how best to repair them. The most common method is to simply fill them
with a flowable aggregate such as sand, pea-gravel or basecourse. Another method is to compact hot
asphalt mix into them. Neither of these methods have proven satisfactory since repairs have a short life.

Because the material tends to settle into these voids rapidly, it appears the cracks and thermokarsts are
opening rapid. In fact, they are moving only a few inches. As they open, the entire mass of the patching
material slides down into the void giving the illusion of rapid movement.
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While low fines content material flows readily into the void, they also allow water to flow readily into
the voids. If there is ice rich permafrost at depth, the water will rapidly thaw the permafrost resulting in
an acceleration of the damage. Experience has shown that it is better to fill the void with a material with
high fines content, i.e., low permeability, to reduce the water flow through the system. Pavement can
then be placed over the surface if appropriate. While this will not eliminate the movement, it should
slow the rate of movement.

9.5 Surface levelling techniques

Cracking and differential settlement require leveling to keep traffic flowing. Over the years, the process
has varied, but in general material is added and graded to a smooth surface. If appropriate, hot mix
asphalt, cold mix, or high float are used as a wearing course. In most cases, there is little effort to
restore the surface to its original elevation.

Typically, there is little effort to fill any deep-seated voids. As a result, these voids may reappear within
weeks of the levelling. It is suggested that these voids be filled as described in Section 9.4 before the
levelling process. While properly filling the voids will not eliminate voids from reforming, it will improve
the performance of the roadway and may increase the time between repairs.
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10 CLIMATE CHANGE

10.1 Overview

The focus of this chapter is on available tools and contacts that help designers navigate the climate
maze. Researchers and engineers at the University of Alaska Fairbanks create tools that that are useful
to the practicing engineer. These tools are highlighted in this chapter as well as approaches that may be
incorporated into the design. Unfortunately, there are no firm policies or procedures related to how to
incorporate climate change into the design process. However, DOT&PF recognizes that the climate is
changing and that it is having a significant impact on the performance of its roadways and airports.
These impacts often increase the costs of construction and maintenance of these facilities.

Our knowledge of the earth’s changing climate continues to evolve. Consequently, this chapter provides
a simplified snapshot of our understanding. It is suggested that engineers consult climatologists to
obtain the latest trends and forecasts. The Scenario Network for Alaska and Arctic Planning (SNAP)
provides current and future climate data for Alaska as well as tools to evaluate that data. They also
provide tailored climate data upon demand. For more information visit the SNAP website at https://uaf-

snap.org.

The Alaska Climate Research Center (ACRC) at the University of Alaska Fairbanks provides digital
meteorological and climate data and performs climate research. ACRC products provide a wealth of local
information for use in engineering designs. Visit the ACRC website at climate.gi.alaska.edu.

The Alaska Center for Climate Assessment and Policy (ACCAP) also located at UAF focuses on community
needs assessments, resource studies, climate modeling and the development of products and tools.
ACCAP provides a service of webinars aimed at increasing the public understanding of Alaska’s climate.
See the ACCAP website at uaf-accap.org.

The National Weather Service Alaska (NWS Alaska) provides weather forecasting, anticipated weather
patterns and historical weather data. NWS Alaska works with the centers listed above. NWS Alaska can
be found at https://www.weather.gov/arh.

All of these organizations have proven to be willing to help state agencies and the public at large
understand Alaska’s climate. Do not hesitate to contact them for information related to any project
requiring that data.

10.2 Difference between climate and weather

Weather and climate reflect two different ways to aggregate a system in terms of time, space, and
complexity. Weather represents atmospheric conditions at a specific time and place. The weather is
typically quantified by variables such as temperature, moisture, wind speed and direction, and
barometric pressure. Climate refers to atmospheric conditions over an area and a long period of time.
Climate is a much broader phenomena than weather and encompasses different periods of time and
interactions with the earth system (e.g., atmospheric composition, volcanic eruptions, changes in the
earth’s orbit around the sun, changes in the energy from the sun itself).

Weather and climate can both be predicted using existing measured conditions and numerical models to
project what is likely to occur. Weather predictions are driven by knowledge of meteorology, the study
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of atmospheric events. Typical timescales of prediction can range from now-casting of up to the next 6-
hours, short (0-48 hours), medium (3-6 days and 8-14 days) and long (monthly and seasonal) outlooks.
Data from ground stations, planes, boats, satellites, and models are combined to produce the range of
estimates. Note that weather predictions are typically presented as the likelihood of an event
happening. For example, the weather forecast may indicate a 10% chance of rainfall between 1 and 2
pm.

Predictions of climate are made using models that include atmospheric and oceanic characteristics
including interannual and interdecadal variability, such as tropical climate variability in the Pacific
associated with the El Nifio—Southern Oscillation (ENSQO) which has a strong impact on the global climate
system. These models are used to create future climate scenarios, which do not represent established
probabilities but physically plausible relationships between different climate variables and the spatial
patterns in relationship to future pathways of greenhouse gas emissions.

As shown in Figure 10-1, developing climate projections starts with prescribing the socioeconomic
conditions that drive emissions scenarios or representative concentration pathways (RCPs). These are
divided into different assumptions of climate forcing, clustered around low (4.5 RCP / B1 scenario),
medium (6 RCP / A1B scenario) and high (8.5 RCP / A2 scenario) terms. These conditions are then fed
into global circulation models (GCM), which are run globally at relatively coarse spatial resolutions.
Models vary in terms of the parameterization, land surface processes and spatial resolutions. It is
important that models represent a range of conditions and so they can evaluate a variety of potential
scenarios.

Downscaled climate data is typically used in Alaska due to strong regional processes and because Arctic
locations amplify changes in climate. Below, these processes are discussed and how they relate to the
downscaling process. One issue to be aware of is that in climate and weather data there is typically a
temporal and spatial resolution trade-off in data. Typically, data with high temporal resolution (i.e.,
hourly) represents either a point or a relatively large area (> 25 km?). Finer spatial resolution data (i.e.,
~1 km?) is often available monthly. Climate data are created by models, while weather data can either
be modeled, collected via satellite or a mix of the two techniques. Many weather and climate products
available for the continental United States do not extend to Alaska. As general circulation models
(GCMs) improve and regional climate models (RCMs) run more easily, it is important to connect general
theory about climate in Alaska with specifics about the models and data.
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Figure 10-1 Conceptual model detailing the process of creating downscaled climate projections that can
be analyzed and used for decision making.

10.2.1 Orographic effects impact regional weather and climate

Orographic refers to relating to mountains, in particular their position and form. Precipitation and
temperature are strongly influenced by orographic effects in Alaska which can cause strong regional
variations which are important in relating to localized permafrost conditions.

Mountains serve as natural topographic barriers causing large changes in precipitation (Figure 10-2). On
the windward slope, typically adjacent to an ocean, ample moist air is available. As it rises over the
mountains, the air cools causing the water vapour to condense which leads to increased precipitation. A
well-known version of this phenomena occurs on the south side of the Chugach range covered by
temperate rain forest. Permafrost is generally only found in isolated pockets in this area, or higher
elevations. As the air and moisture continue up and over the range, the air warms as it descends the
leeward slope resulting in of decreased precipitation, known as a rain shadow.

Orographic precipitation affect is found throughout the state and has not been explicitely studied with
respect to permafrost distribution. However, since it strongly influences both rain and snow, there is
likely a much stronger relationship than currently recognized. This is especially true as it relates to snow
distribution since snow has an important insulation affect on ground and can strongly control
permafrost distribution. This process can occur on a variety of scales, making it important to consider
when collecting and extrapolating data for modeling permafrost conditions.
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Winter temperature inversions are an important process in relationship to permafrost distribution in
discontinuous and isolated permafrost areas (Figure 10-3). In Fairbanks, inversions play a major role in
controlling the distribution of permafrost. Permafrost is present in low-lying areas and on hillslopes in
some areas. As you move towards higher elevations in the hills, permafrost is absent.

Wind redistribution is critical to understanding snow variability especially in areas with orographic
affects. Snow plays a major role in controlling ground temperature, as a lack of snow and exposure to air
and wind allows the ground to rapidly cool. Wind redistribution of snow can occur at three main scales:
A) mountain range scale; B) ridge scale and C) slope scale (Mott et al. 2018). Snow depths increase over
the mountain range scale with elevation and decrease due to the rain shadow affect as it traverses over
the range.

At the ridge scale, low-level clouds form as air descends ridges within the mountains as higher-level
clouds seed them. Advective processes dominate in this area. As air masses move up small intermediate
ridges, updrafts cause divergent patterns. Air continues to flow over the ridges, eddies and downdrafts
form creating convergence on the leeside. Snow deposition intensifies in these areas. Accounting for
these processes within data requires model resolutions of 50 m or less (Gerber et al., 2018), this is not
currently available in Alaska. However, recognizing where these processes are occurring can help
account for them in terms of understanding their effects on permafrost.

Water vapour condenses Rain shadow region

Precipitation 'v '\
\ AR Y
Dry air descends

Moist air rises

Dry leeward slope

Figure 10-2 Example of orographic precipitation affect where there are rainy windward and dry leeward
slopes, which creates a rain shadow region.
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Figure 10-3 Example of orographic precipitation affect where there are rainy windward and dry leeward
slopes, which creates a rain shadow region.

10.2.2 Main drivers of climate

Two major indices provide insight into Alaska Climate: The Pacific Decadal Oscillation (PDO) and the El
Nifio-Southern Oscillation (ENSO). The PDO is the main annual pattern in the North Pacific of monthly
sea surface temperature (SST) anomalies (Mantua and Hare 2002)(Figure 10-4). These anomalies are
generated by subtracting the global mean SST anomaly and the climatological cycle. The PDO is
associated with changes in precipitation, temperature, snowpack, and drought. It generally operates on
a decadal scale and is often associated with winter temperature anomalies (Papineau 2001). The
positive phase in Alaska is often related to higher temperatures and more precipitation, versus the
negative phase which exhibits the opposite pattern (Wendler et al. 2017). The PDO is complex, recent
research suggests that there is a linear connection between the impact of the PDO with ENSO (Jian et al.
2019). Up-to-date information on the PDO is available from the NOAA Teleconnections site.

ENSO is composed of two periodic warming and cooling sea surface temperature cycles known as El
Nifo and La Nifa. They occur in the Equatorial Pacific region as shown in Figure 10-4. Typically, the
cycles occur every 2-7 years and reach their peak intensity from December through April. El Nifio occurs
more frequently and brings unusually warm temperatures that can last 9-12 months. This creates a low-
pressure system in the Pacific that brings warmer temperatures in Alaska and extends the Pacific Jet
Stream into the continental United States. La Nifia typically has a duration of 1-3 years with the same
peak intensity timing but is associated with colder temperatures. It creates a blocking high pressure
system that creates variability in the Polar Jet Stream from Alaska through the mid-west and leading to
wetter conditions on the west coast. Information about current and past events of ENSO is available
from the NOAA Physical Sciences Laboratory site.

Climate research has shown strong links between greenhouse gasses and changes in the earth’s climate.
While it is important for the design engineer to recognize the link between the production of
greenhouse gasses and climate, that research is best left to the climate scientist. Public policy related to
greenhouse gasses is outside the scope of this synthesis. For the task at hand, is more important that
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the engineer recognize and understand that the climate is changing and that the design of the
engineered system account for those changes. This in no way undermines the importance of the
prediction of the climate of the future or its impact on the earth’s environment. The engineering
community relies on those predictions to adapt the build environment.
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Figure 10-4 The PDO and ENSO (top and bottom left) global expressions, obtained by linearly regressing
monthly SST* anomalies by the leading Principal Component (PC) time series within the indicated
domains. They can also be visualized as time series, based on the PDO HadISST data and the
Multivariate ENSO Index for the period 1875-2020. Adapted from Deser et al. (2010) from the NCAR
Climate Data Guide

Alaska’s climate is influenced by four main drivers: latitude, altitude, continentality (the degree to which
the area is subject to the influence of a landmass) and the seasonal distribution of sea ice (Shulski and
Wendler, 2007).

Latitude varies widely within the state and results in large differences in seasonal variation of daylight
and incoming solar radiation. In the winter, areas north of the Arctic Circle will have continuous periods
where the sun does not rise above the horizon while in other regions like the Interior there is little solar
radiation as the sun is restricted to a rising only a few degrees. In the summer, even though the hours of
daylight are long the solar elevation angles remain low creating a long path for energy through the
atmosphere and resulting in increased absorption and reflection.

Altitude and topography strongly influence weather patterns. Alaska has several mountain ranges
including the Brooks Range to the north, the Alaska Range in the Interior of the state and the Chugach,
St. Elias, and Coast Mountains on the southern coast.
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Alaska has 13 climate zones as updated in 2015. Figure 10-6 is based on averages from 1971-2000 PRISM
(the Parameter-elevation Regressions on Independent Slopes Model) outputs. These climate zones were
developed in collaboration with scientists from the University of Alaska-Fairbanks, National Weather
Service - Alaska Region, NCDC Regional Climate Services, Oregon State University, and University of
Nebraska-Lincoln (Bieniek et al. 2012). These zones are used for both climate and hydrological analysis.
The current climatic zones interacting with permafrost conditions may be quite different than those that
existed when the permafrost originally formed.

North Slope

Central Interior

outheast Interior

A
- ith Panhandle
. Climate Division ID's andle
1 - North Slope
2 - West Coast
3 - Central Interior
~ 4 - Northeast Interior
. 5 - Southeast Interior
6 - Cook Inlet
2 7 - Bristol Bay
Frg o s - 8 - Northwest Gulf
i . TP 5:2:’5 9 - Northeast Gulf

10 - North Panhandle
11 - Central Panhandle
12 - South Panhandle
13 - Aleutians

Figure 10-5 Current Alaska climate divisions. More information is available on the NOAA Alaska Climate
Division FAQ page.

Linking current conditions to the past climatic record is easily accomplished using automatically
generated monthly summaries. These are available for the climate zones can be found using NOAA’s
National Temperature and Precipitation Maps (Figure 10-6).
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Figure 10-6 Example of monthly climate zone summaries for temperature and precipitation available
from NOAA’s National Temperature and Precipitation Maps.
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10.3 Critical climate variables

Design considerations for permafrost can include several factors including air temperature, precipitation
types and amounts by season, prevailing wind speed and direction, freezing/thawing degree days,
sunshine and cloudiness and various other factors such as topography, geography and proximity to
surface water and wetlands.

This section provides a regional overview of climate data for temperature, precipitation and windspeed
that provide input into design considerations for permafrost.

10.3.1 Temperature

Temperature variability is summarized in Figure 10-7 for Alaska climate divisions. Mean temperature
was calculated for each 30-year multidecadal period, where the mean from 1980-2009 was subtracted
from the other periods to produce anomalies. Only areas with permafrost, delineated from the 2008
map of Alaska was summarized for each climate division. Comparing each period to the 1980-2009
baseline provides a clear relationship of temperature in each of the other periods in each of the climate
zones.

As expected, the North Slope had the lowest mean average temperature during the 1980-2009 era. The
Northwest Gulf, which only contains a few assets on permafrost, has the highest mean temperature
more than 0 °C. In comparison to the 1930-1959 period, all climate zones were colder. In the 2020-2049
period, all areas are predicted to warm by 1 to 2 °C on average. By 2070-2099, this rises to an increase of
3.8 to 5.8 °C above the 1980-2009 period. Much of this warming occurs during the winter months
(Walsh et al. 2018).

This pattern of warming is already reflected in the land-based station data. As shown in Table 10-1,
Barrow on the North Slope, McGrath in the Central Interior and Kotzebue on the West Coast show
warming in the winter, spring, and autumn over the over the period of 1976 and 2018. Warming during
the summer generally leads to an increased thickness of the active layer and an increase in subsidence
of the intermediate layer, the ice-rich layer at the base of the active layer. The same pattern in the
spring can be more variable, where warmer temperatures can lead to a faster break-up and jump-start
on the deepening of the active layer. This warming may also occur during while snow is still present and
have less of an affect. During the autumn, increased temperatures can delay freezing of the active layer
and increase the number of freeze-thaw cycles.
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Figure 10-7 Temperature (°C) over 4 -30-year multidecadal periods showing mean (top) and anomaly
values for Alaska climate divisions.

Temperature variations can also be examined over a longer 70-year time (Table 10-2). The first thing to
note is that warming for the three communities with the greatest magnitude of temperature increase
has stayed the same (McGrath) or decreased (Barrow and Kotzebue). This does not mean that the
increase is not occurring. It points to the complexities of the change and the difficulties in ascribing a
linear increase to processes which are temporally variable. Second, unlike the 1976-2018 period, none
of the communities show cooling in the winter or spring. Instead, most show substantial warming,
especially in the winter. Comparing the differences between these two time periods indicates
landscapes may be experiencing more complex shifts than indicated by shorter-term data.

As a comparison of Tables 10-1 and 10-2 show, exploring trends over multiple time frames provides
insight into the variability of climate over time. In doing so, it becomes clear that changes are not
constant. Nor are these changes consistent between seasons. Much of this variability can be explained
by the PDO and ENSO as discussed in Section 10.2.2.
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Table 10-1: Total Change in Mean Seasonal and Annual Temperature (°F), 1976-2018
matched to the climate divisions of Alaska, data produced by the Alaska Climate
Research Center.

Division Location Winter Spring Summer Autumn Annual
North Slope Barrow BETERRETERNNNERN BTV
Central Interior Bettles 2 -0.8

Southeast Interior Fairbanks _ 1.6 2.2 0.7
Southeast Interior Delta Junction 33 -0.4 0.4 1 2.4
Central Interior McGrath 5.6 4.1 3.7 7.1 5.4
West Coast Kotzebue 4 5.3 3.5 7.3 5.3
West Coast Nome -0.5 1.4 0.3 3.7 1.7
West Coast Bethel 2.9 3.1 3.5 4.8 3.9
Bristol Bay King Salmon 2.3 0.4 3 5.6 3.2
West Coast St. Paul Island -1.2 0.5 1.6 2.8 1.3
Cook Inlet Talkeetna 4.5 3.5 3.3 5.8 4.6
Southeast Interior Gulkana 0.5 0.1 1.8 -1.2 1
Cook Inlet Anchorage 1.2 0.1 2.3 3.6 2.1
Cook Inlet Homer 1.3 1.4 3.2 2.9 2.4
Northwest Gulf Kodiak _ 0.9 0 -0.4

10.3.2 Precipitation

Precipitation variability was summarized as shown in Figure 10-8 using the same techniques as
temperature. It should be noted again that these mean values combine both solid and liquid
precipitation. Overall, most areas are experiencing an ~25% increase by 2070-2099 over 1980-2009
values. In the 1930-1959 period, only the Southeast and Northeast Interior zones show notable
increases in precipitation. By 2020-2049, all areas begin to show increases except for the West Coast,
which is predicted to show a slight decrease, like the 1930-1959 period. These increases especially by
the 2070-2099 era will likely impact the thickness of active layer and permafrost base thickness.
However, this analysis does not include changes in intensity or duration of precipitation, especially in
the summer. As discussed earlier, this can drastically increase advective processes and lead to

preferential thawing of permafrost where water is draining. This is currently not routinely incorporated
into the numerical model being used to examine the permafrost characteristics.
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Table 10-2: Total Change in Mean Seasonal and Annual Temperature (°F), 1949-2018
matched to the climate divisions of Alaska, data produced by the Alaska Climate

Research Center.

Division Location

North Slope Barrow

Central Interior Bettles 5
Southeast Interior Fairbanks 3.8
Southeast Interior Delta Junction 3.4
Central Interior McGrath 5.3
West Coast Kotzebue 3.2
West Coast Nome 3.7
West Coast Bethel 5.1
Bristol Bay King Salmon 4.6
West Coast St. Paul Island 1.7 2.2
Cook Inlet Talkeetna

Southeast Interior
Cook Inlet

Cook Inlet
Northwest Gulf

10.3.3 Wind

Gulkana 2.6
Anchorage 3.9
Homer 4.4
Kodiak 2 2.5

Winter Spring Summer

3.7
1.7
2.4
1.4

3.8
2.8
2.4
2.1
3.1
3.1
13
2.4
3.8
1.9

2.8
1.5
14
3.2

1.8
2.6
2.2
3.7
0.6
3.7

0.7

Autumn Annual

4.9
3.9
4.9
5.3
4.9
3.6
4.4
4.8
2.3

3.3
4.2
4.7
1.8

Wind plays a key role in convective processes which effect climate conditions. Monthly community data
is available for both historical and projected periods using the Alaska Community Wind Data tool. This
looks at both changes in wind speed and direction over time. The intersection between temperature and
windspeed can also be useful to understand snow drifting especially when considering increases in
blowing snow which may also thaw the permafrost.
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Figure 10-8 Precipitation (mm) over 4 -30-year multidecadal periods showing mean (top) and anomaly
values for Alaska climate divisions containing permafrost and DOT assets as shown in Figure 10-6. The
anomalies were derived by subtracting the associated means from the 1980-2009 mean. These were
derived using downscaled projections from original SNAP downscaled temperature product at 2x2
kilometer spatial scale to a 1x1 kilometer spatial scale using a bilinear interpolation for the Integrated
Ecosystem Model (IEM) project. These included: 1) CRU TS 3.1 data (1900-2009); 2) 2 AR4/CMIP3
climate model projections (2010-2100) (cccma_cgecm3_1 and mpi_echam5) and one projected emission
scenario (A1B); and 3) 1 AR5/CMIP5 climate model projection (2010-2100) (ncar_ccsm4) and one
projected emission scenario (RCP 8.5).
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10.4 Climate data availability

Selecting climate data for examining permafrost conditions is a process. In recent years, the data cycle
for generating new and updated climate products has compressed. It is important to understand the
various types of data available and develop consistent workflows for when, where and how they get
used. Because of this compressed production cycle, incorporating processes for updating data and
maintaining continuity with past analysis is useful. This is a larger issue within the engineering
community in general. In Alaska, there is an effort to modernize, streamline and standardize access to
climate data. This includes updating the Environmental Atlas of Alaska which currently exists in hard-
copy form into an online system known as Arctic Environmental and Engineering Data and Design
Support System (Arctic-EDS) which will be active by 2023. Arctic-EDS will be a hybrid approach consisting
of an online graphical user interface, programmatic data access via an APl and Jupyter notebooks
demonstrating APl use and engineering applications.

It is common to work with climate data by downloading land-based station data from a variety of
sources. Where it does not exist, an individual project will sometimes install a temporary station to
collect data for short-term periods, typically the project duration of 3 years. Alaska remains data-poor
compared to the continental United States. When selecting a source for climate data, it is important to
be aware of what processes are represented in the data.

The University of Alaska Fairbanks supports several climate research and data centers including SNAP,
ACCAP and ACRC. The missions and websites are provided in Section 10.1. Each of these centers have
public outreach funding. Don’t hesitate to contact them to help with climate related questions, data and
trends.

10.4.1 Land-based station data

Land-based station data remains the gold-standard for recording climate since it represents the
conditions of the surrounding area. The dataset includes air temperature, precipitation and wind speed
and direction which are critical for calculating permafrost characteristics like active layer depth and
mean annual ground temperature. The longest records available for Alaska extend over a century but
are only available for a few locations within each climate zone. Many of these make up first order
stations, where observations are collected by National Weather Service personnel. The distribution of
stations and the length of monitoring is shown in Figure 10-9. Most stations have been monitored for
less than 50 years. Land-based station data is assimilated from a variety of national, state, and local
surface meteorological networks. There are a variety of websites available for accessing data. Three of
the best places to conduct initial queries include NOAA Climate Data Online, the Alaska Climate
Research Center (ACRC) and the Meteorological Assimilation Data Ingest System (MADIS).
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Figure 10-9 Totaled years of temperature observations between 1920 and 2012 at weather stations
within the Global Historical Climatology Network database overlaid with the Alaska climate divisions
(Bieniek et al. 2014a).

Each of these organizations maintains a variety of products derived from land-based station data. The
NOAA NCEI Map Viewer makes it easy to find the hourly, daily, and normal observational data from
Automated Surface Observing System (ASOS) and Automated Weather Observing System (AWQS)
stations. Once dataset ID is known, NOAA also provides AP| access to programmatically query and
download datasets. The Alaska Climate Research Center provides access to daily, monthly, and yearly
summaries using NOAA data acquired from the Applied Climate Information System (ACIS). MADIS is a
database and data delivery system that aggregates data from a variety of sources in addition to NOAA,
including Remote Automated Weather Stations maintained by the National Interagency Fire Center and
DOT&PF stations. The MADIS Surface data tool provides a useful map interface for data discovery but
requires a subscription to use the data.

The advantage of using land-based station data for permafrost analysis is that it is the closest reflection
of the local environment. This means that it also reflects the any orographic effects present in that
location. Given that orographic effects can strongly affect temperature, precipitation, and wind
patterns, this is useful for permafrost applications.

For permafrost applications, land-based station data has mainly been used by site-level investigations.
Larger regional, national, and international permafrost modeling efforts have transitioned to using
gridded historical data to better capture landscape level characteristics.
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	PREFACE 
	PREFACE 
	It is important to understand that this synthesis of practice is not intended to be a manual or guideline, primarily because current knowledge does not lend itself to a manual or guideline. Instead, this synthesis is intended to provide those working in permafrost regions a working knowledge of permafrost, geotechnical exploration in permafrost regions, and a basic knowledge of our changing climate and how that impacts the integrity of the permafrost. The synthesis provides a summary of existing techniques 


	Abstract 
	Abstract 
	This synthesis provides the practicing engineer with the basic knowledge required to build roadway and airports over permafrost terrain. Topics covered include an overview of permafrost, geotechnical investigations, slope stability, impacts of climate, and adaptation strategies during the design, construction and maintenance phases. The purpose of the synthesis is not to provide a comprehensive body of knowledge or to provide a complete how‐to manual. Rather the synthesis provides a working knowledge for th
	1 INTRODUCTION 
	1 INTRODUCTION 
	1.1 Objectives of this Guide 
	1.1 Objectives of this Guide 
	This synthesis covers over 100 years of experience and research related to the planning, design, construction and maintenance of roadways and airports built in permafrost terrain. The information presented here is based on the experience of the authors, published and unpublished papers, and common practices used in global permafrost regions. 
	This is not to suggest that the synthesis represents guidelines, design standards or building codes. Rather it is intended to provide practitioners with a summary of practices, including those which may be debated. Discussions of successes, limitations and pitfalls of practices are provided so that the practitioner can judge whether a practice may be appropriate. 
	Since designs for permafrost are evolving, detailed procedures are not provided. Instead, Alaska Department of Transportation and Public Facilities (DOT&PF) relies on subject matter experts. Practitioners are provided with a series of discussions intended to help avoid past failures while taking advantage of the knowledge gained through experience and research. 
	The sources of information used for this synthesis are provided by chapter. Readers are invited to review these sources for additional information. 

