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PERMAFROST AND RELATED ENGINEERING PROBLEMS IN ALASKA

By Oscar J. FERRIANS, JR., REUBEN KACHADOORIAN,
and GORDON W. GREENE

ABSTRACT

Permafrost, or perennially frozen ground, is a wide-
spread natural phenomenon. It underlies approxi-
nately 20 percent of the land area of the world. The
rermafrost region of Alaska, which includes 85 percent
f the State, is characterized by a variety of perma-
rost-related geomorphic features including patterned

ground, pingos, thaw lakes, beaded drainage, thaw or
thermokarst pits, and muck deposits. Known perma-
frost thickness ranges from about 1,300 feet near
Barrow in northern Alaska to less than a foot at the
southern margin of the permafrost region. The dis-
tribution of permafrost is controlled by climatic,
geologic, hydrologic, topographie, and botanic factors.

The extensive permafrost region of Alaska poses

special engineering problems for the design, construc-
tion, and maintenance of all types of structures. Lack
of knowledge about permafrost has resulted in tre-
mendous maintenance costs and even in relocation or
abandonment of highways, railroads, and other struc-
tures. Because of the unique geologic-environmental
conditions that exist in permafrost areas, special
engineering procedures should be used, not only to
minimize disruption of the natural environment, but
also to provide the most economical and sound methods
for developing the natural resources of the perma-
frost region of Alaska.

INTRODUCTION

The recent discovery of potentially vast reserves of
oil at Prudhoe Bay in northeastern Alaska (estimates
range from 2 to 40 billion barrels) has focused atten-
tion on the geologic-environmental factors unique to
the Arctic which pose special engineering problems
for the design, construction, and maintenance of roads,
railroads, airfields, pipelines, buildings, and other
structures. Permafrost, or perennially frozen ground,
is the most significant of these environmental factors.

A road and railroad from Fairbanks in interior
Alaska to the Arctic North Slope have been proposed
to aid in the development of the mineral wealth of

this remote and presently inaccessible region. Pre-
paratory work is under way for the construction of an
800-mile-long pipeline extending from the oil fields
to Valdez, a year-round seaport. A winter road
connecting Fairbanks with Sagwon on the Aretic
North Slope has been completed. These major engi-
neering activities are just a part of the overall con-
struction effort that will take place in northern Alaska
because of the recent oil discovery and because of
potential future discoveries of other natural resources.

All this activity requires an understanding of the
arctic environment, to establish sound cost-saving
engineering procedures and to preserve the natural
environment insofar as possible. In most areas
where roads or buildings are constructed on perma-
frost, the procedures that cost the least in the long
run are those that disturb the natural environment
the least, and therefore, are conservation oriented.
Generally, the initial capital investment is greater
when correct procedures are used; however, mainte-
nance cost is considerably less. If improper procedures
are used, expensive maintenance cost far exceeds the
additional expense of the initial investment, and in
some cases, structures are damaged to the extent that
they become unusable after just a few months or
years. The financial losses caused by such problems
as impassable roads, unusable airstrips, or damaged
machinery in buildings which have settled differen-
tially can be extremely high.

Very few people realize the geographic extent of
permafrost or the magnitude of the problems it causes.
Approximately 20 percent of the land area of the

world is underlain by permafrost. Figure 1 shows the
extent of the permafrost zones in the northern hemi-

sphere where most of it occurs. In the southern
hemisphere, the main land area underlain by perma-
frost is Antarctica. About 50 percent of both Canada
and the U.S.S.R. and 85 percent of Alaska are within
the permafrost zones (figs. 1 and 2).

To date most permafrost research has been carried
on in the U.S.8.R.; major industrial cities have been

1
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FiGURE 1 —Extent of permafrost zones in Northern Hemisphere.
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FIGURE 2.—Distribution of permafrost in Alaska. Modified
after Ferrians (1965).
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built in the permafrost region. This construction
demonstrates that the deleterious effects of perma-
frost can be overcome, and that major development
can take place in the arctic regions. In regard to
the success of the Soviets, the following statement
(Muller, 1943, p. 2) is pertinent: “It is worth noting
that in Soviet Russia since about 1938 all government
organizations, municipalities, and cooperative societies
are required to make a thorough survey of permafrost
conditions according to a prescribed plan before any
structure may be erected in the permafrost region.”