	1.2 An Alaskan Historical Prospective 
	1.2 An Alaskan Historical Prospective 
	Alaskans have been building roads and trails over permafrost since the 1890’s. Those pioneers quickly realized that even minor disturbances of the terrain could have major impacts on the stability of the permafrost. In 1895 Chester W. Purington noted: 
	“A serious detriment to the making of a road in Alaska is the thawing of the ground beneath the moss. It has been the universal experience that whenever the moss is cut into, thawing immediately commences, and the trail which was passable becomes a filthy, slimy mass of mud, roots, and broken stone…” (Judge‐Advocate General to the Secretary of War, June 15,1905, RG 94, n.d.) 
	Purington suggested that the moss be left intact in sections with poor drainage and that the surface be corduroyed with heavy brush or poles on top of which a covering of gravel sufficient to provide necessary insulation. 
	The same lessons were again learned during the construction of the Alaska Canadian Highway where the pioneer road was constructed using conventional construction technologies. Against the warnings of Purington and Richardson, the vegetation was stripped from the permafrost. Much of the route was constructed during the winter months allowing muskeg to be crossed simply because no clearing was required. As the snow melted, so did the muskeg and permafrost which resulted in much of the route becoming impassabl
	Figure
	Figure 1‐1 Thawing permafrost during the construction of the Alaska‐Canadian Highway (Coates 1992). 
	Figure 1‐1 Thawing permafrost during the construction of the Alaska‐Canadian Highway (Coates 1992). 


	In 1950 the Alaska Road Commission formally adopted its philosophy for building on permafrost (Naske, June 1983): 
	 
	 
	 
	Avoid permafrost when possible, locating on south slopes whenever possible. 

	 
	 
	Avoid wet side hills or slopes with seeping water. 

	 
	 
	Avoid disturbing moss. When the moss is removed, permafrost melts creating an impassible mire. Place material over undisturbed moss carefully. Even location parties are required to walk. 

	 
	 
	Use corduroy over soft areas. 

	 
	 
	In cut sections, employ staged construction using thaw and cut technique backfilling with porous granular gravel. 


	While equipment slowly improved, little changed until the construction of the Trans‐Alaskan Pipeline (TAPS). TAPS brought a new interest in the application of new technologies to construction over permafrost. Geologists and scientists joined the engineering community in understanding the formation of permafrost, its properties (both frozen and thawing) and surficial manifestations of permafrost. This resulted in a renaissance of permafrost knowledge that continues today. 
	It was during and shortly after the construction of TAPS that many of the techniques for building embankments in permafrost terrain were developed. While some of those appear outlandish today, they provided the foundation upon which current designs were developed. Many of these found their way to China, Russia, and other polar regions. For example, the air ducts, thermosyphons and air 
	It was during and shortly after the construction of TAPS that many of the techniques for building embankments in permafrost terrain were developed. While some of those appear outlandish today, they provided the foundation upon which current designs were developed. Many of these found their way to China, Russia, and other polar regions. For example, the air ducts, thermosyphons and air 
	convection embankments developed by and for DOT&PF were used extensively to construct the Tibetan Railroad in China (Cheng, 2003). 

	In the 1980’s the recognition of changing climate resulted in a concern for the impact of thawing permafrost, especially in discontinuous permafrost regions. As concern for climate change increases and the demonstrated impact on arctic regions becomes more apparent, engineers are faced with how to adapt. While the fundamentals remain, the environment for which engineers must design is changing. It is therefore critical that everyone associated with the design, construction and maintenance of roadways and ai
	More recently, the National Science Foundation has and continues to fund studies which focus on the changing arctic and the impact of warming permafrost on infrastructure, the economy and lifestyle of those living in the north. The knowledge produced by these studies provides insight into the impacts of these changes on infrastructure. 
	While research indicates that the impact of the infrastructure itself on the permafrost is much more rapid than climatic changes, these impacts have been largely ignored by the scientific and political community and to a degree by the engineering community. Infrastructure often causes an immediate impact while climate results in a longer‐term impact. Consequently, the engineer must recognize and adapt to both. Unfortunately, it is difficult to separate the two in practice. 
	An understanding of the history of embankments used in permafrost regions provides the practitioner with wisdom that can only come from the success and failures of those who precede them. That said, it is equally important for the engineer to account for anticipated changes moving forward. 

	1.3 Overview of impacts of permafrost on the design, construction, and maintenance of embankments 
	1.3 Overview of impacts of permafrost on the design, construction, and maintenance of embankments 
	Permafrost is defined as soil or rock that is below 0C (32F) for two or more years. By this definition, permafrost can range from frozen, ice rich silts to frozen bedrock. However, note that by this definition, not all the water in the soil is necessarily frozen. As such, the simple definition is not particularly useful to the engineer. To refine the definition two descriptors of permafrost were developed by the engineering community. 
	o
	o

	 
	 
	 
	Ice rich thaw unstable permafrost: Frozen soil which contains enough ice to be unstable when melted. 

	 
	 
	Ice poor thaw stable permafrost: Frozen soil with little ice that shows little change when thawed. 


	However, the scientific community defines permafrost by how it was formed. 
	 
	 
	 
	Syngenetic: Permafrost formed in concert with the deposition of soil layers over time. 

	 
	 
	Epigenetic: Permafrost formed by freezing the soil column from the top down. 

	 
	 
	Yedoma: Syngenetic permafrost that is mostly ice. 


	These will be described in more detail in Chapter 2. For now, recognize the relationship between the engineering and scientific definitions of permafrost. 
	The occurrence of permafrost or the likelihood of permafrost being found is broken down into four regions which will be discussed in more detail in Chapter 2. 
	 
	 
	 
	Isolated 

	 
	 
	Sporadic: Permafrost exists in isolated locations. 

	 
	 
	Discontinuous: Permafrost occurs frequently especially on north facing slopes, lowlands, and heavily forested areas. 

	 
	 
	Continuous: Permafrost occurs throughout 


	Even a basic understanding of the formation and distribution of permafrost and the resulting properties helps the designer understand how permafrost influences the design and performance of embankments over permafrost. Chapter 2 provides insight into the properties of each type of permafrost throughout the three permafrost regions and their distribution across Alaska. 
	Permafrost found in areas of sporadic permafrost and discontinuous permafrost are generally warm permafrost, i.e., the soil temperatures are slightly below freezing. In these areas, even small increases in temperatures will result in thawing (Figure 1‐2). Consequently, decisions to employ designs that keep the permafrost frozen should be made carefully. Couple warm permafrost with ice rich permafrost and the likelihood of severe damage to the embankment becomes likely. In this case, expect large thaw consol
	Figure
	Figure 1‐2 Thawing permafrost slopes along the Dalton Highway (photo by DOT&PF) 
	Figure 1‐2 Thawing permafrost slopes along the Dalton Highway (photo by DOT&PF) 



	1.4 The importance of using the right design to manage the impacts of thawing permafrost. 
	1.4 The importance of using the right design to manage the impacts of thawing permafrost. 
	Dr. Eb Rice (University of Alaska) often stated that there are but four options when constructing infrastructure over permafrost (Rice, 1975): 
	 
	 
	 
	Keep it frozen 

	 
	 
	Thaw it 

	 
	 
	Remove and replace 

	 
	 
	Accept the consequences of thaw beneath the structure 


	The engineer must decide which of these make the most sense, technically, economically and in some cases, politically. For example, it often makes little sense to attempt to remove and replace permafrost tens of feet thick even though it is ice‐rich, warm permafrost. Nor does it make sense to attempt to keep warm, ice‐rich permafrost a few feet thick frozen. In the first case, accepting the consequences of thawing may be appropriate. In the second case, removing and replacing or pre‐thawing the permafrost m
	Only by understanding the permafrost, including both its frozen and thawed properties, and how the design alternatives perform, can the designer select the most appropriate design. There are no standards available. However, this synthesis does provide best practices and suggestions, 

	1.5 Learning to think about the long‐term impacts of a design. 
	1.5 Learning to think about the long‐term impacts of a design. 
	While the pavement is typically designed for about 15 years, the embankment and its alignment can be expected to last much longer. Since the overall alignment is unlikely to change, think about the embankment performance over the next 50 or more years. 
	The temperature regime under the roadway may take decades to reach equilibrium. The changing climate, including changes in temperature and precipitation, may preclude that equilibrium from being obtained for the foreseeable future. Figure 1‐3 shows an abandoned section of the Richardson near Fairbanks which had been in place for about 50 years. The roadway still showed signs of settlement due to thawing ice wedges. 
	Since the climate and its impact on the permafrost is not anticipated to be static, the designer is encouraged to consider the dynamic future in the design of the embankment, especially over permafrost. Chapter 10 provides insight into our future climate. While the predictions are not as precise as we would like, the trends are clear. Used properly, these trends provide general guidance for roadway and airport designers. 
	Figure
	Figure 1‐3 Roadway damage on an abandoned section of the Richardson Highway east of Fairbanks (photo B. Connor) 
	Figure 1‐3 Roadway damage on an abandoned section of the Richardson Highway east of Fairbanks (photo B. Connor) 



	1.6 Recognizing when additional expertise is required. 
	1.6 Recognizing when additional expertise is required. 
	Designers are not expected to know everything about designing roadways and airport embankments over permafrost. Nor does this synthesis provide detailed design procedures. Rather, designers should recognize their personal limitations and seek the help of those trained in the areas of expertise required. These include geotechnical expertise, thermal modeling, climate forecasting, permafrost science and materials testing, and terrain mapping. In many cases multiple subject matter experts may be required. An u

	1.7 Knowing what data may be required and how to use it. 
	1.7 Knowing what data may be required and how to use it. 
	Every design requires data. The more complex the design the greater the requirement. However, the cost of obtaining and analyzing that data must be managed. Consequently, the designer must understand the consequences of the questions they pose and the benefits to the project in obtaining answers to those questions. 
	The key is to know what information is required to achieve the desired outcome. That defines the data required. There is a big difference in the data required to answer the question of how thick the active layer is and how deep the permafrost will thaw over the next 20 or more years. The thickness of the active layer can be estimated using the thawing index, soil moisture content and an n‐factor. However, the thaw depth of permafrost over time requires an estimate of daily or weekly air temperatures over th
	While some data such as climate data are available through web‐based services, care must be taken to ensure the data are of sufficient quality and resolution to be useful. Do not hesitate to work with climatologists to assure the data are adequate or whether improved data may be developed within the scope and budget of the project. More importantly, ask whether more accurate data will improve the design and performance of the project. 
	1.7.1 Geotechnical Data 
	1.7.1 Geotechnical Data 
	Data may be collected employing several techniques with varying costs. For example, a person skilled in the use of aerial or satellite photo interpretation can glean considerable information concerning the potential for ice rich permafrost and the spacing of ice wedges using publicly available geological maps, photos, and satellite imagery. Using these data in conjunction with permafrost maps, many of which are contained in this synthesis provide a wealth of information about the terrain along the project. 
	As the level of detail increases, so does the cost of the data. The cost of the area information discussed above is quite inexpensive and can be had for the labor cost for a skilled interpreter. Geophysical data such as ground penetrating radar or resistivity methods are more expensive, but often less expensive than drilling. Geophysical methods are particularly good at providing information concerning the uniformity, or lack thereof, of the soil layers, but generally do not provide the detail of the soil p
	Only by working with geotechnical engineers, geological engineers and geologists can an appropriate geotechnical investigation program be developed. It is critical that clear objectives be established early in the process to guide the investigation. 
	A detailed discussion of geotechnical data is covered in Chapter 3. 

	1.7.2 Climate Data 
	1.7.2 Climate Data 
	Climate data are becoming increasingly important in assessing the long‐term performance of the roadway over permafrost. As air temperature and precipitation changes, so does the potential for permafrost thawing. While improving, the scaling and reliability of climate predictions are not absolute making it critical that the designer understand the variability in the climate models and the consequences of that variability. 
	Chapter 10 provides an excellent discussion of climate change including what data are available and the limitations of that data. Since climate data models are constantly evolving, information in that chapter is also evolving. To ensure designers have current information, links to current resources and how to use them are provided in Chapter 10. 


	1.8 Ensuring everyone in design, construction and maintenance understands the long‐term strategy employed. 
	1.8 Ensuring everyone in design, construction and maintenance understands the long‐term strategy employed. 
	Everyone working on roadways underlain by permafrost must understand the basic concepts of the long‐term strategy employed on that section of roadway. Consequently, the more uniformity in the application of overall strategies, the more likely those strategies will be preserved through the construction and maintenance phases. Just as the Alaska Road Commission clearly articulated their philosophy for roadway construction over permafrost, it is important that the roadway and airport design community clearly a
	For example, a designer may choose to minimize rights of way clearing to reduce thawing of the permafrost outside the roadway prism. If this is not clearly conveyed to construction and maintenance personnel, they may clear to the rights of way limits negating the designer’s intent. The resulting thermokarsts may alter drainage patterns causing damage to the embankment that could have been avoided. 
	However, the design must account for the ability of maintenance personnel to preserve the design. A good example is the employment of widened roadways with 6 percent slopes outside the shoulders (often called the barn roof design). Research had shown the design had proven to improve the performance of the travelled way. Unfortunately, lack of funding precluded maintenance personnel from plowing the extended width, rendering the design ineffective. 
	Stories such as this are more common than one would think. Communication is key to ensuring the longterm strategy employed is successful. However, that communication must occur in both directions. It is critical that all interested parties are heard before any strategy is employed. 
	‐
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	2 DESCRIPTION OF PERMAFROST 
	2.1 Overview 
	The literature related to permafrost is far too extensive to cover in this chapter. For those wishing a more detailed description of permafrost characteristics related to roadway and airport design, refer to the companion publication A Permafrost Primer for Highway and Airport Engineers. 
	In the essence of brevity, this chapter discusses the conditions under which permafrost may form, the distribution of permafrost and how permafrost terrain may be recognized. As discussed in Chapter 1, for engineering purposes it is important to know the ice content, the grain size distribution, and the temperature of the soil to gain insight into the impact of the permafrost on the infrastructure should it thaw. 
	The maps provided along with the descriptions of the distribution of permafrost, anticipated ice content, and temperatures should aid the designer in deciding the likelihood of encountering permafrost, the likelihood and consequences of thaw, and which mitigation techniques may be the most effective. 
	The information provided here is intended to allow the designer to engage in meaningful discussion with geologists, geological, geotechnical engineers, and permafrost scientists. 
	2.1.1 Permafrost occurrence and thermal regime 
	Permafrost is defined as ground (soil or rock, including ice and organic material) that remains at or below 0°C for at least two consecutive years (van Everdingen, 1998). According to this definition, permafrost may or may not contain ground ice. Permafrost regions occupy almost 25% of global land area, including about one half of Canada, and almost two thirds of Russia. Permafrost also occurs in China, USA (mostly Alaska), Mongolia, Greenland, Antarctica, and at high elevations in many mountain regions in 
	Permafrost forms when the mean annual surface temperature is perennially below 0 °C; the thermal regime of the ground at various locations is often assessed using the mean annual ground temperature (MAGT) at the depth of zero annual amplitude (van Everdingen, 1998). The active layer ― an upper layer of ground that seasonally thaws and freezes ― separates the permafrost from the surface. The upper boundary of permafrost is called the permafrost table. The thickness of permafrost may range from less than 1 m 
	Figure
	Figure 2‐1 Permafrost occurrence in the Northern hemisphere, International Permafrost Association Permafrost Map (, based upon Brown et al., 1997). 
	Figure 2‐1 Permafrost occurrence in the Northern hemisphere, International Permafrost Association Permafrost Map (, based upon Brown et al., 1997). 
	https://ipa.arcticportal.org/products/gtn‐p/ipa‐permafrost‐map
	https://ipa.arcticportal.org/products/gtn‐p/ipa‐permafrost‐map
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	Figure
	Figure 2‐2 Typical ground‐thermal regime indicating maximum and minimum temperatures, the decrease in temperature with depth, the geothermal gradient, the depth of zero annual amplitude, and the depth of seasonal thaw (French, 2018). 
	Figure 2‐2 Typical ground‐thermal regime indicating maximum and minimum temperatures, the decrease in temperature with depth, the geothermal gradient, the depth of zero annual amplitude, and the depth of seasonal thaw (French, 2018). 


	There is a strong correlation between the permafrost temperature and mean annual air temperature (MAAT). However, permafrost temperatures also strongly depend on various climatic and environmental factors, including snow cover, vegetation, types of soils, and moisture contents in the active layer. The climate‐permafrost relation can be represented schematically by the mean annual temperature regimes at three levels (Smith and Riseborough, 2002) (Figure 2‐3): 
	(1) 
	(1) 
	(1) 
	the air temperature, measured at standard height above seasonal snow cover (MAAT); 

	(2) 
	(2) 
	the temperature at the ground surface (MAGST); 

	(3) 
	(3) 
	the temperature at the top of permafrost (TTOP). 


	The difference between the MAAT and MAGST is created by the surface offset, which includes the cooling effect of vegetation in summer (vegetation offset) and the insulating effect of snow cover in winter (nival offset). Usually, the nival offset is much stronger than the vegetation offset. As a result, the MAGT at the depth of zero annual amplitude, which commonly varies between 10 and 20 m, is typically several degrees warmer than the MAAT. There is also a significant difference between the MAGST and TTOP,
	The difference between the MAAT and MAGST is created by the surface offset, which includes the cooling effect of vegetation in summer (vegetation offset) and the insulating effect of snow cover in winter (nival offset). Usually, the nival offset is much stronger than the vegetation offset. As a result, the MAGT at the depth of zero annual amplitude, which commonly varies between 10 and 20 m, is typically several degrees warmer than the MAAT. There is also a significant difference between the MAGST and TTOP,
	composed by peat; under certain conditions, permafrost may be relatively stable even if the MAGST is above 0°C. 

	Figure
	Figure 2‐3 Schematic of mean annual temperature profile through the surface boundary layer, showing the relation between air temperature and permafrost temperature (Smith and Riseborough, 2002). 
	Figure 2‐3 Schematic of mean annual temperature profile through the surface boundary layer, showing the relation between air temperature and permafrost temperature (Smith and Riseborough, 2002). 


	Permafrost occurrence differs significantly within the permafrost region. The circumarctic map of permafrost and ground ice conditions (Brown et al., 1997) divides the permafrost region into four permafrost zones based on the percentage of the area underlain by permafrost (Figure 2‐4): 
	(1) 
	(1) 
	(1) 
	continuous, 

	(2) 
	(2) 
	discontinuous, 

	(3) 
	(3) 
	sporadic, and 

	(4) 
	(4) 
	isolated patches of permafrost. 


	Figure
	Figure 2‐4 Typical permafrost distribution in continuous, discontinuous, and sporadic permafrost zones (modified from Shur et al., 2011). 
	Figure 2‐4 Typical permafrost distribution in continuous, discontinuous, and sporadic permafrost zones (modified from Shur et al., 2011). 


	In the continuous permafrost zone, permafrost occupies 90 to 100% of the entire area with closed taliks (layers or bodies of unfrozen ground) developed under big water bodies (deep lakes and rivers) (Figure 2‐4). Continuous permafrost depends entirely on climate, and the impact of local conditions on permafrost distribution is minimal. In this zone, permafrost exists everywhere beneath the land surface and under shallow water (except taliks beneath large water bodies), and it takes only one year to start pe
	Distribution of discontinuous and sporadic permafrost is affected by both climate and local factors; permafrost temperature and distribution strongly depend on topography, soil properties, snow depth, and vegetation; MAGTs usually exceed ‐3 °C (Figure 2‐5), and in southern areas is close to 0 °C. 
	Conditions of permafrost formation vary from favorable to unfavorable in a sequence of ground types involving peat, clay, silt, sand, and gravel (Shur and Jorgenson, 2007). 
	In the discontinuous permafrost zone permafrost occupies 50 to 90% and is interrupted or alternates with areas of unfrozen soil; open and closed taliks are common. In the zone of discontinuous permafrost, the active layer often does not reach the permafrost table. The lowered permafrost table can be a sign of permafrost degradation. In the areas with sporadic permafrost, permafrost occurs as separate masses surrounded by unfrozen soil and occupies 10 to 50%. In the areas with isolated patches of permafrost,
	Figure
	Figure 2‐5 Increase in MAGT in Alaska since 1980s. (a) Continuous and discontinuous permafrost zones in Alaska (separated by the broken blue line) and location of a north–south transect of permafrost temperature measurement sites; (b) and (c) average annual temperature at depths of 20 m and 15 m below the surface, respectively, at Alaskan measurement sites (Romanovsky et al., 2017). 
	Figure 2‐5 Increase in MAGT in Alaska since 1980s. (a) Continuous and discontinuous permafrost zones in Alaska (separated by the broken blue line) and location of a north–south transect of permafrost temperature measurement sites; (b) and (c) average annual temperature at depths of 20 m and 15 m below the surface, respectively, at Alaskan measurement sites (Romanovsky et al., 2017). 


	Permafrost may or may not contain ground ice, which occurs in pores, cavities, voids or other openings in soil or rock. This term refers to all types of ice contained in freezing and frozen ground. Ground ice may occur as lenses, wedges, veins, sheets, seams, irregular masses, or as individual crystals or coatings on mineral or organic particles. Perennial ground ice can only occur within permafrost bodies (van Everdingen, 1998). The volume and type of ground ice is important in determining thaw settlement 
	Permafrost may or may not contain ground ice, which occurs in pores, cavities, voids or other openings in soil or rock. This term refers to all types of ice contained in freezing and frozen ground. Ground ice may occur as lenses, wedges, veins, sheets, seams, irregular masses, or as individual crystals or coatings on mineral or organic particles. Perennial ground ice can only occur within permafrost bodies (van Everdingen, 1998). The volume and type of ground ice is important in determining thaw settlement 
	Everdingen, 1998). Ice wedges are the most common type of massive ground ice; in some areas, wedge ice can occupy more than 50% of volume of the upper permafrost. Ice wedges develop by repeated frost cracking (or thermal contraction cracking) that occurs because of winter cooling of soil and subsequent formation of ice veins because of filling cracks with meltwater in the springtime (Leffingwell, 1915; Lachenbruch, 1962; Dostovalov and Popov, 1966; Mackay, 1972; French and Shur, 2010; Murton, 2013; French, 

	The areas with ice‐rich permafrost are especially vulnerable to destructive processes of ground‐ice degradation, which include thermokarst, thermal erosion, and thermal denudation. Thermokarst is the process by which characteristic landforms result from the thawing of ice‐rich permafrost or the melting of massive ice (van Everdingen, 1998). It results in subsidence of the soil surface, and formation of depressions on the soil surface as well as the cavities inside frozen soil. Thermal erosion is a process o
	2.2 Permafrost in Alaska 
	2.2.1 Permafrost map of Alaska 
	Permafrost in Alaska can be encountered almost everywhere – according to the permafrost map of Alaska (Jorgenson et al., 2008b) (Figure 2‐6), about 80% of the State belongs to the permafrost region (Jorgenson et al., 2008). The permafrost map contains general information on surficial geology and primary soil texture, permafrost temperature and extent, ground ice volume, distribution of pingos and ice wedges, and primary thermokarst landforms. Permafrost in Alaska includes areas with continuous (29%), discon
	Figure
	Figure 2‐6 Permafrost map of Alaska (Jorgenson et al., 2008b). 
	Figure 2‐6 Permafrost map of Alaska (Jorgenson et al., 2008b). 


	2.2.2 Yedoma distribution in Alaska 
	Yedoma is defined as ice‐and organic‐rich syngenetically frozen silty sediments that can be more than 40 m thick; these deposits contain large ice wedges, which can reach up to 10 m in width and more than 40 m in vertical extent (Romanovskii et al., 2004; Kanevskiy et al., 2011a, b; Schirrmeister et al., 2013; Murton, 2013). Occurrence of yedoma presents a great challenge to road construction and should be closely considered during geotechnical investigations (Kanevskiy et al., 2012). Ice‐rich yedoma deposi
	Figure
	Figure 2‐7 Yedoma occurrence within different permafrost zones of Alaska. 
	Figure 2‐7 Yedoma occurrence within different permafrost zones of Alaska. 


	2.2.3 Continuous permafrost 
	Continuous permafrost zone includes vast areas of northern and north‐western Alaska: Brooks Range, Arctic Foothills, Arctic Coastal Plain, and the northern part of Seward Peninsula with adjacent areas (Figure 2‐6). North of the Brooks Range, permafrost thickness generally varies from 200 to 400 m and reaches a maximum depth of 600 m in the Prudhoe Bay area (Brown and Sellmann, 1973; Lachenbruch et al., 1988; Jorgenson et al., 2008; Jorgenson, 2011). Mean annual permafrost temperatures vary from about ‐9 to 
	Continuous permafrost zone includes vast areas of northern and north‐western Alaska: Brooks Range, Arctic Foothills, Arctic Coastal Plain, and the northern part of Seward Peninsula with adjacent areas (Figure 2‐6). North of the Brooks Range, permafrost thickness generally varies from 200 to 400 m and reaches a maximum depth of 600 m in the Prudhoe Bay area (Brown and Sellmann, 1973; Lachenbruch et al., 1988; Jorgenson et al., 2008; Jorgenson, 2011). Mean annual permafrost temperatures vary from about ‐9 to 
	(0.2‐0.3 m) is typical of organic soils. Degradation of ice wedges has occurred during last decades over vast areas of northern Alaska (Jorgenson et al., 2006, 2015; Raynolds et al., 2014; Kanevskiy et al., 2016b, 2017; Frost et al., 2018). 

	Yedoma is quite common in the continuous permafrost zone (Figure 2‐7) and occurs primarily in lowlands and foothills which were unglaciated during the Late Pleistocene. Yedoma is widespread in the Arctic Foothills and adjacent parts of the Arctic Coastal Plain (Lawson, 1982, 1983; Carter, 1988; Brewer et al., 1993; Kanevskiy et al., 2011a, b, 2016a; Jorgenson et al., 2014; Schnabel et al., 2014; Trochim et al., 2016) and in the northern part of Seward Peninsula (Hopkins, 1963; Shur et al., 2012; Stephani et
	Yedoma sections were described by Carter (1988) in the low foothills of the Brooks Range, where continuous areas of eolian silt (loess) contain large ice wedges. According to Carter, these areas form a silt belt 5 to 70 km wide at the boundary between the Arctic Coastal Plain and the Arctic Foothills. We believe that the area of yedoma in northern Alaska is larger than it was mapped by Carter (1988), and isolated yedoma sequences of smaller scale can be found outside the silt belt area as well (Kanevskiy et
	Despite complex ground‐ice conditions, the cold climate is an important favorable factor for engineering activities in northern Alaska. The recent increase in the permafrost temperature itself has not created serious problems because the temperatures of soils in northern Alaska are still quite low. Cold climate and low permafrost temperatures allow for using frozen soils as foundations without expensive technical means. Pads and embankments with a thickness greater than the active layer depth in dry granula
	2.2.4 Discontinuous permafrost 
	Discontinuous permafrost is common in Alaska (Figure 2‐7). Most Alaskan villages are located within the discontinuous permafrost zone. The thickness of permafrost in this zone usually does not exceed 120 m (Jorgenson et al., 2008). Mean annual permafrost temperatures vary from about ‐3 to 0°C, and closed and open taliks are quite common. Monitoring of permafrost temperature in deep boreholes showed relatively small (in comparison with the continuous permafrost zone) increase during the last decades (Smith e
	Many unfrozen areas in the discontinuous zone of permafrost in Alaska consist of sand and gravel, and the nearby perennially frozen areas consist of silt (Péwé, 1975). Commonly permafrost occurs within the areas with thick surface organic layers. Very often permafrost is absent within south‐facing slopes, active floodplains, and in the areas affected by forest fires and development. Permafrost and ground‐ice conditions in the discontinuous permafrost zone are very diverse. Jorgenson et al. (2013) described 
	Figure
	Figure 2‐8 Topographic profiles illustrating relationships among topography, hydrology, soils, permafrost, and vegetation within rocky upland, silty upland, gravelly‐sandy lowland, and peaty lowland landscapes (Jorgenson et al., 2013). 
	Figure 2‐8 Topographic profiles illustrating relationships among topography, hydrology, soils, permafrost, and vegetation within rocky upland, silty upland, gravelly‐sandy lowland, and peaty lowland landscapes (Jorgenson et al., 2013). 


	Ice wedges are mainly inactive or weakly active (Péwé, 1975). Modern ice wedges develop mainly within peatlands with relatively low permafrost temperatures (Hamilton et al., 1983; Bjella et al., 2017). Inactive ice wedges commonly occur in yedoma, which can be encountered mainly in foothills and valleys within the uplands and low mountains, unglaciated during the Late Pleistocene. Wedge‐ice contents in yedoma deposits of interior Alaska vary from 10 to >50% by volume, and the vertical extent of ice wedges m
	It is difficult to distinguish yedoma terrain in the discontinuous permafrost zone because it is obscured in boreal forests. Baydzherakhs (conical thermokarst mounds) which indicate the presence of yedoma are visible mainly in drained thaw‐lake basins or old agricultural fields. They also can be detected in LIDAR images. In most cases yedoma sites may be detected only by drilling. 
	Main yedoma areas in the discontinuous permafrost zone include southern part of the Seward Peninsula and adjacent areas, Yukon‐Tanana upland, and parts of Yukon Flats adjacent to foothills. Yedoma has 
	Main yedoma areas in the discontinuous permafrost zone include southern part of the Seward Peninsula and adjacent areas, Yukon‐Tanana upland, and parts of Yukon Flats adjacent to foothills. Yedoma has 
	been described at numerous sites in interior Alaska, primarily within Yukon‐Tanana upland (Péwé, 1975; Kanevskiy et al., 2012; Jensen et al., 2013; Jorgenson et al., 2013; Nossov et al., 2013). 

	Yedoma remnants exist mostly in the well‐drained areas adjacent to foothills or large river valleys. Within poorly drained plains (e.g., Koyukuk Flats, Innoko Flats), yedoma has been almost completely reworked by thermokarst and thermal erosion since the end of the Pleistocene, and permafrost occurs mainly within uplifted peat plateaus, interspersed with unfrozen bogs and fens (Jorgenson et al., 2012; O’Donnell et al., 2012). The mean annual soil temperature at the base of the active layer within permafrost
	Buried glacier ice and ice‐rich glacio‐lacustrine sediments can be encountered in the mountains and large valleys developed during the late Pleistocene glaciation. Investigations at the Gulkana Airport (Copper River Basin, Alaska) revealed ice‐rich glacio‐lacustrine silty clay at depths of 7 to 11 m with ice lenses up to 15 cm thick and spacing from 10 to 30 cm (Shur and Zhestkova, 2003). 
	Destruction of vegetation in the discontinuous permafrost zone leads to degradation of permafrost (Douglas et al., 2008). Thawing of ice wedges under the roads (Figure 2‐9), agricultural fields, or buildings often results in significant differential thaw settlement. In the areas with ice‐rich permafrost, relatively high permafrost temperatures complicate using frozen soils as foundations. Mitigation techniques are discussed in Chapter 5. 
	Figure
	Figure 2‐9 Thermokarst mounds (baydzherakhs) developed due to ice‐wedge degradation under the abandoned part of the Dalton Highway, interior Alaska. 
	Figure 2‐9 Thermokarst mounds (baydzherakhs) developed due to ice‐wedge degradation under the abandoned part of the Dalton Highway, interior Alaska. 


	2.2.5 Sporadic and isolated permafrost 
	Areas with sporadic and isolated permafrost cover approximately 15% of Alaska where the ground is mostly unfrozen. Permafrost thicknesses usually do not exceed 50 m. However, in some areas (e.g., around Bethel) they can be more than 100 m (Jorgenson et al., 2008) (Figure 2‐6). Permafrost temperatures are close to 0°C, and permafrost exists mostly in organic soils or in the areas with very thick surficial organic layer. 
	In many areas with sporadic and isolated permafrost, mean annual air temperatures (MAAT) are above freezing leading to degrading permafrost. For example, the mean annual air temperature in Anchorage exceeds +2°C, which is unfavorable to the existence of permafrost. However, isolated masses of relic permafrost in this area are protected from rapid thawing by a thick layer of moss and peat. According to Lee (1977), permafrost existed in about 2 to 5% of the Anchorage area. Permafrost bodies usually occurred a
	In the coastal area of the Yukon‐Kuskokwim Delta, ice‐rich permafrost widely occurs in abandoned‐floodplain deposits within elevated plateaus with thick surficial organic layer (Jorgenson, 2000). Residual currently degrading permafrost plateaus exist in the western Kenai Peninsula lowlands of south‐central Alaska, a region with a MAAT of +0.5 to +2.5°C; thickness of ice‐rich peat in this area may exceed 5 m (Jones et al., 2016). 
	Yedoma‐like terrain (supposedly yedoma hills and thaw‐lake basins) was detected within Yukon‐Kuskokwim delta and adjacent areas. There is also information available on massive ice (presumably large syngenetic ice wedges) at several sites (e.g., near the village of Chevak). However, there is no confirmed evidence of yedoma occurrence in these areas. 
	Most villages within the sporadic and isolated permafrost zones are located on unfrozen ground but occurrence of the ice‐rich permafrost mentioned above shows that permafrost‐related hazards still may exist in these areas and affect either some parts of communities or adjacent areas. Warm permafrost temperatures and MAAT above freezing make preservation of soils in frozen state extremely difficult. 
	2.2.6 Mountain permafrost 
	In the mountain areas, a significant part of terrain is exposed bedrock, which is generally ice poor. Ice‐rich weathered bedrocks containing golets ice may be encountered. Ice‐rich sediments are localized mostly at bases of gentle slopes and in the bottoms of river valleys. During the late Pleistocene, mountain areas of Alaska were mainly glaciated, so no ice wedges could form at that time. Small Holocene ice wedges occur in the mountains mainly within the continuous permafrost zone (e.g., the Brooks Range)
	In the mountain areas, a significant part of terrain is exposed bedrock, which is generally ice poor. Ice‐rich weathered bedrocks containing golets ice may be encountered. Ice‐rich sediments are localized mostly at bases of gentle slopes and in the bottoms of river valleys. During the late Pleistocene, mountain areas of Alaska were mainly glaciated, so no ice wedges could form at that time. Small Holocene ice wedges occur in the mountains mainly within the continuous permafrost zone (e.g., the Brooks Range)
	processes such as solifluction, creep of frozen soils, and formation of rock glaciers and frozen debris lobes are active in these areas, as well as formation of frost blisters and icings. 
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	3 GEOTECHNICAL INVESTIGATIONS 
	3.1 Overview 
	Geotechnical data is crucial to project success for three reasons: 
	1) Design to meet performance and maintenance expectations during the life of the structure. 
	2) Ensure contracting milestones and spending limits are met during the construction phase. 
	3) Reduce change orders and cost over‐runs. 
	Design of roadways and airfields in Alaska requires an understanding of permafrost and surficial properties and potential impacts of thawing permafrost to infrastructure. Key parameters affecting performance are the extent and quantity of ice (gravimetric moisture content), soil type, frozen condition, and active layer thickness (Andersland and Ladanyi 2013, Johnson 1981). More importantly however, perennially frozen materials most often have highly variable ice content, laterally and vertically due to the 
	Management of risk and cost requires a systematic approach that characterizes the site. Drilling regularly spaced boreholes provides indispensable exploratory and confirmatory site data. However, drilling is costly, and each borehole provides information about a single point. Drilling can miss critical variability and spatial relationships between the boreholes, especially in the boundary zones where critical bearing capacity changes occur between ice‐rich vs. ice‐poor conditions, or frozen and thawed areas
	Employing a strategic, comprehensive approach that maximizes the value of each borehole while allowing interpretation between those boreholes can often reduce the risk of claims and change orders during construction. Geotechnical data may be acquired through multiple methods including analysis of aerial and satellite imagery, geophysical measurements, and geologic and topographic maps to include digital elevation models (DEMs) or through remote sensing techniques. 
	Chapter 3 provides an overview of the geotechnical investigation tools available. In keeping with the theme of this synthesis the information presented here allows the designer to understand the strengths and weaknesses of each method and when they may be applied. There is no method that works in every case. Consequently, the primary goal is to allow the designer to engage in a meaningful discussion with subject matter experts who can assist in the development of a geotechnical investigation plan to meet th
	3.1.1 Terrain units 
	Geotechnical investigations in the permafrost region are often based on the terrain‐unit approach (Kreig and Reger, 1982). Terrain (or geomorphic) units are distinguished based on geomorphology and surficial geology. This approach is based on a close correlation of ground‐ice volume and other permafrost characteristics with terrain units because the process of ground‐ice accumulation is controlled by soil texture and properties, geologic history, and conditions of permafrost formation. Such correlation has 
	Terrain analysis assumes that geomorphic, geologic, and geotechnical properties of terrain are closely related, and that terrain units formed during the same time, under the same climatic conditions, and 
	Terrain analysis assumes that geomorphic, geologic, and geotechnical properties of terrain are closely related, and that terrain units formed during the same time, under the same climatic conditions, and 
	affected by similar processes. Climatic conditions during formation of terrain units are especially important for geotechnical investigations in the permafrost region. For example, in Alaska, textures of soils of modern floodplains in the continuous and discontinuous permafrost zones may be identical, but permafrost properties of soils including thermal state, ground‐ice content, existence of massive ice, and permafrost‐related processes may be completely different (Schnabel et al., 2014). Much of this is d

	Mapping of terrain units is based mainly on interpretation of aerial photographs, satellite imagery, and topographic maps, and analysis of previous studies (geological, geomorphological, and vegetation maps, geotechnical reports, scientific papers, etc.). Preliminary terrain‐unit maps (Figure 3‐1) depict main landforms. 
	Figure
	Figure 3‐1 Example of a terrain‐unit (landform) map. 
	Figure 3‐1 Example of a terrain‐unit (landform) map. 


	3.1.2 Satellite imagery and air photo interpretation 
	Interpretation of imagery is widely used in geotechnical investigations in permafrost‐affected areas because of the close relationship between permafrost properties and surface features (Schnabel et al., 2014). This includes satellite images, air photos, and aerial light detection and ranging (lidar). 
	There is an abundance of satellites constantly capturing the state of the Earth, many of which have freely available data. Each satellite has different sensors, and spatial and temporal resolutions. Therefore, it is important to understand what is needed for the analysis before beginning a data search. 
	Aerial lidar is another method used to do a terrain analysis. Laser returns map the surface of the earth to create a high‐resolution picture of the ground and elevation. Lidar series collected over time can be differenced to detect elevation change due to permafrost melt. Many municipalities, boroughs, and government agencies such as USGS and DGGS collect aerial lidar and make these data available to the public. Private companies provide customized aerial lidar at a specific area of interest. Unmanned Aeria
	3.1.3 Engineering‐geological maps and sections 
	Engineering‐geological maps are compiled based on the terrain‐unit approach. The data on permafrost conditions and soil properties may be obtained through detailed geophysical and other subsurface investigations (drilling, excavation, description of natural exposures, etc.) along selected transects. With sufficient information on permafrost and surficial geology, terrain‐unit maps can be transformed into engineering‐geological maps (Figure 3‐2). Terrain‐unit maps can then be transformed into engineering‐geo
	Figure
	Figure 3‐2 Example of an engineering‐geological map that was modified from the terrain‐unit map (see Figure 3‐1). 
	Figure 3‐2 Example of an engineering‐geological map that was modified from the terrain‐unit map (see Figure 3‐1). 


	Figure
	Figure 3‐3 Example of an engineering‐geological cross‐section 
	Figure 3‐3 Example of an engineering‐geological cross‐section 


	Engineering‐geological mapping is impossible without field studies, which start with detailed mapping and description of surficial features and include characterization of vegetation; measurements of thaw depth; mapping of various permafrost‐related landforms (e.g., ice‐wedge troughs and other polygonal features, thermokarst ponds, sinkholes, thermo‐erosional gullies, pingos, solifluction lobes, etc.); and characterization of adjacent infrastructure (permafrost engineered vs non‐permafrost engineered, road 
	Engineering‐geological mapping is impossible without field studies, which start with detailed mapping and description of surficial features and include characterization of vegetation; measurements of thaw depth; mapping of various permafrost‐related landforms (e.g., ice‐wedge troughs and other polygonal features, thermokarst ponds, sinkholes, thermo‐erosional gullies, pingos, solifluction lobes, etc.); and characterization of adjacent infrastructure (permafrost engineered vs non‐permafrost engineered, road 
	deformations, etc.). These surficial features, some of which may be detected based on interpretation of aerial photographs and satellite images, may indicate occurrence and sometimes properties of the near‐surface permafrost. However, characterization of subsurface conditions is impossible without detailed geotechnical investigations, namely drilling. Several boreholes, their locations along the selected transects, and depth of drilling should be determined based on diversity of terrain conditions and resul

	3.2 Introduction to Geophysical Investigations 
	Geophysical techniques such as earth resistivity tomography (ERT) and ground penetrating radar (GPR) have been used successfully for subsurface profile imaging of many types of earth materials, both in sediments and bedrock. These techniques specifically provide unique visualization of the subsurface in frozen environments due to electrical contrast between water and ice. ERT measures the transient response of subsurface materials to an electrical impulse, where frozen ground is higher in resistivity while 
	GPR measures velocity changes of radar frequency impulse into the subsurface. Differences in dielectric permittivity cause velocity and polarity changes of the signal indicating depth and location of major subsurface changes. Sub‐horizontally layered strata such as sediments and man‐made earthen projects are easily discernable, particularly where phase change boundaries exist at the top of the permafrost and water tables. It is important to understand that GPR provides only horizons where changes occur. It 
	The equipment for these techniques is commercially available and easily operated with a modest amount of training. In the case of GPR, some complexity can arise when discerning details in complex subsurface structure, requiring expertise for refined processing. 
	Once the user becomes familiar with these technologies, information becomes immediately apparent. This not only provides data for the areas between ground truth locations (test pits, boreholes, outcrops), it optimizes geotechnical investigation by providing information related to the variability of the soil structure. The decision to utilize surface geophysics is often predicated on the end user’s familiarity with the techniques and the anticipated information provided to the project. However, it is often i
	Project team members, particularly geologists and geotechnical/materials engineers, readily understand the requirement for subsurface sampling via boreholes or test pits. Geophysical methods are rapidly demonstrating the benefits of inclusion in a geological/geotechnical investigation, particularly on linear projects in frozen terrain. However, the utilization of surface geophysics including which technology, how and when they are used, is evolving. 
	3.3 Electrical resistivity tomography (ERT) 
	3.3.1 Capacitive Coupled Resistivity (CCR) 
	CCR is a type of ERT survey using the earth as one conductor of a parallel plate capacitor. The transmitter and receivers are connected via coaxial cables creating a dipole antenna. The transmitter sends a continuous‐current sine wave through the dipole antenna, polarizing the surrounding earth material. A passing receiver measures the induced polarization from which the resistivity can then be calculated. This system does not require inserted electrodes and can continuously collect pulsed readings at a fre
	Figure
	Figure 3‐4 CCR system pulled by a snowmobile on a packed trail 
	Figure 3‐4 CCR system pulled by a snowmobile on a packed trail 


	The image is composed of a color index coded and contoured to illustrate areas of high or low resistivity with red‐purple indicating high resistivity and blue‐green indicating low resistivity (high conductivity), although these can be modified based on end‐user preference. Details of dramatic changes in resistivity is limited to 2 to 3 meters resolution. The change from thawed to frozen ground occurs abruptly, especially when considering the thawed active layer over permafrost. Fortunately for geological in
	In Figure 3‐5, a pseudosection is shown of a portion of a 13 km survey northwest of Fairbanks, Alaska, for the relocation of the Dalton Highway 0 to 8 Mile. The CCR survey was conducted along the proposed centerline after clearing and grubbing. Borehole drilling was conducted along the centerline during the CCR survey at 100 m (300 ft) intervals per ADOT&PF field protocols. The location consists of discontinuous warm permafrost. Drilling of the lower portion of the alignment in the West Fork of the Tolovana
	3.3.2 Galvanic (electrode coupled) 
	The galvanic method of ERT utilizes metal electrode stakes driven into the soil or rock at equal intervals along the surface to be surveyed. Resistivity is determined by injecting current directly into the subsurface via two current electrodes and reading the resultant voltage via two potential electrodes (Figure 3‐6). Increasing the electrode spacing increases the depth. Thirty‐meter depths or more is achievable with electrode separations of 6 m. Setup is time consuming requiring electrodes to be hammered 
	Figure
	Figure 3‐5 Station 310+00 to 340+00, 0 to 8 Mile Dalton Hwy Realignment. The ERT‐CCR survey was conducted prior to the borehole drilling. (units are imperial) 
	Figure 3‐5 Station 310+00 to 340+00, 0 to 8 Mile Dalton Hwy Realignment. The ERT‐CCR survey was conducted prior to the borehole drilling. (units are imperial) 
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	Figure
	Figure 3‐6 Direct coupled ERT system installed in tundra terrain. 
	Figure 3‐6 Direct coupled ERT system installed in tundra terrain. 


	Ground penetrating radar (GPR) is a common geophysical method used for subsurface imaging of stratified geological formations (Figure 3‐7) or isolated natural or manmade features such as buried utilities. GPR uses short pulses centered within the radio frequency spectrum, typically between 50 and 3000 MHz. Higher frequencies provide higher vertical resolution at the expense of penetration depth. Reflections are the result of changes in electrical properties defined by the relative dielectric constant of eac
	Good success in penetrating permafrost has been obtained in areas of floodplain alluvial sands and gravels (Delaney et al. 1990; Arcone et al. 1992, 1998). Penetration in ice‐rich sands has reached 80 m and 40 m in deeply frozen moraines (Arcone et al. 2002). GPR measurements are routinely made along potential road corridors and existing pavements, gravels, or other substrates. In permafrost regions both thaw settlement and frost heaving cause degradation in which investigation and mitigation is greatly aid
	Late winter frozen well‐graded and gravel fill embankments in interior Alaska afford more than 10 m of signal penetration utilizing an antenna frequency of 400 MHz. As such, GPR is useful in helping to route and design roads and in investigating problem spots along existing embankments. Results of GPR conducted over fine grained sediments, such as the air‐borne silt (loess) of Interior Alaska, are mixed. 
	The mineralogical component of the glacially derived sediments can cause extreme attenuation of the GPR signal, specifically in the wet or frozen state (Arcone, 2008). 
	Figure
	Figure 3‐7 200 MHz antenna pulled over an airfield embankment. 
	Figure 3‐7 200 MHz antenna pulled over an airfield embankment. 


	Post processing of ground penetrating radar data can be time consuming and complicated depending on the subsurface composition and desired features to be imaged. In general, GPR will provide good results where non‐mineralogical clay minerals are present, such as in layered structures of manmade embankments, alluvial gravel deposits, and bedrock outcroppings. Where massive deposits of clay or silt are present, these strata attenuate the GPR signal, greatly decreasing resolution of features at even shallow de
	In Figure 3‐8, a radargram of a section of the Elliott Highway is seen prior to the most recent reconstruction. The layered structure is the repeated infilling of asphalt at a location experiencing continued and dramatic permafrost thaw settlement approximately 0.5 km north of Haystack Mountain Road. This survey was conducted with the 400 MHz antenna pulled behind a vehicle on a specially designed plastic cart. 
	Figure
	Figure 3‐8 400 MHz GPR profile on the Elliott Highway, Fairbanks, Alaska. Deep thaw settlement can be seen. 
	Figure 3‐8 400 MHz GPR profile on the Elliott Highway, Fairbanks, Alaska. Deep thaw settlement can be seen. 


	3.4 Drilling, logging, and sampling 
	3.4.1 Drilling 
	Drilling remains the primary means of getting soil profile data even when geophysical data are collected, primarily due to the ease of soil property interpretation by visual means or by testing (Figure 3‐9). The most common practice is the use of solid stem, hollow stem or flight auger to bore and recover soil samples. Solid‐stem drilling is relatively inexpensive and fast, allowing soil classifications, moisture content and the ability to detect relative ice content. In areas where natural or artificial pe
	Soil description and samples obtained from the auger cuttings cannot be used for appropriate evaluation of permafrost structure and associated properties. There are several drilling methods commonly used in the permafrost region (Rand and Mellor, 1985; ADOT&PF, 2007; CAN/BNQ 2501500/2017, 2017). The common practice of geotechnical investigation in permafrost areas of Alaska includes augering with solid flights (hollow‐stem drilling) as a main drilling method and sampling of frozen soils with split spoons. S
	‐

	For reliable geotechnical information, consider drilling boreholes using continuous‐coring methods in at least some part of a study area. A detailed description of boreholes helps clarify permafrost structure and origin and furthers the study of frozen soils properties with undisturbed samples. Without a good‐quality core, it is impossible to distinguish the nature of ground ice. For example, massive ice bodies encountered by augering at different depths can be interpreted either as layers of tabular massiv
	For reliable geotechnical information, consider drilling boreholes using continuous‐coring methods in at least some part of a study area. A detailed description of boreholes helps clarify permafrost structure and origin and furthers the study of frozen soils properties with undisturbed samples. Without a good‐quality core, it is impossible to distinguish the nature of ground ice. For example, massive ice bodies encountered by augering at different depths can be interpreted either as layers of tabular massiv
	undisturbed samples of ice obtained by a corer, or moderately disturbed samples of ice obtained by split spoons, hollow‐stem drilling, or direct‐push Geoprobe drilling. 

	The most significant consideration for augering in frozen soils is maintaining in situ temperatures below ‐3 degrees Celsius. Otherwise, the augers may conduct heat and melt the pore ice. Sampling with hollow‐stem augers should be used with caution because the auger may become frozen in the hole. Thawing the device with a brine or antifreeze solution may release it, but this may cause the borehole walls to thaw and destabilize. The SIPRE ice corer has notable success coring both frozen soils and ice. These 
	Direct‐push Geoprobes are forced into the ground by hydraulically powered presses or hammers. No rotational augering occurs, producing little to no cuttings. Typical probe depths are 9 to 18 meters. Probe heads can be either sampling or driving heads, where the small diameter probes do not disturb the surface as much as other drilling methods, important when drilling through roadways or runways, but they do tend to compress the soil horizons below surface. Direct‐push Geoprobes are most applicable in uncons
	Wireline coring, a method commonly utilized for rock coring can be used on frozen soils. One disadvantage is the potential of the latches on the core barrel to become frozen preventing the cable from properly seating at the time of withdrawal. The benefit of not having to remove the drill assembly each time still makes this a good option provided the latches can be prevented from freezing. 
	The drill bits have a profound effect on the success of the operation in frozen ground. Chisel‐edge, wedge‐shaped, finger‐style bits diamond or tungsten tipped have proven the most effective in frozen soils for rotational drilling. However, the soil‐ice matrix must remain as solid as possible, otherwise the material may crumble, become soft with some localized thawing of the ice freezing to the drill string. This often prevents further cuttings from migrating up auger flights and prevents the drill bit from
	Aggressive penetration rates could cause the core to break or the fluid ports in the bits core barrel to become clogged or frozen. However, if the rate is too slow, or the bite is ineffective, small chips could melt and refreeze (US Army Corps of Engineers, 2001). 
	Frictional melting and heat conduction are additional concerns when drilling in frozen soils. As mentioned earlier drilling fluid acting as a coolant is sometimes used. In the past the type of fluid was often petroleum based, but this has been replaced with chilled brine solutions. 
	Figure
	Figure 3‐9 Drilling methods used for geotechnical studies in permafrost areas of Alaska. A – Drill rig performing solid‐stem and hollow‐stem drilling at the Dalton Highway Innovation Project field site, May 2008; operated by DOT&PF crew; equipped with a modified CME sampler (2 in. inside diameter); depth of drilling – up to 30 m; B – Drilling with a Nodwell mounted CME 55 drill rig with a 154 kg automatic hammer for split‐spoon sampling at the HAARP field site, October 2007; performed by Discovery Drilling 
	Figure
	Figure 3‐10 Alternative interpretations of massive ice bodies based upon drilling results: A – tabular massive ice; B – syngenetic ice wedges. 
	Figure 3‐10 Alternative interpretations of massive ice bodies based upon drilling results: A – tabular massive ice; B – syngenetic ice wedges. 
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	4 THERMAL MODELING 
	4 THERMAL MODELING 
	4.1 Overview 
	4.1 Overview 
	Thermal modeling allows designers to understand the thermal impact of their designs. However, if the models are not used properly, they can also mislead the designer. This chapter discusses various techniques for estimating the soil temperature profile so that the designer can understand what method is appropriate. The chapter also discusses potential pitfalls and how to avoid them. The chapter does not instruct the designer on the details of running thermal models. It is assumed that they will reach out to

	4.2 Introduction to Thermal Modeling 
	4.2 Introduction to Thermal Modeling 
	In the paragraphs that follow a summary of basic heat transfer and thermal modeling is provided. The goal is to provide the designer with a basic knowledge of the physical processes involved, the various ways of approximating thermal impacts of roadway designs, both simplified analytical approaches and numerical models, and finally, the various pitfalls and complexities that can complicate modeling and interpreting results. 
	4.2.1 Physical Processes 
	4.2.1 Physical Processes 
	Heat Transfer Modes 
	The movement of heat within a typical roadway structure is governed by three fundamental physical processes. These include thermal conduction, thermal convection or advection, and thermal radiation. Within the granular materials of a roadway embankment and its supporting foundation soils, the most prevalent heat transfer process is thermal conduction (also known as thermal diffusion) which is typically modelled with Fourier’s Law of Heat Conduction. In its most general form, Fourier’s Law can be written as 
	𝑞⃗ 𝑘 ∇T 
	⃗

	where 𝑞⃗ is the conduction heat flux vector, 𝑘 is the thermal conductivity of the granular material, and ∇⃗𝑇 is the temperature gradient. In the most simplified case (e.g., the vertical heat transfer into or out of the ground through the soil surface), Fourier’s Law can be written as: 
	𝑞
	𝑞
	 
	𝑘 
	𝑑𝑇
	𝑑𝑧 

	where 𝑞is heat flux in the vertical direction, and z is the depth below the ground surface. Fourier’s Law represents the theoretical expression that governs the movement of heat through the granular roadway embankment and foundation soils in response to temperature differences. It dictates that the movement of heat is directly proportional to the thermal conductivity of the material and the temperature gradient. Note that the negative sign in the expression simply indicates that heat will always flow from 
	 

	The other two heat transport mechanisms, convection and radiation are typically less common within the bulk of a granular material (either the embankment prism or foundation soils), but they can and do have a big impact on boundary temperatures. One exception arises when the roadway structure is 
	The other two heat transport mechanisms, convection and radiation are typically less common within the bulk of a granular material (either the embankment prism or foundation soils), but they can and do have a big impact on boundary temperatures. One exception arises when the roadway structure is 
	subjected to the flow of a fluid (either a liquid such as water, or a gas such as air) through the granular material. Examples might include the seepage of melt water downslope through the base of an embankment, or the convection of pore air as occurs in air convection (ACE) embankments (to be discussed later). In such a case the moving fluid can carry a substantial amount of heat with it, either depositing or removing heat from the embankment structure as it flows. Such a process is known as heat convectio

	More commonly, convection and radiation are processes that primarily impact boundary temperatures such as the temperature of the roadway surface or the embankment side slope. In this context, convection can be considered as the physical process that connects surrounding atmospheric air temperatures to the temperature at the surface of the ground or embankment. In this case, the convective heat transfer that occurs between the ground/embankment surface and the surrounding air is a function of surface conditi
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	q h Ta is the air Ts is the ground or embankment surface temperature. Note that the larger the heat transfer coefficient, h, the closer the surface temperature is to the air temperature. However, determining a value for h is complicated by wind speed and surface conditions as mentioned above. 
	where 
	is the heat flux into (or out of) the surface, 
	is the heat transfer coefficient, 
	temperature, and 

	Thermal radiation is the result of thermally induced emission of electromagnetic radiation. All objects emit thermal radiation as a function of their absolute temperature. Thus, the ground/embankment surface will emit thermal radiation, sending it away, typically toward the sky. At the same time, the sky and or sun will emit thermal radiation that is received by the ground/embankment surface. Fundamentally the radiation process is governed by the Stefan‐Bolzmann Law: 
	𝑞 𝜀𝜎𝑇
	 

	where q is the heat flux away from the surface,  is the surface emissivity,  is the Stefan‐Bolzmann constant, and T is the absolute temperature of the surface. In terrestrial applications, radiation transfer is typically broken into long‐wave and short‐wave contributions. As a result of Plank’s Law, the wavelength of emitted radiation is tied to the temperature of the surface, with surfaces at environmental temperatures (such as the ground/embankment surface or atmospheric air masses) emitting long‐wave r
	Convective and radiative heat transfer at the ground/embankment surface will be discussed further in Section 4.3.2 in relation to surface boundary conditions for thermal modeling applications. 

	4.2.2 Energy Balance 
	4.2.2 Energy Balance 
	To formulate a numerical model that can be utilized to solve for embankment and foundation soil temperatures, it is necessary to carry out an energy balance on a representative volume of the granular material. Thinking for a moment about a small control volume of the granular material that forms either 
	To formulate a numerical model that can be utilized to solve for embankment and foundation soil temperatures, it is necessary to carry out an energy balance on a representative volume of the granular material. Thinking for a moment about a small control volume of the granular material that forms either 
	the embankment or foundation soil structure, the temperature within that volume will be determined by how much thermal energy (heat) enters the volume as compared to the material’s ability to store that energy. Adding heat to the control volume will generally cause its temperature to increase, or, if ice exists within the control volume, it may cause some melting to occur. Conversely, removing heat may cause a temperature reduction or freezing to occur. Both the solid granular particles and any pore water p

	For steady state heat transfer in a granular soil system (i.e., temperatures do not change with time), the energy balance is simplified because there is, by definition, no change in energy storage over time within the granular material. However, steady state heat transfer generally does not occur in roadway embankment situations due to the changing yearly and daily ambient temperatures. For unsteady heat transfer it is necessary to balance the net heat flux into a representative volume with the material’s a

	4.2.3 Physical Domain 
	4.2.3 Physical Domain 
	Most highway embankment analyses can be considered two dimensional (2D). That is, the temperatures in the embankment and underlying foundation soils vary substantially with depth and vary across the embankment cross section from centerline to toe and out into the undisturbed ground. Near the embankment centerline, temperatures will be impacted by annual variations of the driving surface temperature and by the thermal properties of the embankment material which are generally quite different than the properti
	The question of whether to use a 1D, 2D, or 3D analysis essentially boils down to a question of anticipated temperature differences in the embankment and foundation soils. Generally, the largest temperature differences occur between the upper surface and the layers of granular materials below. This, in turn, implies that the largest and most significant heat transfer will occur in the vertical direction. On the other hand, sometimes there are large differences in temperature between the embankment centerlin
	1D problems are sometimes amenable to simplified modeling solutions. Some of these 1D techniques are discussed in section 4.4. On the other hand, 2D problems require some sort of numerical solution which will entail much more work on the part of the designer or consultant than a simplified 1D analysis. Looking to even more complex problems, it is possible to conduct a numerical analysis of a 3D problem, but the resources required to do so will be substantial and may not be justified or even be possible with
	Once the dimensionality is settled on, an appropriate model domain must be determined. For a 2D model, the model domain would extend from the upper surface of the embankment/ground to some depth. The depth should generally be set large enough that no appreciable annual temperature fluctuations are expected at the lower boundary of the model. The lateral boundaries could be set at the embankment centerline (so long as symmetry about the centerline can be assumed) and at a distance significantly away from the

	4.2.4 Time Domain 
	4.2.4 Time Domain 
	Given that roadway embankments are subjected to substantial surface temperature variations, we can anticipate that the temperatures within the granular embankment materials and foundation soils will be variable depending on the time of year, or perhaps even the time of day. The important time scales can vary from hours to many years but typically the annual temperature cycle with thawing occurring during summer and re‐freezing occurring in the winter is of greatest interest. With that in mind, a numerical t
	When determining what time scales to use for thermal modeling of a roadway embankment several important factors must be considered. These include the purpose of the modeling effort, which might be to control frost heave beneath an embankment, to avoid annual thaw into an ice‐rich permafrost layer, or to avoid long‐term thaw of warm permafrost. In addition, the time scale of the modeling program could be impacted by the level of knowledge regarding the initial temperatures of the embankment material and unde
	When determining what time scales to use for thermal modeling of a roadway embankment several important factors must be considered. These include the purpose of the modeling effort, which might be to control frost heave beneath an embankment, to avoid annual thaw into an ice‐rich permafrost layer, or to avoid long‐term thaw of warm permafrost. In addition, the time scale of the modeling program could be impacted by the level of knowledge regarding the initial temperatures of the embankment material and unde
	that initial temperature distribution. If the initial temperatures are only poorly known, then a longer simulation run time (many yearly annual cycles) may be needed to reduce the impact of the approximated initial temperature distribution. 

	For roadways that are constructed in non‐permafrost areas, the primary reason to conduct a thermal modeling effort would be to avoid potential frost heave due to freezing of frost susceptible materials at the base of the embankment. For a problem such as this, a numerical analysis could be performed using measured pre‐construction ground temperatures and a total run time of a few years. In this case the model should quickly converge (within a few annual cycles) to a repeatable annual freeze/thaw pattern, th
	For roadways constructed in permafrost areas, two potentially problematic scenarios are possible. For locations with cold permafrost (defined here as permafrost that is cold enough that it is unlikely to experience large‐scale thawing), the designer needs to be concerned about the annual thaw depth to ensure that it does not penetrate the surface of the pre‐existing permafrost layer. In this case it may also be possible to conduct a sufficient numerical analysis using the measured pre‐construction ground te
	For roadways constructed in warm permafrost areas, as found in much of interior Alaska, the purpose of the modeling effort might be different still. In this case, it is likely that the warm embankment surfaces may cause large‐scale, long‐term thawing of the permafrost layer underlying the roadway. To accurately determine the extent of any large‐scale thawing, a model simulation time of many years (maybe as many as 30‐50 years) may be needed. This is a result of the fact that thawing of a large permafrost ma


	4.3 Data Requirements 
	4.3 Data Requirements 
	Several types of data are needed to conduct a thermal modeling analysis. These include the thermal properties of the materials that make up the embankment and foundation soils, appropriate boundary condition data, and initial temperature data. The thermal properties can generally be determined from a knowledge of the soil and embankment material types and moisture content. Boundary conditions include the temperatures at the upper surface of the ground and embankment as a function of time, and information re
	4.3.1 Material properties 
	4.3.1 Material properties 
	Thermal properties of soils and granular materials are a function of mineralogy, texture, porosity, and moisture content. With a knowledge of these material parameters, it is possible to use a variety of 
	Thermal properties of soils and granular materials are a function of mineralogy, texture, porosity, and moisture content. With a knowledge of these material parameters, it is possible to use a variety of 
	different correlations or charts to determine thermal conductivity, heat capacity, latent heat, and permeability (important for modeling convection of ground water or pore air) which are the suite of thermal properties needed to support thermal modeling. Depending on the amount of moisture present in the material, the thermal conductivity and sensible heat capacity will vary substantially between the frozen and thawed state. This is a result of the fact that liquid water and ice have different thermal condu

	One common source of thermal conductivity data is the earlier work of (Kersten, 1949) who produced graphical correlations for soil thermal conductivity data. Kersten produced thermal conductivity plots for sands and gravels, for silt and clay soils, and for peat and organic soils, for both the frozen and unfrozen states. In the graphical correlations, the thermal conductivity values were given as a function of the material’s dry density and moisture content. Kersten’s original work has been reanalyzed and r
	While thermal conductivity is complicated to determine because of the microscopic heat conduction path through a mixture of solid material grains, pore air, and pore water/ice; heat capacity values are a more straight‐forward function of the constituents. As a result, thawed and frozen sensible heat capacity of a granular material system can be calculated based simply on knowledge of the dry density of the material and the water and/or ice content. Similarly, latent heat values can be calculated based simpl
	For situations where flow of a pore fluid (water or air) is suspected, it will be necessary to add the permeability to the list of important material properties. Where ground or surface water flow is expected to impact the thermal regime beneath the embankment, analysis options are limited and often complicated by lack of knowledge of exact geometries, particularly if channeling of water is expected in a confined zone beneath the embankment. On the other hand, for air circulation in air convection embankmen
	From the designer’s perspective, the important consideration is that an accurate thermal analysis will rely on accurate knowledge of both the foundation soil properties and the properties of the embankment materials. These will include soil type, dry density, moisture content, and in some cases accurate gradation curves. During site investigation it will be necessary to do adequate testing to ensure that, for instance, foundation soil properties are known from the surface to depths of approximately half the

	4.3.2 Boundary conditions and the surface energy balance 
	4.3.2 Boundary conditions and the surface energy balance 
	In addition to accurate characterization of material properties, a thermal model will also be reliant on detailed knowledge of temperature behavior at the boundaries of the model, including the ground or embankment surface, and the lateral and lower boundaries of the model. As indicated in section 4.2.2, the lower boundary of a model domain should be placed at a sufficient depth below the surface that minimal annual temperature variations are expected. Under those circumstances, the governing boundary condi
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	For the lateral boundaries of a 2D (or 3D) model, it is usually possible to assume zero heat flux (implying temperature changes only in the vertical direction), so long as the lateral boundaries are located at a symmetry plane (e.g., potentially the embankment centerline) or moved outward away from the embankment into the undisturbed native vegetation zone. 
	By far the most complicated boundaries are those of the ground and embankment surfaces. Temperatures at these surfaces are governed by interaction with the atmosphere and are complicated by changing surface conditions throughout the yearly cycle such as the presence or absence of a snow layer. They may also be even further complicated by climate change depending on the lifetime of the project and expected changes in atmospheric conditions over that time. 
	The most comprehensive and most accurate way to treat the upper surface boundary condition is to carry out a comprehensive surface energy balance. In such an analysis the entire array of important heat transfer interactions between the surface and the atmosphere are considered and balanced to calculate the heat entering or leaving the upper boundary of the model domain. Important components of the surface energy balance include the net incoming radiation (both short‐wave and long‐wave components), convectiv
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	Qg is the heat entering the ground or embankment surface, Qnet rad is the net radiation heat flux Qconv is the convective heat loss from the surface to the atmospheric air, and Qevap is the energy loss from the surface associated with evaporation/sublimation/condensation of moisture. The net radiation term is driven primarily by incoming solar radiation, but long‐wave radiation away from the surface (especially during clear nights) also has a big impact on surface heat transfer. The convective heat transfer
	where 
	arriving at the surface, 

	As is evident from the discussion above, carrying out a complete surface energy balance for a typical roadway embankment modeling exercise is both analytically challenging and data intensive. To characterize the surface energy balance terms accurately, comprehensive meteorological data is needed at the site. Meteorological data is collected with a data station that includes air temperature and relative humidity instruments at multiple elevations above the ground, in addition to wind speed anemometers and ne
	The most common method for simplifying surface boundary conditions involves the use of a surface N‐factor. A comprehensive description of the N‐factor methodology was published by Lunardini (1981). The method recognizes the fact that the most important driving factor in determining surface temperatures is the atmospheric air temperature. However, the correlation is not exact due to the other terms in the surface energy balance. Measurements have indicated that ground or embankment surface temperatures are o
	In the N‐factor approach, the fine details of the surface energy balance described above are included only in an approximate, yearly average sense. This allows treatment of the surface boundary condition based on knowledge of air temperatures alone, which are often easier to acquire for a given project site than all the individual surface energy balance components. For the winter freezing season, the freeze N‐factor is defined as: 
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	where Nf is the freeze N‐factor, Isf is the surface freezing index, and Iaf is the air freezing index. The air freezing index for the winter season can easily be determined from air temperature measurements as the sum of the number of integrated degree‐days that the air temperature is below freezing. Given freeze N‐factor data appropriate for the conditions being considered, the surface freezing index can then be calculated using the equation above. Similarly, for the thawing season: 
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	with parameters defined the same as above for the thawing season. Using the same considerations as for the freezing case, the equation above allows the calculation of the surface thawing index. The surface freezing and thawing indices, thus obtained, can then be used to establish surface boundary conditions for the thermal modeling effort. 
	While the N‐factor approach described briefly above, can dramatically simplify the treatment of the ground/embankment surface for the purposes of thermal modeling, there are potential pitfalls with this 
	While the N‐factor approach described briefly above, can dramatically simplify the treatment of the ground/embankment surface for the purposes of thermal modeling, there are potential pitfalls with this 
	method that the designer should be aware of. First, the existing N‐factor data is based on field measurements and is categorized by surface type, see Lunardini (1981) for data for various types of surfaces. Snow cover has a large impact on heat transfer between the ground/embankment surface and the atmosphere, so it is particularly important to understand how the effects of a potential snow cover have been included (or excluded) from N‐factor data for the freezing season. In addition, average wind speed in 
	completed a study of thawing N‐factors and showed that 




	4.4 Analytical Modeling 
	4.4 Analytical Modeling 
	If the design conditions warrant a more simplified modeling approach, an analytical thermal model (as opposed to a numerical model) may be a viable option. In general, analytical modeling will be limited to one‐dimensional (1D) situations where the important heat transfer occurs only in the vertical direction. As discussed above, roadway modeling situations often violate this condition due to the differences in the thermal behavior of the driving surface, as opposed to the snow‐covered embankment side slope
	In the following sections a summary is provided for four different analytical modeling techniques, ranging from the simpler to the most complex. The intention here is to provide the designer with an appropriate background so that decisions can be made regarding model complexity, rather than providing detailed instructions on employing the modeling techniques. 
	4.4.1 Stefan and Whiplash solutions 
	4.4.1 Stefan and Whiplash solutions 
	The two most simplified 1D models include the Stefan freeze/thaw analysis and the Whiplash curve solution. Each of these methods can be used to estimate an annual depth of freeze or thaw, but both have significant simplifications that limit the accuracy of the results for a given set of circumstances. For both methods, the surface boundary conditions as discussed above, typically characterized by the surface freezing and thawing indices, are used to drive the analysis. Both methods rely on accurate knowledg
	The primary difference between these two methods lies in the way that they incorporate the effect of the heat capacity of the material (refer to section 4.3.1 above). In the Stefan analysis, the sensible heat of the material is neglected and the fundamental assumption is that all the heat either added or removed from the surface goes to either advancing the thawing front or the freezing front, depending on the circumstances. Given this approach, the Stefan analysis tends to be more accurate for materials 
	The primary difference between these two methods lies in the way that they incorporate the effect of the heat capacity of the material (refer to section 4.3.1 above). In the Stefan analysis, the sensible heat of the material is neglected and the fundamental assumption is that all the heat either added or removed from the surface goes to either advancing the thawing front or the freezing front, depending on the circumstances. Given this approach, the Stefan analysis tends to be more accurate for materials 
	that are highly saturated with water. In this case the heat entering or leaving a given material volume will be used primarily for thawing or freezing of the material, with relatively little energy used to change the temperature away from the freezing point. As such the Stefan method can be used accurately to calculate the depth of a forming ice layer on a lake surface. For the thawing case the Stefan solution can be written as: 
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	where X is the depth of thaw after a time interval t when the surface is exposed to a temperature Ts that is above the thawing temperature Tf. In the equation above, k is the thermal conductivity of the material and L is the latent heat. Also, note that (Ts-Tf)t can be replaced with the surface thawing index. See Andersland & Anderson (1978) for more discussion on how to use this model equation and its limitations. 
	As opposed to the Stefan solution, the Whiplash curve analysis neglects latent heat and includes only the sensible heat effect. As a result, this method is more accurate for very dry materials that do not contain a substantial moisture content such that all heat energy added or removed from the material goes toward changing its temperature as opposed to freezing or thawing. Such an analysis could be relatively accurate, for instance, in the case of solid bedrock with little water content. This solution is o

	4.4.2 Neumann solution 
	4.4.2 Neumann solution 
	For real world roadway problems, it is unlikely that the conditions for use of the Stefan or Whiplash curve methods will be met (i.e., extremely wet, or extremely dry materials). As a result, it is valuable to move up one level in 1D model complexity and consider the Neumann problem. In the Neumann analysis it is assumed that the problem starts with a uniform soil column that is initially either frozen or thawed. At the beginning of a given time period the ground surface is then exposed to a temperature eit

	4.4.3 Modified Berggren Method 
	4.4.3 Modified Berggren Method 
	The Modified Berggren method can be thought of as a layered version of the Neumann solution that allows the calculation of freeze or thaw depths in layered systems. This method is more applicable to roadway embankment problems since the embankment prism usually consists of horizontal layers of different material types, perhaps even including insulation layers. For a freeze depth situation, the 
	The Modified Berggren method can be thought of as a layered version of the Neumann solution that allows the calculation of freeze or thaw depths in layered systems. This method is more applicable to roadway embankment problems since the embankment prism usually consists of horizontal layers of different material types, perhaps even including insulation layers. For a freeze depth situation, the 
	Modified Berggren Method allows the designer to calculate the amount of surface freezing index needed to freeze each layer of the system. Once all the surface freeze index has been used for a given winter season, the final freeze depth can be obtained. A similar procedure can be utilized for calculating the annual depth of thaw in a permafrost area. The Modified Berggren method does account for both sensible and latent heat, so it is a fairly accurate method for calculating annual depth of freeze/thaw in a 



	4.5 Numerical Modeling 
	4.5 Numerical Modeling 
	While the analytical methods discussed in Section 4.4 offer the designer a relatively simple way to estimate freeze or thaw depths in 1D situations, there are no known analytical solutions for the more complex 2D or 3D situations associated with modeling of an entire embankment profile. As discussed in section 4.2.2, roadway embankment problems typically have differences in surface conditions across the embankment profile that result in 2D heat transfer. Under these circumstances it will be difficult to ens
	At a fundamental level, all numerical thermal modeling procedures begin by determining the physical boundaries of the spatial domain to be simulated and then breaking that domain up into small control volumes using some sort of discretization scheme. In general, the discretization ends up generating a set of nodal points that are associated with the control volumes and dispersed throughout the model domain. A set of numerical equations are then developed for each of the control volumes and solved simultaneo
	4.5.1 1D finite difference/finite element models 
	4.5.1 1D finite difference/finite element models 
	1D numerical models are substantially simpler than their 2D or 3D counterparts, mostly because the discretization scheme is quite simple and will consist of a series of nodal points starting at the upper surface boundary and extending down into the soil column to depth. Given the 1D nature of such models, they suffer from the same issues as the 1D analytical methods discussed above in that they are unable to account for differences in surface conditions between the driving surface, side slopes, and 
	1D numerical models are substantially simpler than their 2D or 3D counterparts, mostly because the discretization scheme is quite simple and will consist of a series of nodal points starting at the upper surface boundary and extending down into the soil column to depth. Given the 1D nature of such models, they suffer from the same issues as the 1D analytical methods discussed above in that they are unable to account for differences in surface conditions between the driving surface, side slopes, and 
	native ground cover which likely result in lateral heat transfer. For this reason, 1D numerical models do not offer much advantage over the analytical methods described above and are not used very often in practice. However, one potential advantage is that they can be configured to incorporate many of the complexities in surface boundary conditions and material characteristics that are hard for analytical methods to deal with. For example, if meteorological data is available for the site, it would be possib


	4.5.2 2D and 3D finite element models 
	4.5.2 2D and 3D finite element models 
	Thermal modeling of a complete roadway embankment profile will require at least a 2D analysis, see discussion of model physical domains in section 4.2.2. Modern 2D and 3D numerical models are generally based on the Finite Element method due to the flexibility of the method’s discretization techniques. The flexible elements that are used to represent the domain consist of different geometrical shapes and sizes that allow the modeler to accurately represent complex boundaries and to use smaller elements in ar
	The complexity of 2D/3D numerical modeling will generally require the use of pre‐existing commercial (or potentially public domain) software. These methods are not amenable to spreadsheet implementation by a designer or consultant. It is also likely that supporting software will be needed to visualize the results, both over the spatial extent of the simulated domain and over time. Depending on the purpose of the analysis, output may be needed over a series of many annual cycles. This is particularly true if
	Several commercial simulation packages are available to help analyze typical roadway geotechnical problems (more about those in section 4.5.6). In their simplest forms, these models will begin with known or assumed initial temperatures for the domain and then use the entered material properties and boundary conditions to calculate temperatures within the modelled domain as time evolves. If it is anticipated that there will be no pore fluid motion within the domain (no ground water flow nor substantial movem

	4.5.3 Modeling advection 
	4.5.3 Modeling advection 
	In some cases, it may be necessary to consider the impact of flowing pore fluids (advection). Doing so will require quite a bit of additional knowledge regarding the type of moving fluid (water or pore air) and the mechanism(s) responsible for fluid movement. Pore water will move in reaction to some sort of hydraulic gradient, perhaps due to impoundment of surface water on an uphill embankment toe. If this type of water flow occurs it could have incredibly significant impacts on temperatures beneath the emb
	In some cases, it may be necessary to consider the impact of flowing pore fluids (advection). Doing so will require quite a bit of additional knowledge regarding the type of moving fluid (water or pore air) and the mechanism(s) responsible for fluid movement. Pore water will move in reaction to some sort of hydraulic gradient, perhaps due to impoundment of surface water on an uphill embankment toe. If this type of water flow occurs it could have incredibly significant impacts on temperatures beneath the emb
	through the domain by the moving pore water. Most finite element modeling packages are capable of modeling pore water flow and the impact of that flow on the temperature field, but the model inputs will now need to include information regarding material permeability and hydraulic gradients across the domain. Theoretically this information could be gathered through material testing and stand tubes in the field to record water head at the boundaries of the model domain, but this adds significant complexity to

	Another possibility for advection includes the effect of moving pore air. Generally substantial pore air motion will only occur in materials that have extremely high air permeabilities, such as those used for the construction of Air Convection embankments (ACE) embankments. ACE materials typically consist of poorly graded aggregate with a large particle size (on the order of 2 inch (5 cm) or above). In such cases, pore air motion will usually only occur because of temperature‐induced buoyancy differences wi

	4.5.4 Model verification and numerical resolution 
	4.5.4 Model verification and numerical resolution 
	Before the results of a numerical modeling study are relied upon, two important aspects of the model analysis should be considered carefully. The first involves verification that the model is capable of correctly solving the physical equations that are needed to obtain the relevant solutions, and that the material property and boundary condition data has been incorporated correctly. Assuming that a commercial software package is being utilized, it is likely that the developer has verified that the critical 
	The second important check on the output of a numerical simulation has to do with a method for ensuring that the numerical resolution of the model is adequate. Fundamentally, the accuracy of any numerical model is a function of the size of the control volumes used to represent the domain. More control volumes (or elements) results in more nodal points with smaller spacing and, thus, a better 
	The second important check on the output of a numerical simulation has to do with a method for ensuring that the numerical resolution of the model is adequate. Fundamentally, the accuracy of any numerical model is a function of the size of the control volumes used to represent the domain. More control volumes (or elements) results in more nodal points with smaller spacing and, thus, a better 
	ability to represent the temperature variations across the domain. Essentially, more elements/nodes lead to a more accurate solution. The critical question then becomes; how many elements is enough? This is an important question, because adding elements ad nauseam increases the computing requirements and makes the resulting data analysis more challenging. One way of addressing this issue is to conduct a grid resolution study. In such a study, a base solution is obtained for the problem using an element spac

	Related to the size/number of elements used to represent the spatial domain, some consideration should also be given to the time domain. If times steps that are too large are used in the simulation the results will also become inaccurate. As a result, it may also be important to consider a time step resolution study like that described above for the spatial domain. A base solution would be obtained with a time step size considered adequate by the designer or consultant and then a second solution for at leas
	If the designer is relying on numerical solutions to make significant design decisions, these issues of model verification and grid/time step resolution should be considered and discussed with whoever is responsible for producing the model results. 

	4.5.5 Quick introduction to commercial software 
	4.5.5 Quick introduction to commercial software 
	While there are quite several commercial and public domain finite element simulation packages available, only a few have been designed with a focus on the type of geotechnical problems faced by designers of roadways in areas with extensive freeze/thaw or permafrost foundation soils. Please note that this discussion does not provide an endorsement of any software, commercial or otherwise, it is simply intended to provide the designer with a quick summary of existing software that may be of use for modeling t
	Two packages that are well‐suited for northern transportation situations include the Geoslope Suite by Seequent, and the Soilvision suite by Bentley. Both companies offer comprehensive geotechnical engineering software packages that include finite element modeling capabilities for problems that incorporate freezing and thawing soils, atmospheric boundary conditions, and material characterizations that support different frozen and thawed properties of constituent materials. In particular, the Temp/W simulato
	Two packages that are well‐suited for northern transportation situations include the Geoslope Suite by Seequent, and the Soilvision suite by Bentley. Both companies offer comprehensive geotechnical engineering software packages that include finite element modeling capabilities for problems that incorporate freezing and thawing soils, atmospheric boundary conditions, and material characterizations that support different frozen and thawed properties of constituent materials. In particular, the Temp/W simulato
	impact of thermosyphons. More information can be obtained from the respective company web sites (Bentley, 2020, Seequent, 2020). 



	4.6 Real World Modeling Challenges 
	4.6 Real World Modeling Challenges 
	The methods and thermal models discussed above are well‐developed and are more than capable of solving the fundamental equations governing heat transfer and freeze/thaw in geotechnical settings. However, the complexity of real‐world situations can sometimes undermine the ability of these models to re‐produce what is observed in the field. Problems include changing conditions or arise from the difficulty of knowing all the material properties and field conditions accurately. As a result, the designer should 
	4.6.1 Material properties including heterogeneity 
	4.6.1 Material properties including heterogeneity 
	Accurate thermal modeling relies on detailed knowledge of the materials that are used for embankment construction and those that make up the foundation soils. While models can consider complex spatial variations in materials, it is seldom possible to conduct a sampling regimen that is really capable of capturing this complexity. More commonly there is one set of properties used for the foundation soils and two or three other sets of properties used for the presumed embankment construction materials. In addi

	4.6.2 Boundary condition uncertainty 
	4.6.2 Boundary condition uncertainty 
	As discussed in section 4.3.2, the upper boundary where the road and native surfaces interact with the atmosphere is quite complex. It is also variable. For instance, in Interior Alaska, mean annual air 
	As discussed in section 4.3.2, the upper boundary where the road and native surfaces interact with the atmosphere is quite complex. It is also variable. For instance, in Interior Alaska, mean annual air 
	temperatures can easily vary by 5F from year to year. As a result, a string of warmer than normal years could well produce additional thawing over that predicted by a thermal model using long‐term average data to drive the upper boundary condition. One approach for including this in a modeling effort is to bracket the surface conditions by running a simulation model with warmer than normal air temperatures for several years in a row to assess the impact of a warm period. 

	In addition to atmospheric air temperatures, variations in precipitation patterns can also have a big impact on the thermal state of an embankment and its foundation. As with air temperatures, large interannual variations in snow depth are possible. If N‐factors are being used to set upper surface boundary conditions, a particularly heavy snow year will cause a significant reduction in the freeze N‐factor. Again, a modeling approach to account for snow layer variation might be to run a series of thermal mod

	4.6.3 Appropriate initial conditions 
	4.6.3 Appropriate initial conditions 
	Another significant uncertainty that can result in variations between thermal model output and real‐world observations has to do with the initial condition of the embankment and foundation soil layers at the time of construction. To accurately characterize initial soil temperatures, a foundation soil monitoring study should be carried out ahead of time. If exact soil temperature data is not available, it may be possible to estimate the soil column temperatures based on known air temperatures and surface con

	4.6.4 Climate variability 
	4.6.4 Climate variability 
	While interannual climate variability was discussed above, the perhaps larger issue of climate change is also something that the designer may need to be concerned with, depending on the expected lifetime of the project. This is where appropriate use of thermal modeling can be a big advantage since models can be run out for thirty years or more with gradually increasing air temperatures included in the surface boundary conditions. Clearly there may be a compounding impact if interannual variability (e.g., se
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	5 DESIGN ALTERNATIVES 
	5.1 Overview 
	There have been numerous technologies applied to construction of embankments over permafrost. These range from avoidance of permafrost to passive cooling systems to purposely thawing the permafrost. Those that have proven to work, may or may not be practical for an application. Except for avoidance none are cost effective on a large scale. That often leaves the engineer with a single choice; accept the consequences of thawing permafrost. 
	The use of any of the mitigation techniques is predicated on the benefits derived from the increased costs. The engineer is consequently burdened with justifying those potential benefits. This becomes increasingly difficult as the result of changes in our climate. Questions concerning whether a solution to keep the permafrost frozen will work in 10 or 20 years are a critical part of the decision process. 
	The techniques presented in this chapter are simply tools available to the engineer. They may or may not work in a specific application. Nor are they necessarily cost effective. Whether to use these or other technologies is left to the engineer in consultation with subject matter experts. Consequently, design alternatives are presented here for the engineer to consider. Each alternative is discussed in turn providing the engineer with information concerning best uses and when to avoid their use. Detailed de
	5.2 Avoiding permafrost 
	Avoidance of permafrost was a critical part of route selection established by the Alaska Road Commission during the upgrade of the Richardson Highway in 1910. It is still considered the preferred approach by DOT&PF. While this policy may increase the cost of the initial route selection, the cost of maintenance and reconstruction of embankments over permafrost will likely be more expensive over time. 
	There are, however, exceptions. If the thaw sensitive permafrost layer is thin, removal and replacement may be more attractive. For example, a thin layer of ice rich silt over frozen gravel is common in the upper and middle Tanana Valley. If the frozen gravel is thaw stable, removing the ice rich silt may prove cost effective. 
	Indeed, if the embankment can be constructed on thaw stable material, then that alternative should be considered. 
	5.3 Acceptance of the consequences of thaw 
	In many cases, especially in areas of widespread permafrost, there is little that can be done that eliminates the impact of thawing permafrost. Consequently, the resulting impacts must be accepted (Figure 5‐1). This does not mean nothing can be done to reduce the severity of the impacts. 
	First, minimize the disturbance whether a new construction or reconstruction. This means minimize disturbance of vegetation, the existing embankment and especially drainage patterns. The goal is to minimize changes to the energy balance. 
	Finally, consider how the surface, side slopes and cut slopes will be maintained. This may mean flattening side slopes, increasing the embankment thickness, or increasing culvert sizes. Decisions during the design process greatly impact construction and maintenance activities. 
	Figure
	Figure 5‐1 Roadway damage resulting from thawing permafrost. Photo by Thomas Kinney 
	Figure 5‐1 Roadway damage resulting from thawing permafrost. Photo by Thomas Kinney 


	5.4 Shoulder and Side Slope Modification 
	There are essentially three shoulder and side slope modifications: slope flattening, stabilization berms, and shoulder widening. The value of these treatments continues to be debated. The philosophy of all these treatments is that by adding material to the slopes, the thaw consolidation and the resulting longitudinal cracking will occur in the slopes or shoulder areas instead of the travelled way. As with insulation, an understanding of the thermal regime will aid in the determination of whether modificatio
	Two factors determine whether modifications will be effective: mean annual surface temperature (MASR) and water (advection). If the MAST of the shoulder or fore slopes is above freezing, the permafrost below the shoulders or fore slopes can be expected to ultimately thaw. Consequently, areas of sporadic permafrost, south facing slopes in areas of discontinuous permafrost and areas where the snowfall is sufficient to insulate the shoulders and slope enough to raise the MAST above freezing are poor candidates
	o
	o
	o

	5.5 Pre‐thawing and Consolidation 
	Pre‐thawing has its roots in the mining industry using steam points. Hot water injection and finally cold‐water injection proved more effective in later years. Miners would simply thaw and remove the overburden above the ore bearing layer. 
	The Alaska Road Commission uses the thaw and cut method for roadway cuts. Available equipment simply would not allow removal of frozen material (Naske, June 1983). It was critical that the thaw not get ahead of the removal of the material in the cut. Doing so would result in increased volumes of material removed which must be replaced. With the advent of larger equipment, this method is generally avoided. 
	More recently, the material is thawed by simply clearing the soil of vegetation and allowing to thaw over one or more summers. Between 4 and 5 feet of thaw can be expected in ice rich soils (Esch, 1982). Time to thaw and drain must be sufficient to achieve the desired results. While inexpensive, the project schedule may not provide adequate time. 
	5.6 Preservation of Permafrost 
	Most of the development of construction on permafrost has focused on the preservation of permafrost. Techniques range from insulation which thermally protects the permafrost to passive freezing techniques including thermosyphons, air ducts and air convection embankments. While each of these can reduce the ground temperature, they may not have the capacity to keep the permafrost frozen especially in areas of warm permafrost. The designer must carefully evaluate each alternative considered to ensure the techn
	5.6.1 Insulation 
	Insulation has proven an effective means of reducing or eliminating both thawing of permafrost and frost heave. The use of insulation in Alaska began in 1968 at the Anchorage International Airport using Dow Chemical Company STYROFOAM (Kelner, June 18, 1968). Kelner noted that the installation proved the value of insulation and recommended its use in other applications. The report also indicates the development of Insulfoam by Western Insulfoam was in progress. 
	The same year the Department of Highways first used expanded foam insulation for control of frost heave 11 miles south of Anchorage (Esch, 1986). The study concluded that expanded plastic foam was not acceptable due to the water uptake. Between 1968 and 1986, insulation was used at thirty‐nine sites for both frost heave protection and for the preservation of permafrost (Figure 5‐2). Two types of insulation emerged as the preferred alternatives, extruded polystyrene foam insulation, and expanded polystyrene 
	5.6.1.1 Comparison of performance of Extruded Polystyrene Foam Insulation (XPS) and Expanded Polystyrene Foam Insulation (EPS) 
	Both XPS and EPS have performed well in embankments over time. Neither tend to absorb water when submerged as defined by ASTM C‐518‐91. However, EPS tends to take on more water in the soil because of vapor pressure produced when one side is warmer with a high humidity and the other is cold and dry such as when the embankment is freezing (Connor, 2019). 
	Extruded polystyrene foam insulation used in embankments is manufactured using an extrusion process which produces a relatively dense, closed cell, ridged insulation with compressive strengths typically in the range of 40 to 100 psi. Depending on the manufacturer, the dimensions are generally 2ft. x 8 ft. x 2 in. The color may be blue, pink, or yellow representing the manufacturer. The primary advantage of XPS is that the water uptake resulting from vapor transport is less than that of expanded foam insulat
	Figure
	Figure 5‐2R‐value ‐Moisture Relationships (Connor, 2019) 
	The designer may wish to consider using an in‐service R‐value rather than the published R‐values of foam insulation. Unfortunately, in‐service R‐value data is quite limited. However, the available data are reasonably consistent (Connor, 2019). 
	5.6.1.2 Installation Depth 
	The depth at which the insulation should be place continues to be debated. The optimal depth depends on several factors including preservation of permafrost or slowing the thaw, winter or summer 
	The depth at which the insulation should be place continues to be debated. The optimal depth depends on several factors including preservation of permafrost or slowing the thaw, winter or summer 
	construction, surface energy balance, and soil conditions. A conceptual overview is provided here. It is suggested that the design engineer consult experts in thermal modeling to guide the final decisions. 

	First determine whether insulation will have economic value through either preserving the permafrost or slowing the rate of thaw thereby reducing the annual maintenance costs. A first approximation looks at the ratio of the thawing and the freezing index at the surface which can be estimated using the following equation. 
	𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑇𝐼 𝑖𝑟 𝑇𝐼 
	𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐹𝐼 
	 
	𝑛𝐴
	𝑛𝐴
	𝑖𝑟 𝐹𝐼 

	Where 
	TI= Thawing Index 
	FI= Freezing Index 
	nfreezing=0.7 to 0.85 
	thawing =1.6 to 2.0 
	n

	If the ratio is equal to or greater than 1 one can expect thawing of the permafrost to occur. As the ratio gets larger, the rate of thaw can be expected to increase. If the geothermal gradient is considered the thaw rate will increase as insulation is added. Consequently, the best that can be achieved with the use of insulation if the ratio is near or greater than one is to slow the rate of thaw. An economic analysis is required to determine if the benefit‐cost ratio is attractive. In this case, a better ap
	If the thaw‐freeze ratio is below one the likelihood of preserving the permafrost in the near term is good. If climate change is accounted for, the ratio will likely change over time. 
	Once the decision is made to include insulation in the design, the location of the insulation must be determined. This is best explained using the cooler analogy. First, it makes no sense to mix warm and cold items in the cooler. Similarly, it makes no sense to place warm material between the insulation and the cold permafrost. Consequently, if the desire is to place the insulation higher in the embankment, then the material between the insulation and the permafrost should be cold (Figure 5‐3). This means m
	Like the cooler, the greater the cold mass and the colder the mass, the longer it will take to thaw. Placing a cold mass between the permafrost and the insulation significantly reduces or eliminates the thaw rate beneath the insulation. 
	However, winter construction may not be appropriate. The engineer may decide that summer or fall construction. Like the cooler, only cold material should be beneath the insulation. This requires excavating the warm material and placing the insulation near the permafrost. Ideally this work should be done in late fall or early spring so that additional thawing is minimized. Depending on the location, mid‐summer or late summer work may result in unacceptable thawing leading to the development of a talik betwee
	Experience has shown that a 12‐inch buffer between the permafrost and the insulation performs better than if the insulation is place directly on the permafrost. Again, this encourages the installation in early spring or late fall so the temperature of the buffer is low. 
	If the insulation is placed too close to the surface, the thermal mass over the insulation will be so small that the material rapidly freezes causing differential icing. This can lead to an unacceptable increase in vehicle crashes. Experience has shown that 36 inches of embankment above the insulation will minimize differential icing. 
	Finally, the thickness at the ends of the insulation section should be tapered as a transition. An abrupt ending often results in an unacceptable bump. Figure 5‐4 depicts proper installation of the insulation. 
	Figure
	Figure 5‐3 Typical Section for Installation of Insulation 
	Figure 5‐3 Typical Section for Installation of Insulation 


	Figure
	Figure 5‐4 Installation of DOW Extruded Foam Insulation at Fairhill Road near Fairbanks, AK 
	Figure 5‐4 Installation of DOW Extruded Foam Insulation at Fairhill Road near Fairbanks, AK 
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	Figure 5‐5 Schematic of the Air Convection Embankment (Goering, 1994) 
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	5.6.2 Techniques Using Air Convection 
	Air convection techniques are proving to be among the most effective means of maintaining permafrost. Three techniques are being used: air convection embankments, air convection culverts and heat drains. Each, when properly installed provide good results. The choice depends on the location, climate, and availability of rock. 
	The descriptions provided here give a general understanding of how these systems are configured, with their variations and how they work. However, it is best to engage someone skilled in these systems to ensure they are properly designed. 
	5.6.2.1 Air Convection Embankments (ACE) 
	Air convection embankments (ACE) are proving to be one of the most effective means of preserving permafrost. The principles behind ACE are conceptually simple and computationally complex. During the winter months, the relatively warm soil at the bottom of a porous embankment material heats the air. The warmer, lighter air rises until it reaches the cold surface of the roadway where it cools becoming heavier and begins to fall creating air convection cells as shown in Figure 5‐5 (Goering, 1994). The process 
	ACE has been used effectively on several projects in Alaska, on the Qinghai Tibet Railway in China and in 
	be compromised during the summer months in windy areas. This can be overcome by placing geosynthetic over the rock which is then covered by topsoil. 
	Using a full ACE on high fills is unnecessarily expensive. By combining the two configurations discussed, a cost‐effective configuration can be constructed as shown in Figure 5‐7. This system keeps both the center of the roadway and the shoulders frozen. 
	Where appropriate rock is readily available, ACE is an attractive alternative. However, where there is no rock, it becomes prohibitively expensive. Consequently, cost is the primary consideration when ACE may be a viable solution. 
	Figure
	Figure
	Figure 5‐6 Ventilated Shoulder Section (Mchattie, 2009) 
	Figure 5‐6 Ventilated Shoulder Section (Mchattie, 2009) 


	Figure
	Figure 5‐7 ACE on a High Fill (Alaska Department of Transportation and Public Facilities , 2003) 
	Figure 5‐7 ACE on a High Fill (Alaska Department of Transportation and Public Facilities , 2003) 


	5.6.2.2 Air Convection Culverts 
	There are two types of air convection culverts. The first is simply a culvert, typically 18 to 24 inches in diameter placed high in the embankment oriented in the direction of the prevailing wind (Nixon, 1978). These systems cool the embankment, but not the shoulders. The Qinghai‐Tibet Railway used this system extensively. (Cheng, 2003) 
	The second type of air convection culverts work in much the same way as the ACE Ventilated Shoulders discussed in Section 5.6.2.1. As the air in the culvert is heated by the ground, air is drawn into the inlet. The air then flows through the pipe and rises in the 
	Figure 5‐8 Air Convection Culverts with Chimney 
	vertical standpipe when the air temperature is cold 
	vertical standpipe when the air temperature is cold 
	(Zarling, 1984) 
	enough in much the same way as the air in the chimney on a furnace (Figure 5‐8 and Figure 5‐9). Through this process, the ground is cooled (Zarling, 1984). Like the ventilated shoulder, air convection culverts cool only the shoulders. The primary advantage of the air convection culverts is that they can be used where there is no rock. 

	Air convection culverts have proven effective in reducing thawing beneath the shoulders. As a result, longitudinal cracking due to shoulder rotation is also reduced or eliminated (Braley, 1991). Take care to place the inlet and the horizontal run well above the water to ensure the pipe remains open as the embankment settles. Ideally, the inlet and outlet should be closed during the summer months to keep air from flowing due to wind. 
	Figure
	Figure 5‐9 Air Convection Culverts at Beaver Creek, Yukon Territory, Canada (photo by B. Connor) 
	Figure 5‐9 Air Convection Culverts at Beaver Creek, Yukon Territory, Canada (photo by B. Connor) 


	5.6.2.3 Heat Drains 
	Heat drains are being used in Canada to remove heat from the embankment using air convection and have proven quite effective (Figure 5‐10). They consist of a highly permeable composite drainage geosynthetic using the air layer between the outer geosynthetic layers to convey air (Dore, 2009). An air intake is located at the foot of the embankment with a complementary outlet located near the top of the embankment, both attached to the geocomposite (Figure 5‐11). The geocomposite may be placed underneath the e
	It is critical that the heat drain be placed in the embankment above the water table. Anticipated settlement of the embankment must be accounted for to ensure water does not get into the geocomposite. 
	Figure
	Figure 5‐10 Schematic of heat drain (Dore 2007) 
	Figure 5‐10 Schematic of heat drain (Dore 2007) 


	Figure
	Figure 5‐11 Heat drains in Salluit, Nunavik Canada (photo B. Connor) 
	Figure 5‐11 Heat drains in Salluit, Nunavik Canada (photo B. Connor) 


	5.6.3 Shading with Snow Sheds 
	Removing solar insolation during the summer months is a valid means of skewing the thermal balance toward cooling of the surface. In nature, vegetation provides shade allowing the underlying permafrost to remain frozen. It is well known that slopes with south facing slopes have much greater sun exposure that north facing slopes. Consequently, permafrost is more likely to exist on northern slopes; again, due to the presence or lack of shading. 
	Snow removal and storage on roadway embankments increase the surface temperature by insulating the slopes from the winter temperatures. As a result, thawing of the permafrost beneath the slopes and at the toe of slope occurs. This results in longitudinal cracking migrating up the slope into the traveled way; often called shoulder rotation. 
	Snow sheds were developed to combat both solar insolation by shading the slopes and insulation due to snow removal (Zarling, 1986). Snow sheds are constructed using trusses holding a roof off the ground allowing air to flow under the shed. Zarling concluded that the snow sheds reduced the mean annual ground surface temperature from 39F down to 28F. 
	o
	o

	More recently the Yukon Territory Department of Highways and Public Works constructed a test site near Beaver Creek consisting of several of the techniques described in this chapter. One of those was an updated snow shed, Figure 5‐12. The ground surface temperatures under the snow shed were 13F colder during the winter and 9 degrees cooler during the summer (Fortier, 2018). Fortier noted that the clearance beneath the snow shed should be sufficient to allow air convection during the winter. 
	o

	The primary disadvantage of the snow sheds is that they may require guard rail if they are within the clear zone. Using the Beaver Creek design, the Yukon Department of Highways and Public Works did not feel guard rail was necessary. 
	It is important to recognize that snow sheds affect only the slopes upon which they are placed and have little thermal impact on the roadway surface. They do, however reduced the longitudinal cracking that result from thawing under the slopes. 
	5.6.4 Thermosyphons 
	Thermosyphons were originally developed by Erv Long in 1956 and first used in 1960 (Wagner, 2014). Thermosyphons are a two phase, passive system commonly used to transfer heat. Applications include cooling of spacecraft, cooling of electronic components and maintaining permafrost beneath buildings and embankments. 
	The principles behind the thermosyphon are simple (Figure 5‐13). A tube is filled with a pressurized gas such that the pressurized gas resides as a liquid in the bottom of the tube with the gas above. When the temperature at the condenser at the top is sufficiently cold, the heat is released to the environment cooling the gas which then liquifies and moves to the evaporator at the bottom. The relatively warm soil at the bottom heats the liquid which then becomes a gas which then returns to the condenser. Th
	o
	o
	While propane and ammonia have been used, CO
	2 

	Figure
	Figure 5‐12 Snow Shed Installed near Beaver Creek Canada (Photo B. Connor) 
	Figure 5‐12 Snow Shed Installed near Beaver Creek Canada (Photo B. Connor) 


	Figure
	Figure 5‐13 Two phase thermosyphon (Wagner, 2014) 
	Figure 5‐13 Two phase thermosyphon (Wagner, 2014) 


	Thermosyphons can be placed in embankments using several configurations including vertical, sloped evaporators, sloped fin, hairpin, and flat loop (Wagner, 2014). The configuration depends on the application. Consequently, the design engineer should work closely with those with expertise and experience in the design of thermosyphons. 
	5.6.4.1 Vertical Thermosyphons 
	Vertical thermosyphons as depicted in Figure 5‐13 are typically used in building foundations, for pile foundations or for vertical appurtenances such as utility poles or light standards. They may be installed alongside the pile or foundation or within the pile for foundation. 
	5.6.4.2 Flat Evaporator Thermosyphons 
	Flat evaporator thermosyphons use evaporators that have the evaporator flat. These are the most used in embankments because of the ease of installation and good performance. Flat evaporator thermosyphons were used on the Bethel airport in the 1970’s and more recently on Chena Hot Springs Road near Fairbanks in 1998 (McFadden, 1988, Forstrom, 2003). Insulation over the evaporator may improve the performance of the system. 
	The condensers may be either vertical or sloped depending on winds, snowfall, and other environmental factors. 
	5.6.4.3 Flat Loop Thermosyphons 
	Flat loop thermosyphons are like flat evaporator thermosyphons except that the evaporator forms a loop which has been found to increase the efficiency of the system by around 40%. To date these systems have been used beneath slab on grade foundations and beneath crawl space. While the primary use is under buildings, they do have application within roadways, see the Chena Hot Springs test section discussion below. 
	5.6.4.4 Buried Condenser Thermosyphons 
	As its name implies buried condenser thermosyphons are completely buried. The primary advantage of these thermosyphons is that they are protected from damage due to vehicles leaving the roadway. The disadvantage is that they are not as efficient as thermosyphons which have their condensers exposed to the winter air (Wagner, 2014). There are two installations in Alaska, one on Chena Hot Springs Road and one on Thompson Drive on the University of Alaska Fairbanks campus. Both reduced the thawing under the roa
	Due to their cost, thermosyphons are generally appropriate for small, localized problems. 
	5.6.5 Winter construction 
	Winter construction can help ensure the underlying permafrost remains frozen by shielding it from summer temperatures. However, winter work requires planning and often increases the cost. Several techniques are available. 
	One approach is to prepare the subgrade after freeze‐up and construct the embankment using frozen material. Unfortunately, it is impossible to get the same levels of compaction that can be achieved using 
	One approach is to prepare the subgrade after freeze‐up and construct the embankment using frozen material. Unfortunately, it is impossible to get the same levels of compaction that can be achieved using 
	thawed material. It is best to use dry sandy material to obtain maximum compaction and minimize settlement. Compacting materials with high moisture content will result in low compaction. If this material thaws, loss of soil strength and high settlement can be expected. 

	A better approach is to place the material in a thawed state and allow it to freeze in place before placing the next layer. This is generally achievable by placing the material in about one‐foot layers and allowing to freeze overnight. This technique may be difficult in areas of continuous permafrost. 
	A third technique is to place a layer of material during the first winter to protect the permafrost and continue construction during the summer. 
	In any case the decision to use winter construction must be made with a full understanding of the difficulties involved and the potential gains in performance including the impact on the underlying permafrost. 
	5.7 Geosynthetics 
	Geosynthetics have been used in embankments since the 1970’s with good success throughout the world. Their use in permafrost regions has been to reduce the impact of thawing permafrost. The most effective use has been to minimize longitudinal cracking due to shoulder rotation and lateral spreading as shown in Figure 5‐14 (Johnson, 1983). However, the use of geosynthetics has not been effective in reducing vertical displacement over permafrost. 
	Figure
	Figure 5‐14 Wrapped geotextile reinforcement (Johnson, 1983) 
	Figure 5‐14 Wrapped geotextile reinforcement (Johnson, 1983) 


	Geosynthetics are effective as a separator between fine grain soils and courser materials used in embankments. Care must be taken over permafrost to select a material that will allow water to move out as the permafrost thaws and to accommodate movement. There have been instances where the water caused the fabric to act much like a water balloon which ultimately burst. In other cases, the fabric was ripped rendering it ineffective. 
	5.8 Summary 
	The mitigation techniques do not necessarily represent all the techniques available. They do represent the most used at the time of the writing of this synthesis. Not included in this synthesis are conceptual mitigation techniques which have not been proven. The reader may be struck by the cost of most of these techniques and that the techniques listed here only address localized problems. This is not to say these techniques are not cost effective. In many cases, they have proven cost effective. The designe
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	6 SLOPE STABILITY 
	6.1 Introduction 
	Environmental regulations regarding work in permafrost areas have reached such a high level of legal importance that they can compete with the need for the road project itself — and may exceed that need without a convincing demonstration of competent permafrost engineering. Engineers now working on road or airfield projects in permafrost areas of Alaska have no choice but to learn how some kinds of disturbed permafrost can degrade and how to confront that problem in an acceptable way. 
	Ice‐rich permafrost is often encountered during construction of roads and other projects in the arctic and subarctic. This type of permafrost is typically silt with segregated ice and/or massive ground ice. Thawing of ice‐rich permafrost causes problems on Alaska transportation projects including reduced equipment mobility, uncontrolled erosion, dirty runoff, and slope failures unless special measures have been taken. See Chapter 2 for a comprehensive discussion of permafrost as a naturally occurring materi
	Water quality on construction projects is that resource agencies are concerned with the by‐products of the thawing process — particulate‐rich effluent and accompanying terrain disfigurement. Consequences of environmental distress include project delays, change orders, and contractor claims. Added to these initial construction site problems are needs for: (1) managing legal environmental issues associated with exposed ice‐rich permafrost, and (2) ways of properly disposing of excavated ice‐rich material. 
	of such great concern 

	Throughout this chapter, the working definition of “ice‐rich” is permafrost having a frozen water content high enough to cause “problems” upon thawing. Using this definition, and the recent direction of environmental regulation, monitoring, and enforcement, the definitions of “ice‐rich” and “problem” will likely change with time. 
	Engineers have basically only two methods for dealing with icy cut slopes should they be encountered. They can: (1) in its frozen state, or (2) using design methods that minimize thawing’s most negative effects. Preservation requires expensive passive refrigeration or an even more expensive active refrigeration system. However, it would certainly be too expensive to preserve the frozen state of materials except perhaps in some unusual situations. Preservation would be especially difficult throughout the are
	preserve the ice‐rich soil 
	accommodate thawing 

	Chapter 6 provides engineering guidance when ice‐rich cut slopes are considered the best, if not only, alternative. The word “practical” is stressed for good reason. Engineers are used to calculating their way toward solutions for difficult problems. Ice‐rich cut slope solutions require a combination of common sense‐based engineering judgement plus guidance from experience. The exact 3‐dimensional distribution of non‐ice‐rich soil/massive ice/ice‐rich soil is usually unknown prior to making the construction
	Chapter 6 provides engineering guidance when ice‐rich cut slopes are considered the best, if not only, alternative. The word “practical” is stressed for good reason. Engineers are used to calculating their way toward solutions for difficult problems. Ice‐rich cut slope solutions require a combination of common sense‐based engineering judgement plus guidance from experience. The exact 3‐dimensional distribution of non‐ice‐rich soil/massive ice/ice‐rich soil is usually unknown prior to making the construction
	practical 

	effort far beyond normal geologic exploration methods for roadways and airfields. Specifically, standard slope stability analysis and runoff prediction is not possible because: 

	 
	 
	 
	Distribution of massive ice or ice‐rich materials along the cut face is not known before exposure. 

	 
	 
	3‐D distribution of ice/icy soils behind the cut face remains unknown even after exposure. 

	 
	 
	Thaw‐consolidation cannot be predicted before thaw. 

	 
	 
	Thaw‐consolidation across icy cut faces likely will be very non‐uniform. 

	 
	 
	Soil drainage appearance, duration and total volume cannot be predicted before thaw. 

	 
	 
	Silt load and chemistry of the runoff cannot be predicted before thaw. 


	Figures 6‐1 shows a Dalton Highway example of surprises encountered when constructing a cut slope in icy materials (before thawing). Figure 6‐2 shows examples of cuts at different locations after thawing has progressed. 
	Figure
	Figure 6‐1 Three material types exposed in permafrost cut slope, prior to any thaw. 
	Figure 6‐1 Three material types exposed in permafrost cut slope, prior to any thaw. 


	Figure
	Figure 6‐2 Massive ice exposed in cut slope (left) and runoff from thawing ice‐rich cut slope (right). 
	Figure 6‐2 Massive ice exposed in cut slope (left) and runoff from thawing ice‐rich cut slope (right). 


	The following sections first describe how ice‐rich materials exposed in a construction cut thaw and degrade followed by an overview of past and present methods for dealing with thaw unstable slopes. Finally, several methods are recommended for dealing with ice‐rich cut slopes and excavated materials, accompanied by a summary of Alaska’s regulatory environment that guides development of these and future methods. The reader must understand that past methods that worked mechanically/thermally would not be allo
	The following sections first describe how ice‐rich materials exposed in a construction cut thaw and degrade followed by an overview of past and present methods for dealing with thaw unstable slopes. Finally, several methods are recommended for dealing with ice‐rich cut slopes and excavated materials, accompanied by a summary of Alaska’s regulatory environment that guides development of these and future methods. The reader must understand that past methods that worked mechanically/thermally would not be allo
	of repeated use in Alaska. Even that treatment has been modified in this version to control runoff and improve water quality. 

	This chapter is generally based on Documenting Best Management Practices for Cut Slopes in Ice‐rich Permafrost (Vinson and McHattie May, 2009). As used in that report, recommended best management practices (BMPs) offered the best possibilities for practical and effective solutions to icy cut slope problems. Except for the of several icy cut slope treatments discussed in detail later in this chapter, none of the treatments benefit from well documented, repeated histories of successful use. 
	first 

	This chapter focuses on the problem of ice‐rich cuts. In addition, it briefly discusses disposal of ice‐rich materials excavated from those cuts and formation of embankments using that ice‐rich material. 
	6.2 How ice‐rich permafrost cut slopes degrade 
	A much more complete picture of permafrost science and theory is presented in other chapters of this synthesis. This section only provides a cursory discussion of ice‐rich permafrost degradation as it pertains to icy cut slopes. 
	6.2.1 Erosion mechanisms 
	The rate of erosion is affected by several variables. The most significant are soil type, vegetation, climate (e.g., intensity and duration of precipitation) and drainage basin characteristics (e.g., length and steepness of slopes, drainage density, relief, size of watershed). Transportation corridor construction activities that cause surface disturbance such as clearing vegetation, excavation of ditches, side and through‐cuts, diversion and concentration of flow generally cause the rate of erosion to accel
	When the ground cover is removed or disturbed, subsidence and entrapment of water often occurs. If water begins to flow, erosion gullies form. Thermal erosion is generally associated with rapid thawing of ice‐rich, fine‐grained permafrost. Severe accelerated erosion is always observed when drainage is uncontrolled through an area of exposed ice‐rich permafrost. 
	6.2.2 General erosion observations 
	Exposure of ice‐rich permafrost during construction of roads and other projects is all‐too‐common. Ice‐rich permafrost exposed during late spring through early fall has an extremely high potential to thaw during that construction season and begin degrading immediately. Ice‐rich permafrost waste material excavated any time of the year will almost certainly cause problems if not disposed of properly—in the case of winter excavation, disposed of prior to spring thaw. When thawed, ice‐rich permafrost, typically
	Figure
	Figure 6‐3 Advanced thaw degradation of cut slope shows block failures and runoff of highly fluid silt into ditch 
	Figure 6‐3 Advanced thaw degradation of cut slope shows block failures and runoff of highly fluid silt into ditch 


	Serious environmental issues arise when thawed particulate laden fluids (sometimes dense slurries) must be controlled. R & M Consultants summarized the possible consequences of thermal erosion as follows (R & M Consultants, Inc. Novmber, 1973): 
	 
	 
	 
	Settlement‐induced depressions resulting in water ponding. 

	 
	 
	Surficial movement or sliding of thawed materials effecting drainage and drainage structures. 

	 
	 
	Redeposition of flowing material that covers, damages, or destroys previously installed erosion control structures. 

	 
	 
	Headward erosion and severe gully and fissure development, particularly in areas of cross drainage. 

	 
	 
	Stream pollution by excessive sediment transport. 


	Thawing of ice‐rich soils has posed problems since the first construction projects in permafrost environments. Complicating the engineering decision process, decades of observations regarding degradation of ice‐rich permafrost have taught us an unfortunate lesson. Conclusions/recommendations regarding a permafrost problem at one location may not be reliably applicable to an apparently similar permafrost problem at another location. A corollary to this lesson is in the form of a warning to the design enginee
	Figure
	Figure 6‐4 Advanced cut slope thaw with silty runoff flowing in ditch and general slumping of coarse material. 
	Figure 6‐4 Advanced cut slope thaw with silty runoff flowing in ditch and general slumping of coarse material. 


	Figure 6‐4 shows three major types of damage and the associated environmental problems obviously created during thawing: (1) damage above the cut slope, (2) damage on the cut slope, and (3) ditch damage; all of which are unacceptable today. 
	6.3 Previously tested or proposed treatments for ice‐rich cut slopes 
	A special design feature addressing the instability of cut slopes in ice‐rich permafrost and massive ground ice was included in the 1969 design guidelines for the 123 km (56 mile) Livengood to Yukon River initial segment of the Trans Alaska Pipeline System (TAPS) haul road (J. R. Rooney November, 2007), now known as the Dalton Highway. Basically, the mitigation procedure was intended to allow thermal erosion to occur in a controlled way. It was further intended that thermal equilibrium of the cut slope woul
	An alternate mitigation strategy is to develop a thermal barrier between the permafrost and the warm ambient air temperatures. In nature, the vegetation overlying the permafrost creates a thermal barrier through a combination of low conductivity and evapotranspiration. Artificial thermal barriers should include (J. Rooney, A study of thermal erosion control techniques 1973): 
	 
	 
	 
	Radiation protection in the form of a high reflectivity surface treatment. 

	 
	 
	Conduction protection in the form of a low conductivity surface treatment. 

	 
	 
	Promotion of heat exchange at the surface through a system that provides shading and high evaporation characteristics. 


	Rooney noted that convective heat transfer induced by the surface characteristics of a thermal erosion treatment is probably of secondary importance. 
	Variations on Rooney’s themes outlined above were developed into experimental features in the field and as design features incorporated repeatedly into project plans. Anecdotal and published sources of information confirm that these techniques have been employed with varying degrees of success, to mitigate problems related to thawing ice‐rich permafrost. 
	Based on observations along the TAPS haul road, Berg and Smith recommended the procedure shown in Figure 6‐5 (Berg and Smith October, 1976). This design concept is shown in its original form because of its importance. It was used successfully in many projects in one modified form or another. A modification to the Rooney/Berg and Smith approach has been presented by the writer and is incorporated as part of the “controlled ablation” design concept presented further on in this chapter. The modified approach i
	complete containment of thawed material. 
	Figure 6‐5 Idealized Development of Stability in Ice Rich Cut (after Berg and Smith, 1976) 
	Figure 6‐5 Idealized Development of Stability in Ice Rich Cut (after Berg and Smith, 1976) 


	The Berg and Smith recommendation was based on the performance of near vertical cuts in ice‐rich silt made on the 90 km (56 mi) Livengood to Yukon River segment of the Dalton Highway (Smith and Berg 1973). The Dalton Highway cuts were made following observations by the project consultants of similar ice‐rich fine‐grained soil cut slopes along the Alaska Highway (J. R. Rooney November, 2007). 
	Four techniques have been informally discussed within ADOT&PF and perhaps even tried on a few projects but remain undocumented. These are: 
	1. 
	1. 
	1. 
	Cut the slope very flat (3 to 1 or flatter) with no surface treatment. The presumption is that slow thawing of the lower angled slopes would result primarily in soil settlement with little or no lateral movement. However, fine‐grained very high ice content materials which experience rapid thawing may flow even if cut at a very low slope (flatter than 6 to 1). An example of thawed material flowing on a very slight grade was observed adjacent to the Glenn Highway about 20 miles west of Glennallen. It is worth

	2. 
	2. 
	Cover the cut slope with a vegetation mat (closed netting) to provide minor insulation plus shading. 

	3. 
	3. 
	Reduce the slope inclination to 1.5 or 2 to 1, place topsoil on the slope; seed at 2 to 3 times the “normal” application rate (best suited to non‐ice‐rich permafrost)
	. 


	4. 
	4. 
	Cut the ice‐rich permafrost slope about 1.5 to 1 and place a gravel buttress (i.e., berm or blanket) adjacent to the slope face (buttress height = cut slope height). The thickness is typically 2 to 4 ft. thick with slope heights only limited by the reach of the construction equipment; typically excavators. The inclination must be less than the angle of repose of the gravel. Claridge and Mirza(1981) discuss the successfulapplicationof a buttress of crushedrock on a section Dempster Highway (NWT). The buttres


	A successful example of large scale, erosion stabilization of permafrost on a shallow angle cut slope is provided during a runway improvement project at the Kotzebue airport. The top of a hill that extended into aircraft glidepaths was excavated into degradable (though not ice‐rich) permafrost soils to improve the approach to the runway as shown in Figure 6‐6. 
	Figure
	Figure 6‐6 Synthetic netting used at Kotzebue Airport protects large permafrost cut slope 
	Figure 6‐6 Synthetic netting used at Kotzebue Airport protects large permafrost cut slope 


	Synthetic matting was placed on a large area of exposed permafrost in spring of 2006 to retard thaw and erosion and promote stabilizing plant growth. Vegetation was established by late summer 2006. 
	Kinney recently presented the concept of an erosion control soil (ECS) and demonstrated the concept with two projects in the Seattle, Washington area (Kinney 2008). An ECS is a soil manufactured of natural materials with the correct combination of physical, chemical, and biological properties to provide a sustainable system in the required environment (specific environment at the design site). Mature ECS produces an erosion resistant, free draining vegetation mat in a very efficient manner. The concept of a
	6.4 Recommended management practices as of 2020 
	Select route alignments and use design features that minimize or eliminate thawing of ice‐rich permafrost or massive ground ice. This is the preferred way to control thermal erosion. Reconsider and eliminate if possible, even minimal cuts in ice rich permafrost areas. For example, perhaps a shallow cut into icy permafrost may be avoided with a small design grade change. 
	The reader of this section is assumed to have a working engineering familiarity with: (1) general materials properties and engineering problems associated with permafrost, (2) standard materials engineering skills needed for roadway/airfield designs, and (3) simple drainage applications of geosynthetics including geocomposites. The engineer intending to apply information presented in this section of Chapter 6 must have the knowledge and experience to produce detailed designs from concepts presented here. Fu
	If the design considers the possibilities for handling ice‐rich permafrost on the project, the design should be amenable to simple modifications during construction or even post construction by others. This is according to the general principle of “shared fate” where the success is share by all. 
	The construction engineer interpreting plans and specifications at a construction site must realize that the design engineer simply may not know what may become evident as construction progresses. The 
	The construction engineer interpreting plans and specifications at a construction site must realize that the design engineer simply may not know what may become evident as construction progresses. The 
	first detailed information about an icy cut face comes after exposure of the face. The ability to maintain a “flexible” interpretation of plans and specifications will be critical to your success in handling any encounter with ice‐rich materials. 

	Design concepts included in this section should provide useful cut slope treatment options when cuts into ice rich permafrost materials are unavoidable. 
	 
	 
	 
	Design illustrations in this section are conceptual engineering works in progress. Limited experience to date requires that they be presented as tentative recommendations to the degree indicated for each method. While ADOT&PF has in fact accumulated considerable experience dealing with icy cut slopes, much of the technology used in the past would not fully comply (or comply at all) with the most recent clean water requirements. Each of the designs is intended to minimize runoff rate and/or greatly improve r

	 
	 
	Only one design concept presented here (Controlled Ablation) has been repeatedly tested in Alaska although not through a full range of soil types and thermal conditions. Even this concept has been modified to improve runoff water quality. 

	 
	 
	No detailed standards/dimensions have been established except as indicated in the drawings. Design and construction engineers must work with regional geotechnical personnel to address project‐specific thermal, stability, and drainage issues as well as site‐specific topographic details. 

	 
	 
	Designs based on these drawings and done prior to construction, must be simple and general enough to be modified in the field as construction progresses or to address post construction problems. 

	 
	 
	Constructed features based on concepts presented in this report must remain serviceable long after project construction is completed. Such features are intended to minimize damage or pollution due to permafrost degradation and must be robust enough to remain functional with little or no maintenance as a permanent part of the project and/or until thermal equilibrium is reestablished and the feature is no longer required. 

	 
	 
	Once constructed, none of the design features illustrated in this section should be removed until issues of thermal equilibrium, stability regarding mass movement, and environmental safety are completely satisfied for all concerned agencies. 

	 
	 
	The possible exception to this could be eventual removal of smaller berms placed to intercept or divert silt laden runoff during the initial thawing. Removal of some of those berms when they are no longer necessary may aid ditch maintenance. Consult with the Regional Geotechnical Engineer and Environmental Coordinator prior to any such removal to verify that there will be no stability or pollution issues 


	6.4.1 Controlled ablation 
	Objectives and Applications 
	Objectives and Applications 

	Controlled thaw and failure, i.e., controlled ablation, was the method of choice for treating ice‐rich cut slopes for about the last 30 years of the 20century. The process begins when a nearly vertical cut is first made into the icy permafrost. The cut fully exposes the permafrost surface and expedites ablation, i.e., thawing, failure, and drainage of material into an over‐wide ditch. The ditch is designed wide enough to provide a catchment area for the thawed material and still allow for normal storm and m
	th 

	The rate and extent of thaw and ablation is controlled by the original surface vegetation mat. The mat tends to remain intact while being undercut as the icy material thaws and ablates beneath it. If the process goes as planned, the mat descends downward to cover, i.e., drape over the thawed material. The mat provides (1) mechanical protection for the newly thawed unstable material, and (2) an insulation blanket that slows then eventually stops further thaw. 
	Common Failures Generally Due to Faulty Installation or Design 
	Common Failures Generally Due to Faulty Installation or Design 

	The controlled ablation process relies on the existence of a well‐developed organic mat and limited massive ice content in the cut. The method relies on the observation that thawed material often assumes a gentle slope that is naturally covered with a descending and readily drapable organic mat. A missing or poor organic mat will not cover the thawed material as expected. If much of the cut slope material is extremely ice‐rich or (worse yet) massive ice, the organic mat will tear apart over the open void, t
	Experience has shown that the use of interceptor ditches or any other feature which damages the thermal stability above cutslopes near the face of the slope leads to thermal erosion of the top of the cut. This renders the drapable organic mat ineffective. Consequently, it is recommended that ditches or any other feature which leads to thermal erosion near the top of slope be avoided. This includes machine clearing that damages the vegetative mat. 
	Other Considerations 
	Other Considerations 

	This method was used successfully many times in Alaska in the past as a standard BST. The problem now is that it would be considered environmentally unacceptable in its original form. The original design could and did produce and release uncontrolled runoff of silt laden water. Use of the separation berm in the improved design requires consideration of an overflow drainage feature in an extreme rain event or heavy snow runoff. Standpipes and/or slot bypass drains may be added if appropriate. 
	Design 
	Design 

	Alaska experience suggests this method will be successful if the height of the back slope is ≤ 3 m (10 ft). Consult with the Regional Geotechnical Engineer for approval of final design details. 
	Materials 
	Materials 

	As required by specific design details and location, materials forming the separation berm should be free draining. The drainage process may be expedited by using combinations of geocomposites and drainpipe as suggested in the berm illustration shown in Figure 6‐7. The drainage “plumbing” also may be needed if the berm is not constructed using free draining material. 
	Installation (refer to Figures 6‐7&6‐8) 
	Installation (refer to Figures 6‐7&6‐8) 

	 
	 
	 
	Initial control of thermal erosion will consist of cutting the slope at a ratio of 1/4 to 1 (nearly vertical). 

	 
	 
	 
	Provide a wide ditch at the base of the cut to allow removal of material, if necessary, and allow deposition of some overlying material during the stabilization process. A separation/retention berm, with or without internal drainage depending on the availability of a free draining material for the berm, may be required to ensure control and containment of particulate laden runoff and thaw weakened material with a sufficiently high‐water content that it may flow. The minimum width of the ditch without a sepa

	4.2 m (14 ft) including the width of the separation berm. The minimum height of the separation berm is 0.8 m (2.5 ft) with 1½ to 1 sideslopes. Use of steeper berm sideslopes to a maximum of 1 to 1 may be possible with some gravel materials. The berm may or may not have a flat crown. 

	 
	 
	Hand clear the area beyond the slope stake limit to allow controlled ablation of the slope, typically a distance equal to 1½ times the height of the slope. Any tree over 10 cm (4 in.) diameter and vegetation taller than 1.5 m (5 ft) shall be removed. The clearing activities must be conducted in a manner to ensure the organic mat is not damaged. 

	 
	 
	All slash and timber will be removed from the cleared area to minimize tearing the organic mat. Stumps should be cut as close to the soil surface as possible (i.e., less than 0.3m (1 ft)). The application of a stranded wire fastened to the stumps may be considered to provide additional tensile strength to the organic mat and reduce tearing of the mat. All tree cutting should be accomplished with hand tools; heavy equipment should not be used outside the limits of the excavated area. 

	 
	 
	The organic mat will drape over the face of the slope as the cut degrades which will shade and insulate the face. The mat will be reinforced with biodegradable netting if necessary, to prevent tearing of the mat. 

	 
	 
	Do not cut an interceptor or crown ditch through the organic mat above the cut slope. If drainage interception is absolutely needed, build a berm rather than cutting through the drapable organic mat. 

	 
	 
	Vegetation seeding should be attempted only on stable potions of the slope at selected times. 

	 
	 
	Diversion levees may be designed above ablating slopes on a site‐specific basis. 

	 
	 
	See design concept illustration for construction sequence. The separation berm with internal drainage features and additional site drainage measures may require consultation with the 


	Regional Geotechnical Engineer. Construction placement of a geocomposite layer within the berm, as indicated in the illustration, may at first appear impossible. However, the geocomposite can be easily placed against the sloped side of the nearly completed berm and then covered with a blanket of gravel after connections with the drainpipes are completed. 
	Maintenance 
	Maintenance 

	Design so that maintenance is minimal or, preferably, none is required. Maintenance to eliminate localized ponding must be performed. The thawed material retained by the berm should not be removed as it serves to buttress the thawing slope. 
	Figure
	Figure 6‐7 Progression of controlled ablation process with time. 
	Figure 6‐7 Progression of controlled ablation process with time. 


	Figure
	Figure 6‐8 Separation berm used to intercept runoff from controlled ablation. 
	Figure 6‐8 Separation berm used to intercept runoff from controlled ablation. 


	6.4.2 Gravel buttress 
	Objectives and Applications 
	Objectives and Applications 

	The gravel buttress concept serves a purpose functionally like the result of controlled ablation. It can be used in place of the controlled ablation for cut heights up to 3 m (10 ft). It is a recommended alternative when the cut slope height exceeds 3 m (10 ft). 
	Common Failures Generally Due to Faulty Installation or Design 
	Common Failures Generally Due to Faulty Installation or Design 

	This feature has not been used enough to have accumulated any history of common failures. The author considers it to be a reliable method for dealing with ice‐rich cut slopes if the designer carefully considers and successfully abides by the following warning. When installing this kind of feature, it is critical to make sure that the buttress is free draining as installed and will remain free draining. The designer’s inadvertent creation of a dam that blocks water flow from exiting the thawing permafrost ca
	Other Considerations 
	Other Considerations 

	Covering the exposed icy cut slope material with a gravel buttress is a simple and robust technology. Considerations other than those expressed above and below are not warranted given only limited application of berms for protecting ice‐rich cut slopes to date. 
	Design 
	Design 

	Limited (but successful) Alaska experience suggests this method can be used as treatment for cut slopes of any height. For cut slopes significantly higher than 3 m (10 ft), perform a slope stability analysis using conservative estimates for properties of materials retained by the buttress. Part of the justification for requiring a 2.7 m (8 ft) minimum buttress width at any stage of construction, regardless of cut height, is because of the assumed method of placing berm material. The top of the buttress prov
	Consult with the Regional Geotechnical Engineer regarding any slope analysis requirements and for approval of final design details. 
	Materials 
	Materials 

	As required by specific design details and location, free draining materials must be used in constructing the gravel buttress. Geosynthetics placed between the cut face and buttress must be one of those types least likely to plug, blind or in other ways significantly restrict water flow from the thawing permafrost or from any other groundwater source. 
	Installation (refer to Figure) 
	Installation (refer to Figure) 

	A gravel or rockfill buttress may be used to control thawing of cut slopes in fine‐grained permafrost that will not self‐stabilize. The buttress may be placed with minimum compaction if the angle of repose of the material is greater than the inclination of the finished slope. For a finished slope inclination of 1½ to 1 the angle of repose must be greater than 35 degrees. 
	The cut slope will generally be no steeper than ½ to 1 and consistent with the global slope stability and thermal requirements to achieve the cut. A geotextile, typically needle punched and stretched tight, may be placed on top of the cut slope to facilitate placement of the buttress provided uniform thaw consolidation is expected. In areas where non‐uniform thaw consolidation such as areas known to have ice wedges or basil ice, it is best to place the rock directly on the frozen soil. By doing so, the rock
	The top of the buttress should generally be a minimum of 8 ft wide to facilitate construction. The gradation characteristics of the buttress may be specified to ensure that convective heat transfer will occur in the buttress. 
	Specific site conditions (especially topography) and equipment availability will dictate the extent to which standard construction techniques and design features must be modified to accommodate placement of the buttress. Construction of a free draining buttress may require temporary equipment access to expedite material placement. For example, if the blanket is constructed using scrapers or end‐dumps, temporary ramps must be provided both up‐station and down‐station from the blanket to allow ingress and egr
	Maintenance 
	Maintenance 

	Expect no special long‐term maintenance if this design concept is used. However, keep in mind that when massive ice or very icy soils thaw a void is created, which can become a problem. If large amounts of massive ice or extremely ice‐rich permafrost are encountered in the construction cut, you can expect that eventually it may be necessary to add more gravel or rock to the buttress face to replace buttress material lost into voids created by thawing. Limited experience with such buttresses in Alaska sugges
	Figure
	Figure 6‐9 Gravel blanket concept showing geotextile placement (geotextile to be used only when uniform settlement is expected). 
	Figure 6‐9 Gravel blanket concept showing geotextile placement (geotextile to be used only when uniform settlement is expected). 


	6.4.3 Insulated thermal blanket 
	Objectives and Applications 
	Objectives and Applications 

	As with a gravel buttress, the insulated thermal blanket serves a purpose functionally like the result of controlled ablation. It can be used in place of the controlled ablation for cut heights up to 3 m (10 ft). It is a recommended alternative when the cut slope height exceeds 3 m (10 ft). Insulated thermal blankets may be used on cut slopes in fine‐grained permafrost soils that will not self‐stabilize. This method may also be used for cuts in ice‐rich permafrost soils where slope height and gravel availab
	Common Failures Generally Due to Faulty Installation or Design 
	Common Failures Generally Due to Faulty Installation or Design 

	This feature has not yet been used in Alaska. Discussion of failure modes are therefore based on assumptions. The thermal blanket is not a buttress although the illustration (Figure 6‐10) below may appear to be one. 
	When installing this kind of feature, it is critical to make sure that the blanket will be free draining as installed and will remain free draining. The designer’s inadvertent creation of a dam that blocks water flow from exiting the thawing permafrost can cause buttress failure or even catastrophic failure. A good geotechnical rule‐of‐thumb is to never create a dam unless a dam is intended and that always includes blocking groundwater flow. 
	Other Considerations 
	Other Considerations 

	Covering the exposed icy cut slope material with an insulated blanket represents new technology. It appears to have good potential for protecting certain icy cut slopes and doing so in an environmentally acceptable way. It should be less costly than a massive gravel buttress in locations where the limitations of a thin blanket are acceptable, and the cut slope is high. It will not, for example, be an acceptable treatment for cut slopes exposing permafrost with a high ice content. In such cases, the large ma
	Real evaluation of this design concept will follow observations of trial installations in Alaska. Consult with the Regional Geotechnical Engineer for recommendations regarding using this type of design at a specific location. 
	Design 
	Design 

	This method may be appropriate as treatment for cut slopes of any height. For cut slopes significantly higher than 3 m (10 ft), a slope stability analysis may be warranted. This can help determine if the proposed thinly blanketed cut slope does not instead require the mass of a full‐size gravel buttress for acceptable stability. For minimal cuts, an insulated blanket design will provide a buttress effect that can be verified by stability analysis. 
	Consult with the Regional Geotechnical Engineer regarding slope analysis requirements and for approval of final design details. 
	Materials 
	Materials 

	As required by specific design details and location, free draining materials must be used in constructing bottom layer of this design feature. Geosynthetics placed between the cut face and buttress must be one of those types least likely to plug, blind or in other ways significantly restrict water flow from the thawing permafrost or from any other groundwater source. Insulation type and thickness will be determined by thermal analysis. The topsoil layer should be material capable of supporting luxuriant pla
	Installation (refer to Figure 6‐10) 
	Installation (refer to Figure 6‐10) 

	The select material beneath the insulation should be a sand and/or gravel or similar non‐frost susceptible material, free draining. The minimum thickness of this layer (measured perpendicular to the slope face) is 0.9 m (3 ft). The sand and/or gravel layer may be placed with minimum compaction if the angle of repose of the material is greater than the inclination of the finished slope. For a finished slope inclination of 2 to 1 (as shown in figure 6‐10), the angle of repose should be greater than 27 degrees
	Maintenance 
	Maintenance 

	There will likely be no special long‐term maintenance concerns if this type of blanket is placed on permafrost soils containing only a moderate amount of frozen moisture and few or no massive ice features. When massive ice or very icy soils thaw, a void is created. Any large void may become a problem if the thermal blanket concept is used. 
	Figure
	Figure 6‐10 Insulated blanket concept showing geotextile and insulation placement. 
	Figure 6‐10 Insulated blanket concept showing geotextile and insulation placement. 


	6.4.4 Retention berm 
	Objectives and Applications 
	Objectives and Applications 

	Disposal of excavated material is one of the most common problems associated with exposing ice‐rich permafrost. Contractors cannot simply stockpile excavated permafrost at a convenient location without regard to the environmental consequences of slope failures, blow outs, or even sediment‐contaminated seepage from the eventually thawed material. One solution to the disposal of excavated permafrost is to construct retention berms and place the permafrost inside the berms. When the ice‐rich permafrost eventua
	It is also possible to use excavated permafrost materials—including ice‐rich materials—to construct useful transportation‐related structures such as runway embankments. This application is discussed briefly elsewhere in this chapter. 
	Future retainment schemes or civil construction applications for permafrost, like runways, may be complicated by another issue. Runoff water generated during thawing may need treatment prior to final release to the general environment from the storage or construction site. There are now engineering resources as well as equipment builders/suppliers located within Alaska that specialize in portable systems for processing wastewater at remote sites. 
	Common Failures Generally Due to Faulty Installation or Design 
	Common Failures Generally Due to Faulty Installation or Design 

	When installing a retainment berm for wet, perhaps even slurry, materials it is critical to make sure that the retaining structure will be free draining as installed and remain free draining. Inadvertent creation of a dam that completely blocks water flow from the retained material may cause a failure of the retaining structure. 
	Other Considerations 
	Other Considerations 

	At locations in Alaska, free draining gravels, shot rock, etc. will not be available. Therefore, berm designs that incorporate a drainage system may be needed often. Reliable designs for constructing such a berm and its “plumbing system” (even from ice‐rich materials if necessary) should be developed as ADOT&PF standards. The Regional Geotechnical Engineer will be a valuable resource for developing such a standard. 
	many 

	Design 
	Design 

	Two types of retention berms are illustrated in Figure 6‐11. Ideally the retention berm will be constructed with gravel or a similar free draining material. If a free draining material is not available, the internal drainage features will be required. An overflow drainage feature may be required to accommodate an extreme rain event or heavy snow runoff. Standpipes and/or slot bypass drains may be added if appropriate. The retention berm should be approximately 1/3 the height of the excavated permafrost stoc
	Materials 
	Materials 

	Select materials as required by specific design details and location. 
	Installation 
	Installation 

	Construction placement of a geocomposite layer within the berm, as indicated in the illustration, may at first appear impossible. However, the geocomposite can be easily placed against the sloped side of the nearly completed berm and then covered with a blanket of gravel after connections with the drainpipes are completed. 
	Maintenance 
	Maintenance 

	Design so that maintenance is minimal or, preferably, none is required. 
	Figure
	Figure 6‐11 Retention berm without drain (top) and with drain (bottom) 
	Figure 6‐11 Retention berm without drain (top) and with drain (bottom) 


	6.5 Excavating ice‐rich permafrost? 
	This will become a pressing problem immediately after making the cut into ice‐rich material. During construction is never the best time to first consider the problem. Plans and specifications for projects where icy permafrost cuts are expected (or even likely) should provide a backup plan for such contingencies. 
	6.5.1 Retention of excavated permafrost as waste 
	Disposal of excavated material is one of the most common problems associated with exposing ice‐rich permafrost. It is not acceptable to simply dispose of excavated permafrost at a convenient location without regard to the environmental consequences of failure or runoff from the eventually thawed material. One solution to the disposal of excavated permafrost is to construct retention berms and place the permafrost inside the berms (see section 6.4.4. for berm design). When the ice‐rich permafrost eventually 
	6.5.2 Using excavated permafrost to build an embankment 
	A problem in western Alaska, also related to permafrost degradation, is the use of excavated permafrost to construct a road or airfield embankment. This unusual practice is necessary owing to the scarcity of suitable embankment fill at some locations. Permafrost is excavated in the winter and placed in the location of the required embankment. Over a period of several years the permafrost fill progressively thaws and becomes increasingly stable and viable as a runway embankment. If the thawed material is res
	If compaction of frozen soil is attempted it must be done with heavy rollers to break down the frozen chunks (GeoEngineers, Inc August, 2004). Frozen soil compaction will result in an open void structure and springtime snow meltwater infiltration will occur. An embankment placed with material from a permafrost pit source will likely take years to consolidate and stabilize. In Western Alaska, frozen (or once frozen) silt is the only available material, ADOT&PF personnel were unanimous in preferring previousl
	6.6 The regulatory environment 
	It is not an overstatement to say that any uncontrolled water released from a cut in ice‐rich permafrost will quickly become an environmental problem. As covered throughout much of this synthesis, construction activities in permafrost soils often result in the release of water and water‐borne fines onto some observable (and monitored) surface of the construction project. Cut slopes constructed in ice‐rich permafrost are visually obvious, or become obvious, and grab the attention of environmental monitors/ag
	Realize that this description of the regulatory environment will have a short “shelf life.” Environmental regulations change frequently. This version of the regulatory environment represents merely the state of regulation as of mid‐2020. Also, be aware that the internet URLs now providing wonderfully useful information at a mouse click will change. General advice: when you see interesting/useful information on the internet, save it. It may not be there tomorrow. Better yet, consult the environmental staff w
	The ADOT&PF prepared a Guide (2005) which explains the requirements of the Alaska Pollutant Discharge Elimination System (APDES), presently administered by the Alaska Department of Environmental Conservation (DEC), “Storm Water Construction General Permit (CGP)” for construction 
	The ADOT&PF prepared a Guide (2005) which explains the requirements of the Alaska Pollutant Discharge Elimination System (APDES), presently administered by the Alaska Department of Environmental Conservation (DEC), “Storm Water Construction General Permit (CGP)” for construction 
	sites. The guide focuses on development and implementation of a Storm Water Pollution Prevention Plan (SWPPP) required for coverage under the CGP. 

	A SWPPP is a document that describes the nature and extent of a construction activity and the measures that are used to ensure that sediment and other pollutants are not carried into the storm water discharges from the construction site. To control these pollutants, the contractor can use a variety of measures, referred to as Best Management Practices (BMPs). The BMPs form the basis of the SWPPP, and the contractor must select a BMP based on the conditions at the construction site. For a SWPPP to be effecti
	The Guide presents several BMPs, along with application, design, construction, inspection, maintenance, and removal guidelines. Additional BMPs are given on the ADOT&PF environmental Web site: 
	http://dot.alaska.gov/stwddes/desenviron/resources/stormwater.shtml 
	http://dot.alaska.gov/stwddes/desenviron/resources/stormwater.shtml 
	http://dot.alaska.gov/stwddes/desenviron/resources/stormwater.shtml 


	The BMPs must be carefully analyzed before they are recommended for use in a permafrost environment. The Guide makes no reference to permafrost, frozen, freezing, thawing, thermal or other terms or concepts specifically relevant to handling ice‐rich materials. 
	6.6.1 Summary of Applicable Water Quality Laws and Regulations. 
	Federal and state governments have passed numerous laws to minimize environmental harm from storm water discharge at construction sites. Some of these laws and subsequent regulations require the implementation of erosion and sediment control measures, while others mandate that construction activities maintain water quality. The two most important water quality related laws and regulations are the Federal Clean Water Act and the State of Alaska Water Quality Standards, as defined in the Alaska Administrative
	The 1972 amendments to the Federal Water Pollution Control Act (known as the Clean Water Act or CWA) form the primary legal framework meant for controlling construction site discharges and setting water quality standards. The CWA, implemented by the Environmental Protection Agency (EPA), required site operators to comply with a General Permit or an individual NPDES permit. The nature of handling the EPA rules has changed such that now primary administration and adjudication of the EPA requirements has passe
	https://dec.alaska.gov/water/wastewater/stormwater/construction 
	https://dec.alaska.gov/water/wastewater/stormwater/construction 
	https://dec.alaska.gov/water/wastewater/stormwater/construction 


	The 2016 CGP authorizes storm water discharges from large and small construction‐related activities that result in a total land disturbance of equal to or greater than one acre and where those discharges enter waters of the U.S. (directly or through a storm water conveyance system) or a municipal separate storm sewer system (MS4) leading to waters of the U.S. are subject to the conditions set forth in the permit. The permit also authorizes storm water discharges from certain construction support activities 
	The goal of the 2016 CGP is to minimize erosion and reduce or eliminate the discharge of pollutants, such as sediment carried in storm water runoff from construction sites through implementation of appropriate control measures. Polluted storm water runoff can adversely affect fish, animals, plants, and humans. To ensure protection of water quality and human health, the permit describes control measures that must be used to manage storm water runoff during construction activities. On December 29, 2015 DEC re
	The primary requirement of the EPA Storm Water General Permit for Large and Small Construction Activities is development and implementation of a Storm Water Pollution Prevention Plan (SWPPP). The SWPPP is a written storm water management plan to protect water quality by minimizing or eliminating the pollutants (including sediment) in the storm water discharges reaching Waters of the U.S. from construction activities. DEC requires the preparation of a SWPPP before the start of any construction activities tha
	The Alaska DEC sets water quality standards for Alaska waters and regulates discharges into these waters. All discharges of storm water from construction projects disturbing 5 acres or more that are authorized under the EPA Storm Water General Permit for Large and Small Construction Activities must be reviewed by DEC and require a plan review fee. 
	Other federal and state laws and regulations applicable to storm water discharges from construction activities are listed below. There are thresholds for jurisdictional applicability for many permits/authorizations. The ADF&G Fish Habitat Permits (fish acts below) are for work below ordinary high water (OHW), and obviously would not apply to many, perhaps any, projects, or areas where cut slopes in ice‐rich soils would be an issue. 
	Section 404 Permit of the Clean Water Act. The U.S. Army Corps of Engineers (USACE) administers this requirement. A permit is required for dredging, grubbing, excavating, or filling in rivers, streams, lakes, ponds, tidelands, and wetlands. The section 404 permit usually requires erosion and sediment controls to ensure minimal harm to jurisdictional areas and related to USACE 404 permit – Alaska DEC 401 Water Quality Certification. 
	Alaska Statute 16.05.871, Anadromous Fish Act. The Alaska Department of Natural Resources (ADNR) regulates construction activities that will affect freshwater anadromous fish habitat. Any activity that will pollute or change the natural flow or bed of a stream important for the spawning, rearing, or migration of anadromous fish must be approved by ADNR to ensure that the construction plans and specifications will protect fish and game. Often, the ADNR permit requires an erosion and sediment control plan. 
	Alaska Statue 16.05.841, Fish Passage Act. (like above, but for resident fish species) 
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	7 DRAINAGE IN PERMAFROST TERRAIN 
	7.1 Overview 
	Every highway engineer understands the importance of drainage. Poor drainage affects not only the impoundment of water, but it also impacts the moisture content in the embankment itself. Water generally weakens the soil layers reducing the life of the pavement structure. 
	Drainage in permafrost adds the dimension of thawing the permafrost itself; perhaps the most challenging aspect of embankment design. Water is more destructive in permafrost than air temperature and is perhaps the most difficult to manage (Figure 7‐1). While the principles of drainage common to temperate climates generally apply, the principles thermal erosion and potential mass transport of thawed permafrost must also be applied. In areas of ice rich permafrost, thawing permafrost can generate considerable
	Larger drainage patterns can be characterized using topographic maps, aerial and satellite photographs, or surficial observation. As noted by the Alaska Road Commission, drainage in permafrost requires careful inspection of the terrain including water movement in the active layer. 
	Figure 7‐1 shows the water in the active layer and at the top of the permafrost, often called a perched groundwater. In most cases construction will either channelize water resulting in permanent changes in drainage patterns or block water movement in this layer resulting in thermokarsts and impoundment. 
	Even minor activities may cause destructive changes in drainage patterns. Figure 7‐2 and Figure 7‐3 show the alteration of drainage and subsequent thawing of permafrost from the installation of a fiber optic cable along the northern portion of the Dalton Highway. The construction method used a mechanical shallow burial technique. Both thermal and sediment erosion are expected to continue. 
	It is critical that drainage and erosion control account for the thermal impacts in addition to thermal considerations. These are inseparably coupled such that if either are ignored, the Figure 7‐1 Depiction of water in permafrost consequences may severe. regions 
	Figure
	Figure
	Figure 7‐2 An example of advection along the Dalton Highway from the installation of fiber optic cable. Photo by Mikhail Kanevskiy 
	Figure 7‐2 An example of advection along the Dalton Highway from the installation of fiber optic cable. Photo by Mikhail Kanevskiy 


	Figure
	Figure 7‐3 Erosion due to Advection due to installation of fiber optic cable along the Dalton Highway. Photo by Mikhail Kanevskiy 
	Figure 7‐3 Erosion due to Advection due to installation of fiber optic cable along the Dalton Highway. Photo by Mikhail Kanevskiy 


	7.2 Advection 
	Advection is the transport of a substance, energy, or extensive quantity by bulk motion often a fluid such as water or air. Advection in permafrost generally relates to the thermal energy transported by bulk water flow and the transport of sediments freed during the thaw process. Moving water will cause the thaw of permafrost faster than any other natural system. Consequently, the design engineer must be keenly aware of the movement of water along, across and beneath the embankment. Failure to address advec
	7.3 Understanding the how permafrost affects surface drainage 
	Surface drainage in permafrost regions is a complex interaction between topography, ice rich soil, and polygons. In general, the goal of highway designers is to move water from one side of the roadway to the other with minimal disruption. This is straight forward where drainage patterns are defined by the topology. However, in permafrost regions, drainage patterns are further determined by thawing ice wedges, thermokarsts, thaw consolidation and sheet flow through the vegetation on top of the permafrost lay
	Shoulder warming due to buildup of snow from plowing on the side slopes of the embankment results in thermokarsts (Figure 7‐4). Esch (Esch, 1977) shows that these thermokarsts begin to form during the first year after construction. Figure 7‐5 shows water ponding at the toe of slope resulting from the formation of the talik. Thawing accelerates as warm water moves into the low‐lying areas. 
	As the talik grows longitudinal cracks move up the slopes and into the roadway as shown in Figure 7
	‐

	6. Once started, it is nearly impossible to stop degradation until equilibrium is reached. Unfortunately, the only method of eliminating the ponded water is to fill the depressions. Backfilling with fine grained material works better than using granular material since coarse grained material will still allow water to move through the system. 
	As shown in Figure 7‐1, there is often water on top of the permafrost. This perched groundwater may be flowing, even on what appears to be flat terrain. The weight of a constructed embankment will compact the vegetation in the active layer, cutting off the flow of water. Unless measures are taken to allow the water to pass, the resulting ponding may result in thawing of the permafrost on the upstream side of the embankment while potentially preserving the downstream permafrost. Figure 7‐7 shows the progress
	Figure
	Figure 7‐4 Thaw consolidation due the formation of thermokarsts along the roadway embankment. (Esch, 1977) 
	Figure 7‐4 Thaw consolidation due the formation of thermokarsts along the roadway embankment. (Esch, 1977) 


	Figure 7‐5 Water ponding in Talik formed at toe of slope. 
	Figure 7‐6 Longitudinal cracking due to thawing permafrost (photo DOT&PF) 
	Figure 7‐6 Longitudinal cracking due to thawing permafrost (photo DOT&PF) 


	Figure
	Figure 7‐7 Time series (1968 – 2013) of changes to water flow through ice‐wedge polygons due to the construction of Spine Road near Lake Coleen, Prudhoe Bay. Aerial photographs courtesy of BP Alaska Exploration. 
	Figure 7‐7 Time series (1968 – 2013) of changes to water flow through ice‐wedge polygons due to the construction of Spine Road near Lake Coleen, Prudhoe Bay. Aerial photographs courtesy of BP Alaska Exploration. 


	7.3.1 Drainage resulting from thawing ice wedges 
	Thawing ice wedges have the greatest potential for altering drainage patterns. Where there is polygonal ground, the locations of ice wedges are readily seen. However, in many areas, the surface thawed and refroze, masking the wedges. As a result, there may or may not be any surface evidence of the existence of those wedges. Figure 7‐8 shows the impact of thawing ice wedges on the roadway even though they 
	Thawing ice wedges have the greatest potential for altering drainage patterns. Where there is polygonal ground, the locations of ice wedges are readily seen. However, in many areas, the surface thawed and refroze, masking the wedges. As a result, there may or may not be any surface evidence of the existence of those wedges. Figure 7‐8 shows the impact of thawing ice wedges on the roadway even though they 
	cannot be seen in the surrounding terrain. In these cases, the designer must rely on the geotechnical engineer to identify those areas which have ice wedges at depth. 

	Where low centered polygons exist, melting ice wedges will drain the polygonal ponds transforming the low centered polygons into high centered polygons. Figure 7‐9 shows polygonal ground during the transformation. 
	If the roadway or airport embankment has been in place for an extended time, the location of the wedges will likely become evident and appropriate action may be taken to ensure proper drainage. This has been discussed in Chapters 2 and 3. 
	Figure
	Figure 7‐8 Thawing of deep ice wedges on the abandoned section of the Richardson Highway east of Fairbanks 
	Figure 7‐8 Thawing of deep ice wedges on the abandoned section of the Richardson Highway east of Fairbanks 


	Figure
	Figure 7‐9 Drainage of low centered polygons on the North Slope of Alaska, Photo by Mikhail Kanevskiy 
	Figure 7‐9 Drainage of low centered polygons on the North Slope of Alaska, Photo by Mikhail Kanevskiy 


	7.4 Drainage structures in permafrost 
	7.4.1 Culverts 
	The most common method of allowing the water to pass is using regularly spaced culverts. There are few guidelines to the appropriate space. As a result, the designer is left to the use of regional experience and judgement. The minimum cross culvert size is 36” if cover permits, to ensure capacity as the culvert settles. In flat terrain, the slope on the culvert should be between 1 and 3 percent with a maximum camber of ½ the crossfall applied parabolically along the length of the culvert. If the terrain req
	Culverts encourage thermal erosion along the toe of slope on the uphill side of the embankment as the water moves along the embankment to the culvert. To minimize the impact on the traveled way, the designer may want to consider flattening the slopes to keep the water further away from the trafficked surface (Figure 7‐10). 
	One means of reducing thermokarst damage is to increase the length of the culvert at the outlet to release the water further from the embankment (Figure 7‐11). It is critical that the exposed section be embedded well into to the embankment to guard against potential for band failures. This technique should only be used for culverts with intermittent low flows with little or no ponding expected. 
	Figure
	Figure 7‐10 Erosion at the toe of slope due to Figure 7‐11 Culvert with extended outlet advection 
	Figure 7‐10 Erosion at the toe of slope due to Figure 7‐11 Culvert with extended outlet advection 


	The inlet tends to be more problematic especially if the culvert is in inlet control. A talik is often formed at the inlet due to advection (Figure 7‐12). Notice the end of the culvert is depressed due to thaw settlement. Extending the inlet will not help and in some cases cause a buoyant failure. Advection can be reduced by ensuring the culvert of sufficient size to ensure no water is being ponded at the inlet. It may be helpful to use a headwall or use riprap to stabilize the slopes (Figure 7‐13). 
	Figure
	Figure 7‐12 Settlement of inlet due to advection 
	Figure 7‐12 Settlement of inlet due to advection 


	Figure 7‐13 Use of Riprap to 
	reduce slope damage due to thaw settlement. 
	Settlement through the barrel of the culvert is perhaps the most difficult. As the water flows through the barrel, heat is transferred to the permafrost resulting in thaw settlement. As the culvert settles buckling generally occurs. If bands are used to connect culvert sections, the bands often separate from the culvert allowing material from above to fall. Spiral culvert use J‐seams in their construction. These seams are weak and will separate as the culvert settles. Consequently, it is recommended that J‐
	7.4.2 Permeable embankments 
	Permeable embankment constructed of a layer of rock at the bottom of the embankment with a separation geotextile above and below the rock minimizes the disruption of the flow of water. In doing so, the altering of the thermal regime is minimized. If coarse rock is readily available, this can be an effective solution. Otherwise, the cost becomes prohibitive. 


	8 CONSTRUCTION 
	8 CONSTRUCTION 
	8.1 Overview 
	8.1 Overview 
	A design is only as good as those who build it could not be more true than for roadways and airports constructed on permafrost. Construction staff should understand the impacts of construction on the permafrost. As discussed in Chapter 1, early roadbuilders in the north recognized that even minor disturbances in the vegetation results in the thawing of permafrost. Consequently, it is important to minimize disturbance of the terrain during construction. 
	Communication with everyone on the project including equipment operators, inspectors, etc. to ensure they know the importance of adherence to specifications, permits and best practices is key. In many cases, once the thermal regime has been disturbed, it cannot be undone. The intent of this chapter is to ensure the construction staff understand the importance of specifications, permits and how to avoid unintended consequences in permafrost terrain. 

	8.2 Importance of minimizing disturbance 
	8.2 Importance of minimizing disturbance 
	Design of roadways and airports in temperate climates focuses on economics and safety which dictate alignment. Stripping of vegetation along with cut/fill activities are common practices. In permafrost regions, such practices have proven costly. In areas of discontinuous permafrost, simply clearing the trees over ice rich permafrost can increase the thaw depth by 5.9 ft. in the first five years. Removing the vegetation caused 8.8 feet of thaw after 5 years (Linell, 1973). Linell reported the depth of thaw i
	While it is tempting to remove brush and trees to provide visibility to the right of way, doing so when permafrost is present may impact the roadway by causing thaw consolidation and ponding water adjacent to the roadway. These thermokarsts often accelerate thaw along the toe of slopes which result in longitudinal crack in the traveled way. Consequently, the clearing should be performed only when required. If the vegetation must be removed to ensure sight distances, do so without damaging the underlying mos

	8.3 Small mistakes; Big consequences 
	8.3 Small mistakes; Big consequences 
	Even small construction mistakes during constructions may have large consequences in permafrost terrain. The simple act of parking equipment on the tundra outside the construction zone can trigger thawing of the underlying permafrost resulting in a talik. This talik may result in a maintenance problem for many years. 
	In another case, a contractor chose the wrong equipment to subcut beneath a park road requiring the use of thaw and cut. As a result, the rate of thawing exceeded the contractor’s ability to remove the thawing material and the meltwater. Consequently, the cost of the project rapidly increased and the completion of the project was delayed. 
	As construction proceeds, project personnel must remain vigilant especially when permafrost is involved. Repair of construction damage to the permafrost is rarely effective. 

	8.4 Enforcement of Permits 
	8.4 Enforcement of Permits 
	Enforcement of permits is always important. Failure to follow the requirements of permits in areas underlain by ice rich permafrost may result in irreparable damage. In many cases, areas of ice rich permafrost are considered wetlands. As such, wetland regulations apply. The Corps of Engineers and other regulatory agencies are keenly aware the impacts of construction over permafrost. 
	While it is always prudent to discuss permits with the contractor before commencement of construction, the presence of permafrost increases the need that everyone including equipment operators and inspectors know and understand the terms of the permit. 

	8.5 Managing unforeseen ice 
	8.5 Managing unforeseen ice 
	Unfortunately, geotechnical investigations do not always identify high ice content permafrost. In discontinuous permafrost zones, it is not uncommon to encounter ice in roadway cuts. The ice may be an ice wedge or basil ice (glacial ice). In either case, the construction staff should immediately contact the regional Materials Engineer for instructions concerning how to proceed. In general, work in the area should be stopped until the extent of the ice can be determined. If the ice mass is small, it will lik

	8.6 Winter Construction 
	8.6 Winter Construction 
	Summer construction over permafrost terrain will, invariably result in thaw of the underlying permafrost. Depending on the temperature of the permafrost, the ice content and the depth of the active layer, the resulting thaw may not be recoverable. In these cases, the designer may choose to construct the embankment during the winter months. 
	Winter construction can be considerably more expensive than summer construction due to the difficulty of mining, transporting, and placing material. The daylight hours are short requiring the work area be lit. The workforce and equipment must endure cold temperatures. 
	The design may vary considerably. In some cases, the design calls for placement of thawed material in lifts with each lift being allowed to freeze before subsequent layers are placed. In this case, it is generally best to construct the embankment early in the year to avoid removing the frozen overburden. However, the contractor may choose to construct the embankment in late winter so that the soil freezes more quickly. If so, take care to remove the frozen overburden in the material source so that only thaw
	In other cases, the contractor can place frozen material. Experience has shown that compacting frozen material in essentially impossible. Consequently, this approach is generally reserved for the lower portions of high embankments. The intent is that the material will remain frozen which will minimize settlement. If possible, use dry material or better yet, rock to minimize settlement. Avoid ice rich material which can result in settlement due to creep of the ice. 
	Geosynthetics are often used to separate layers of materials. In the case of winter construction, the geosynthetic may separate that material which is placed in a frozen state from that which is placed in a thawed state. 
	Getting density when placing frozen material is difficult and of limited value since normal density specifications cannot be achieved. Consequently, the construction engineer is often instructed to use judgment concerning the level of compaction that can be reasonably achieved. 
	While winter construction is difficult, in some instances, it can improve the long‐term performance of the embankment. The construction engineer should check with the designer to understand the objectives and limitations of winter construction. 
	9 BEST PRACTICES IN MAINTENANCE 
	9.1 Overview 
	Maintenance forces are rarely trained in techniques to minimize the impact of maintenance activities on permafrost. Consequently, irreparable damage can be done by improper maintenance out of a lack of understanding. The purpose of Chapter 8 is to provide maintenance forces with the knowledge to make the proper decisions. 
	9.2 Minimizing damage outside the roadway prism 
	In general, maintenance personnel should avoid work outside the roadway prism or other engineered structures in permafrost terrain. If work is required, consider consulting with the geotechnical engineers and others trained in permafrost engineering. Damage to vegetation, alteration of drainage patterns or other disturbances which alter the thermal balance may result in unintended consequences for both the roadway and adjacent properties. If work on undisturbed adjacent permafrost cannot be avoided, conduct
	9.3 Impacts on drainage patterns 
	Before altering drainage patterns, check with the Hydraulic Engineer and Environmental Coordinator. When in permafrost terrain, also ask the geotechnical engineers to review the proposed change to ensure the change will not have unacceptable consequences such as thermal and physical erosion or thermokarst. Even routine ditch cleaning can result in unanticipated consequences. 
	Drainage patterns should be monitored along the roadway. If drainage patterns change in a way that adversely impacts the roadway, the regional hydrologists and the materials section should be consulted before taking any action. They can also advise as to whether action may be beneficial. 
	Culverts are important in moving water across the roadway. As such they should be inspected every 3 to 5 years to determine their condition and function. If any culvert is damaged or not functioning properly, appropriate action should be taken. If the culvert is no longer required, it may be abandoned in place in many circumstances. Larger culverts, especially those in deep fills, may be lined using one of several lining techniques. Contact the hydraulic engineer for guidance. 
	9.4 Selection of materials to fill in longitudinal cracks and thermokarsts 
	Longitudinal cracks in the roadway surface are commonplace in permafrost regions. Little guidance has been provided concerning how best to repair them. The most common method is to simply fill them with a flowable aggregate such as sand, pea‐gravel or basecourse. Another method is to compact hot asphalt mix into them. Neither of these methods have proven satisfactory since repairs have a short life. 
	Because the material tends to settle into these voids rapidly, it appears the cracks and thermokarsts are opening rapid. In fact, they are moving only a few inches. As they open, the entire mass of the patching material slides down into the void giving the illusion of rapid movement. 
	While low fines content material flows readily into the void, they also allow water to flow readily into the voids. If there is ice rich permafrost at depth, the water will rapidly thaw the permafrost resulting in an acceleration of the damage. Experience has shown that it is better to fill the void with a material with high fines content, i.e., low permeability, to reduce the water flow through the system. Pavement can then be placed over the surface if appropriate. While this will not eliminate the moveme
	9.5 Surface levelling techniques 
	Cracking and differential settlement require leveling to keep traffic flowing. Over the years, the process has varied, but in general material is added and graded to a smooth surface. If appropriate, hot mix asphalt, cold mix, or high float are used as a wearing course. In most cases, there is little effort to restore the surface to its original elevation. 
	Typically, there is little effort to fill any deep‐seated voids. As a result, these voids may reappear within weeks of the levelling. It is suggested that these voids be filled as described in Section 9.4 before the levelling process. While properly filling the voids will not eliminate voids from reforming, it will improve the performance of the roadway and may increase the time between repairs. 
	10 CLIMATE CHANGE 
	10.1 Overview 
	The focus of this chapter is on available tools and contacts that help designers navigate the climate maze. Researchers and engineers at the University of Alaska Fairbanks create tools that that are useful to the practicing engineer. These tools are highlighted in this chapter as well as approaches that may be incorporated into the design. Unfortunately, there are no firm policies or procedures related to how to incorporate climate change into the design process. However, DOT&PF recognizes that the climate 
	Our knowledge of the earth’s changing climate continues to evolve. Consequently, this chapter provides a simplified snapshot of our understanding. It is suggested that engineers consult climatologists to obtain the latest trends and forecasts. The Scenario Network for Alaska and Arctic Planning (SNAP) provides current and future climate data for Alaska as well as tools to evaluate that data. They also . 
	provide tailored climate data upon demand. For more information visit the SNAP website at https://
	uaf
	‐
	snap.org


	The Alaska Climate Research Center (ACRC) at the University of Alaska Fairbanks provides digital meteorological and climate data and performs climate research. ACRC products provide a wealth of local 
	information for use in engineering designs. Visit the ACRC website at climate.gi.alaska.edu. 

	The Alaska Center for Climate Assessment and Policy (ACCAP) also located at UAF focuses on community needs assessments, resource studies, climate modeling and the development of products and tools. ACCAP provides a service of webinars aimed at increasing the public understanding of Alaska’s climate. . 
	See the ACCAP website at uaf‐accap.org

	The National Weather Service Alaska (NWS Alaska) provides weather forecasting, anticipated weather patterns and historical weather data. NWS Alaska works with the centers listed above. NWS Alaska can be found at . 
	https://www.weather.gov/arh
	https://www.weather.gov/arh


	All of these organizations have proven to be willing to help state agencies and the public at large understand Alaska’s climate. Do not hesitate to contact them for information related to any project requiring that data. 
	10.2 Difference between climate and weather 
	Weather and climate reflect two different ways to aggregate a system in terms of time, space, and complexity. Weather represents atmospheric conditions at a specific time and place. The weather is typically quantified by variables such as temperature, moisture, wind speed and direction, and barometric pressure. Climate refers to atmospheric conditions over an area and a long period of time. Climate is a much broader phenomena than weather and encompasses different periods of time and interactions with the e
	Weather and climate can both be predicted using existing measured conditions and numerical models to project what is likely to occur. Weather predictions are driven by knowledge of meteorology, the study 
	Weather and climate can both be predicted using existing measured conditions and numerical models to project what is likely to occur. Weather predictions are driven by knowledge of meteorology, the study 
	of atmospheric events. Typical timescales of prediction can range from now‐casting of up to the next 6hours, short (0‐48 hours), medium (3‐6 days and 8‐14 days) and long (monthly and seasonal) outlooks. Data from ground stations, planes, boats, satellites, and models are combined to produce the range of estimates. Note that weather predictions are typically presented as the likelihood of an event happening. For example, the weather forecast may indicate a 10% chance of rainfall between 1 and 2 pm. 
	‐


	Predictions of climate are made using models that include atmospheric and oceanic characteristics including interannual and interdecadal variability, such as tropical climate variability in the Pacific associated with the El Ni–Southern Oscillation (ENSO) which has a strong impact on the global climate system. These models are used to create future climate scenarios, which do not represent established probabilities but physically plausible relationships between different climate variables and the spatial pa
	As shown in Figure 10‐1, developing climate projections starts with prescribing the socioeconomic conditions that drive emissions scenarios or representative concentration pathways (RCPs). These are divided into different assumptions of climate forcing, clustered around low (4.5 RCP / B1 scenario), medium (6 RCP / A1B scenario) and high (8.5 RCP / A2 scenario) terms. These conditions are then fed into global circulation models (GCM), which are run globally at relatively coarse spatial resolutions. Models va
	Downscaled climate data is typically used in Alaska due to strong regional processes and because Arctic locations amplify changes in climate. Below, these processes are discussed and how they relate to the downscaling process. One issue to be aware of is that in climate and weather data there is typically a temporal and spatial resolution trade‐off in data. Typically, data with high temporal resolution (i.e., hourly) represents either a point or a relatively large area (> 25 km). Finer spatial resolution da
	2
	2

	Figure
	Figure 10‐1 Conceptual model detailing the process of creating downscaled climate projections that can be analyzed and used for decision making. 
	Figure 10‐1 Conceptual model detailing the process of creating downscaled climate projections that can be analyzed and used for decision making. 


	10.2.1 Orographic effects impact regional weather and climate 
	Orographic refers to relating to mountains, in particular their position and form. Precipitation and temperature are strongly influenced by orographic effects in Alaska which can cause strong regional variations which are important in relating to localized permafrost conditions. 
	Mountains serve as natural topographic barriers causing large changes in precipitation (Figure 10‐2). On the windward slope, typically adjacent to an ocean, ample moist air is available. As it rises over the mountains, the air cools causing the water vapour to condense which leads to increased precipitation. A well‐known version of this phenomena occurs on the south side of the Chugach range covered by temperate rain forest. Permafrost is generally only found in isolated pockets in this area, or higher elev
	Orographic precipitation affect is found throughout the state and has not been explicitely studied with respect to permafrost distribution. However, since it strongly influences both rain and snow, there is likely a much stronger relationship than currently recognized. This is especially true as it relates to snow distribution since snow has an important insulation affect on ground and can strongly control permafrost distribution. This process can occur on a variety of scales, making it important to conside
	Winter temperature inversions are an important process in relationship to permafrost distribution in discontinuous and isolated permafrost areas (Figure 10‐3). In Fairbanks, inversions play a major role in controlling the distribution of permafrost. Permafrost is present in low‐lying areas and on hillslopes in some areas. As you move towards higher elevations in the hills, permafrost is absent. 
	Wind redistribution is critical to understanding snow variability especially in areas with orographic affects. Snow plays a major role in controlling ground temperature, as a lack of snow and exposure to air and wind allows the ground to rapidly cool. Wind redistribution of snow can occur at three main scales: 
	A) mountain range scale; B) ridge scale and C) slope scale (Mott et al. 2018). Snow depths increase over the mountain range scale with elevation and decrease due to the rain shadow affect as it traverses over the range. 
	At the ridge scale, low‐level clouds form as air descends ridges within the mountains as higher‐level clouds seed them. Advective processes dominate in this area. As air masses move up small intermediate ridges, updrafts cause divergent patterns. Air continues to flow over the ridges, eddies and downdrafts form creating convergence on the leeside. Snow deposition intensifies in these areas. Accounting for these processes within data requires model resolutions of 50 m or less (Gerber et al., 2018), this is n
	Figure
	Figure 10‐2 Example of orographic precipitation affect where there are rainy windward and dry leeward slopes, which creates a rain shadow region. 
	Figure 10‐2 Example of orographic precipitation affect where there are rainy windward and dry leeward slopes, which creates a rain shadow region. 


	Figure
	Figure 10‐3 Example of orographic precipitation affect where there are rainy windward and dry leeward slopes, which creates a rain shadow region. 
	Figure 10‐3 Example of orographic precipitation affect where there are rainy windward and dry leeward slopes, which creates a rain shadow region. 


	10.2.2 Main drivers of climate 
	Two major indices provide insight into Alaska Climate: The Pacific Decadal Oscillation (PDO) and the El Ni‐Southern Oscillation (ENSO). The PDO is the main annual pattern in the North Pacific of monthly sea surface temperature (SST) anomalies (Mantua and Hare 2002)(Figure 10‐4). These anomalies are generated by subtracting the global mean SST anomaly and the climatological cycle. The PDO is associated with changes in precipitation, temperature, snowpack, and drought. It generally operates on a decadal scale
	NOAA Teleconnections 

	ENSO is composed of two periodic warming and cooling sea surface temperature cycles known as El Ni and La Ni. They occur in the Equatorial Pacific region as shown in Figure 10‐4. Typically, the cycles occur every 2‐7 years and reach their peak intensity from December through April. El Ni occurs more frequently and brings unusually warm temperatures that can last 9‐12 months. This creates a low‐pressure system in the Pacific that brings warmer temperatures in Alaska and extends the Pacific Jet Stream into th
	NOAA Physical Sciences Laboratory 

	Climate research has shown strong links between greenhouse gasses and changes in the earth’s climate. While it is important for the design engineer to recognize the link between the production of greenhouse gasses and climate, that research is best left to the climate scientist. Public policy related to greenhouse gasses is outside the scope of this synthesis. For the task at hand, is more important that 
	Climate research has shown strong links between greenhouse gasses and changes in the earth’s climate. While it is important for the design engineer to recognize the link between the production of greenhouse gasses and climate, that research is best left to the climate scientist. Public policy related to greenhouse gasses is outside the scope of this synthesis. For the task at hand, is more important that 
	the engineer recognize and understand that the climate is changing and that the design of the engineered system account for those changes. This in no way undermines the importance of the prediction of the climate of the future or its impact on the earth’s environment. The engineering community relies on those predictions to adapt the build environment. 

	Figure
	Figure 10‐4 The PDO and ENSO (top and bottom left) global expressions, obtained by linearly regressing monthly SST* anomalies by the leading Principal Component (PC) time series within the indicated domains. They can also be visualized as time series, based on the PDO HadISST data and the Multivariate ENSO Index for the period 1875‐2020. Adapted from Deser et al. (2010) from the NCAR Climate Data Guide 
	Figure 10‐4 The PDO and ENSO (top and bottom left) global expressions, obtained by linearly regressing monthly SST* anomalies by the leading Principal Component (PC) time series within the indicated domains. They can also be visualized as time series, based on the PDO HadISST data and the Multivariate ENSO Index for the period 1875‐2020. Adapted from Deser et al. (2010) from the NCAR Climate Data Guide 


	Alaska’s climate is influenced by four main drivers: latitude, altitude, continentality (the degree to which the area is subject to the influence of a landmass) and the seasonal distribution of sea ice (Shulski and Wendler, 2007). 
	Latitude varies widely within the state and results in large differences in seasonal variation of daylight and incoming solar radiation. In the winter, areas north of the Arctic Circle will have continuous periods where the sun does not rise above the horizon while in other regions like the Interior there is little solar radiation as the sun is restricted to a rising only a few degrees. In the summer, even though the hours of daylight are long the solar elevation angles remain low creating a long path for e
	Altitude and topography strongly influence weather patterns. Alaska has several mountain ranges including the Brooks Range to the north, the Alaska Range in the Interior of the state and the Chugach, St. Elias, and Coast Mountains on the southern coast. 
	Alaska has 13 climate zones as updated in 2015. Figure 10‐6 is based on averages from 1971‐2000 PRISM (the Parameter‐elevation Regressions on Independent Slopes Model) outputs. These climate zones were developed in collaboration with scientists from the University of Alaska‐Fairbanks, National Weather Service ‐Alaska Region, NCDC Regional Climate Services, Oregon State University, and University of Nebraska‐Lincoln (Bieniek et al. 2012). These zones are used for both climate and hydrological analysis. The c
	Figure
	Figure 10‐5 Current Alaska climate divisions. More information is available on the NOAA Alaska Climate Division FAQ page. 
	Figure 10‐5 Current Alaska climate divisions. More information is available on the NOAA Alaska Climate Division FAQ page. 


	Linking current conditions to the past climatic record is easily accomplished using automatically generated monthly summaries. These are available for the climate zones can be found using NOAA’s (Figure 10‐6). 
	National Temperature and Precipitation Maps 

	Figure
	Figure 10‐6 Example of monthly climate zone summaries for temperature and precipitation available from NOAA’s . 
	Figure 10‐6 Example of monthly climate zone summaries for temperature and precipitation available from NOAA’s . 
	National Temperature and Precipitation Maps



	10.3 Critical climate variables 
	Design considerations for permafrost can include several factors including air temperature, precipitation types and amounts by season, prevailing wind speed and direction, freezing/thawing degree days, sunshine and cloudiness and various other factors such as topography, geography and proximity to surface water and wetlands. 
	This section provides a regional overview of climate data for temperature, precipitation and windspeed that provide input into design considerations for permafrost. 
	10.3.1 Temperature 
	Temperature variability is summarized in Figure 10‐7 for Alaska climate divisions. Mean temperature was calculated for each 30‐year multidecadal period, where the mean from 1980‐2009 was subtracted from the other periods to produce anomalies. Only areas with permafrost, delineated from the was summarized for each climate division. Comparing each period to the 1980‐2009 baseline provides a clear relationship of temperature in each of the other periods in each of the climate zones. 
	2008 map of Alaska 

	As expected, the North Slope had the lowest mean average temperature during the 1980‐2009 era. The Northwest Gulf, which only contains a few assets on permafrost, has the highest mean temperature more than 0 °C. In comparison to the 1930‐1959 period, all climate zones were colder. In the 2020‐2049 period, all areas are predicted to warm by 1 to 2 °C on average. By 2070‐2099, this rises to an increase of 
	3.8 to 5.8 °C above the 1980‐2009 period. Much of this warming occurs during the winter months (Walsh et al. 2018). 
	This pattern of warming is already reflected in the land‐based station data. As shown in Table 10‐1, Barrow on the North Slope, McGrath in the Central Interior and Kotzebue on the West Coast show warming in the winter, spring, and autumn over the over the period of 1976 and 2018. Warming during the summer generally leads to an increased thickness of the active layer and an increase in subsidence of the intermediate layer, the ice‐rich layer at the base of the active layer. The same pattern in the spring can
	Figure
	Figure 10‐7 Temperature (°C) over 4 ‐30‐year multidecadal periods showing mean (top) and anomaly values for Alaska climate divisions. 
	Figure 10‐7 Temperature (°C) over 4 ‐30‐year multidecadal periods showing mean (top) and anomaly values for Alaska climate divisions. 


	Temperature variations can also be examined over a longer 70‐year time (Table 10‐2). The first thing to note is that warming for the three communities with the greatest magnitude of temperature increase has stayed the same (McGrath) or decreased (Barrow and Kotzebue). This does not mean that the increase is not occurring. It points to the complexities of the change and the difficulties in ascribing a linear increase to processes which are temporally variable. Second, unlike the 1976‐2018 period, none of the
	As a comparison of Tables 10‐1 and 10‐2 show, exploring trends over multiple time frames provides insight into the variability of climate over time. In doing so, it becomes clear that changes are not constant. Nor are these changes consistent between seasons. Much of this variability can be explained by the PDO and ENSO as discussed in Section 10.2.2. 
	Table 10‐1: Total Change in Mean Seasonal and Annual Temperature (°F), 1976‐2018 matched to the climate divisions of Alaska, data produced by the . 
	Alaska Climate Research Center

	Division Location Winter Spring Summer Autumn Annual 
	11.4 Central Interior Bettles 2 0.4 ‐0.8 3.6 1.8 Southeast Interior Fairbanks ‐1.4 
	18 

	North Slope Barrow 11.2 11.3 4.3 
	1.6 2.2 0.7 Southeast Interior Delta Junction 3.3 ‐0.4 0.4 1 2.4 Central Interior McGrath 5.6 4.1 3.7 7.1 5.4 West Coast Kotzebue 4 5.3 3.5 7.3 5.3 West Coast Nome ‐0.5 1.4 0.3 3.7 1.7 West Coast Bethel 2.9 3.1 3.5 4.8 3.9 Bristol Bay King Salmon 2.3 0.4 3 5.6 3.2 West Coast St. Paul Island ‐1.2 0.5 1.6 2.8 1.3 Cook Inlet Talkeetna 4.5 3.5 3.3 5.8 4.6 Southeast Interior Gulkana 0.5 0.1 1.8 ‐1.2 1 Cook Inlet Anchorage 1.2 0.1 2.3 3.6 2.1 Cook Inlet Homer 1.3 1.4 3.2 2.9 2.4 Northwest Gulf Kodiak 
	‐1.5 

	0.9 0 ‐0.4 
	‐1.7 ‐1.6 

	10.3.2 Precipitation 
	Precipitation variability was summarized as shown in Figure 10‐8 using the same techniques as temperature. It should be noted again that these mean values combine both solid and liquid precipitation. Overall, most areas are experiencing an ~25% increase by 2070‐2099 over 1980‐2009 values. In the 1930‐1959 period, only the Southeast and Northeast Interior zones show notable increases in precipitation. By 2020‐2049, all areas begin to show increases except for the West Coast, which is predicted to show a slig
	8.5 10.2 1.7 
	Table 10‐2: Total Change in Mean Seasonal and Annual Temperature (°F), 1949‐2018 matched to the climate divisions of Alaska, data produced by the . 
	Alaska Climate Research Center

	North Slope Barrow 9.8 6.7 3.7 7.3 6.8 Central Interior Bettles 8.7 5 1.7 2.8 4.9 Southeast Interior Fairbanks 8.1 3.8 2.4 1.5 3.9 Southeast Interior Delta Junction 9.9 3.4 1.4 1.4 4.9 Central Interior McGrath 9.7 5.3 3 3.2 5.3 West Coast Kotzebue 9 3.2 3.8 4 4.9 West Coast Nome 6.1 3.7 2.8 2 3.6 
	West Coast Bethel 
	5.1 2.4 1.8 4.4 Bristol Bay King Salmon 
	4.6 2.1 2.6 4.8 West Coast St. Paul Island 
	2.2 3.1 2.2 2.3 Cook Inlet Talkeetna 9.7 5.6 3.1 3.7 5.6 Southeast Interior Gulkana 8.4 2.6 1.3 0.6 3.3 Cook Inlet Anchorage 8 3.9 2.4 3.7 4.2 Cook Inlet Homer 7.4 4.4 3.8 3 4.7 Northwest Gulf Kodiak 2 2.5 1.9 0.7 1.8 
	10.3.3 Wind 
	Wind plays a key role in convective processes which effect climate conditions. Monthly community data is available for both historical and projected periods using the tool. This looks at both changes in wind speed and direction over time. The intersection between temperature and windspeed can also be useful to understand snow drifting especially when considering increases in blowing snow which may also thaw the permafrost. 
	Alaska Community Wind Data 

	Division Location 
	Division Location 
	Winter Spring Summer Autumn Annual 

	Figure
	Figure 10‐8 Precipitation (mm) over 4 ‐30‐year multidecadal periods showing mean (top) and anomaly values for Alaska climate divisions containing permafrost and DOT assets as shown in Figure 10‐6. The anomalies were derived by subtracting the associated means from the 1980‐2009 mean. These were derived using downscaled projections from original SNAP downscaled temperature product at 2x2 kilometer spatial scale to a 1x1 kilometer spatial scale using a bilinear interpolation for the Integrated Ecosystem Model
	10.4 Climate data availability 
	Selecting climate data for examining permafrost conditions is a process. In recent years, the data cycle for generating new and updated climate products has compressed. It is important to understand the various types of data available and develop consistent workflows for when, where and how they get used. Because of this compressed production cycle, incorporating processes for updating data and maintaining continuity with past analysis is useful. This is a larger issue within the engineering community in ge
	It is common to work with climate data by downloading land‐based station data from a variety of sources. Where it does not exist, an individual project will sometimes install a temporary station to collect data for short‐term periods, typically the project duration of 3 years. Alaska remains data‐poor compared to the continental United States. When selecting a source for climate data, it is important to be aware of what processes are represented in the data. 
	The University of Alaska Fairbanks supports several climate research and data centers including SNAP, ACCAP and ACRC. The missions and websites are provided in Section 10.1. Each of these centers have public outreach funding. Don’t hesitate to contact them to help with climate related questions, data and trends. 
	10.4.1 Land‐based station data 
	Land‐based station data remains the gold‐standard for recording climate since it represents the conditions of the surrounding area. The dataset includes air temperature, precipitation and wind speed and direction which are critical for calculating permafrost characteristics like active layer depth and mean annual ground temperature. The longest records available for Alaska extend over a century but are only available for a few locations within each climate zone. Many of these make up first order stations, w
	NOAA Climate Data Online
	Alaska Climate Research Center (ACRC) 
	Meteorological Assimilation Data Ingest System (MADIS)

	Figure
	Figure 10‐9 Totaled years of temperature observations between 1920 and 2012 at weather stations within the Global Historical Climatology Network database overlaid with the Alaska climate divisions (Bieniek et al. 2014a). 
	Figure 10‐9 Totaled years of temperature observations between 1920 and 2012 at weather stations within the Global Historical Climatology Network database overlaid with the Alaska climate divisions (Bieniek et al. 2014a). 


	Each of these organizations maintains a variety of products derived from land‐based station data. The makes it easy to find the hourly, daily, and normal observational data from Automated Surface Observing System (ASOS) and Automated Weather Observing System (AWOS) stations. Once dataset ID is known, NOAA also provides to programmatically query and download datasets. The Alaska Climate Research Center provides access to daily, monthly, and yearly summaries using NOAA data acquired from the Applied Climate I
	NOAA NCEI Map Viewer 
	API access 
	MADIS Surface 

	The advantage of using land‐based station data for permafrost analysis is that it is the closest reflection of the local environment. This means that it also reflects the any orographic effects present in that location. Given that orographic effects can strongly affect temperature, precipitation, and wind patterns, this is useful for permafrost applications. 
	For permafrost applications, land‐based station data has mainly been used by site‐level investigations. Larger regional, national, and international permafrost modeling efforts have transitioned to using gridded historical data to better capture landscape level characteristics. 
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