The purpose of this report is to present a survey of
some of the more important aspects of permafrost
and to create an awareness of the tremendous prob-
lems that can be caused by constructing on, or other-
wise disturbing, permafrost if proper procedures are
not used. It is hoped that the information presented
will facilitate the development of the natural resources
of northern Alaska and at the same time minimize
disruption of the natural environment.

PERMAFROST
DEFINITIONS

Permafrost is defined exclusively on the basis of
temperature. It is rock or soil material, with or with-
out included moisture or organic matter, that has
remained below 0° C (32° F) continuously for two or
more years. In most areas it has remained frozen for
many thousands of years; however, permafrost can
be quite young in areas where very recent sediments

PERMAFROST AND RELATED ENGINEERING PROBLEMS IN ALASKA

have been laid down, where very recent changes in
the location of water bodies have taken place, and
where man has disturbed the terrain.

Permafrost may be ice free at 0° C when the water
it contains is saline or when it contains no water at
all. The latter is commonly referred to as dry perma-
frost. When permafrost contains clay, substantial
amounts of unfrozen moisture can persist at temper-
atures several degrees below 0° C because of the
depression of the freezing point by capillary forces.
Ice in permafrost can occur as coatings, grains, vein-
lets, or masses, and in unconsolidated materials it
commonly acts as a cementing agent making the mass
of unconsolidated materials hard as a rock.

The permafrost table is the upper surface of the
permafrost, and the ground above the permafrost
table is called the suprapermafrost layer. The active
layer is that part of the suprapermafrost zone that
freezes in the winter and thaws in the summer, or
simply, seasonally frozen ground. Because water in
the soil tends to reduce temperature fluctuations from
summer to winter, the summer thawing—and hence
the active layer—is deeper in drier materials. Seasonal
frost penetrates down to the permafrost table in most
places; however, if it does not, an unfrozen zone called
a talik remains between the bottom of the seasonal
frost and the permafrost table. Unfrozen zones
within and below the permafrost also are called taliks
(fig. 3). If the thickness of permafrost is increasing,
permafrost is said to be aggrading, and if decreasing,
permafrost is said to be degrading.

Active layer (seasonally frozen
ground)

Surface of ground

s

Talik (unfrozen ground be-
tween base of active layer
and permafrost table)

Suprapermafrost Iayer(ground\
above permafrost table in-
cluding taliks, if present)

Permafrost table (upper sur-
face of permafrost)

Permafrost (perennially frozen—__[
ground)

Talik (unfrozen ground within
permafrost)

|-Talik (unfrozen ground below
permafrost)

FI1GURE 3.—Occurrence of taliks in relation to the active layer, suprapermafrost zone, permafrost table, and permafrost.
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in a natural undisturbed state is normally in quasi-
equilibrium with all the environmental factors, but
in many areas this state of equilibrium is very sensi-
tive. The simple passage of a tracked vehicle that
destroys the vegetation mat is enough to upset the
delicate balance and to cause the top of the perma-
frost layer to thaw. This thawing ecan cause differ-
ential settlement of the surface of the ground, drainage
problems, and severe frost action. Once the equilibrium
is upset, the whole process can feed on itself and be
practically impossible to reverse. However, if a
structure is founded on permafrost that remains
frozen, the frozen ground provides rocklike bearing
strength. In special cases it may be practical to keep
the permafrost intact by using a refrigeration system.

Engineering problems in permafrost nearly always
are associated with the active layer (the layer that
freezes and thaws annually) and the active layer-
permafrost interface (permafrost table). Changes in
the surface environment, either natural or man made,
produce thermal changes in this zone that can have
serious effects upon engineering works and structures.

ENGINEERING PROBLEMS

The engineering problems associated with perma-
frost, are not similar in every type of rock or sediment.
For example, bedrock that contains ice in its fractures
will present few, if any, construction or maintenance
problems. Well-drained coarse-grained sediments
such as glacial outwash gravel, although below 0° C,
may not contain any ice. Here again few, if any,
construction problems will arise. If water is saline,
it will remain in the liquid state even if its temper-
ature is below 0° C. The problems associated with
this condition are different from those associated
with permafrost containing moisture in the frozen
state.

Major engineering problems arise where permafrost
occurs in poorly drained fine-grained sediments. In
such sediments there are generally large amounts of
ice, and when the thermal regime is disrupted the
ice begins to melt. The thawing produces excessive
wetting and undesired plasticity of the fine-grained
sediments and renders them unstable. This instability
can result in settling, caving, and subsidence of the
ground surface, and in many cases, in flowage of the
sediments either laterally or downslope.

During the winter months the active layer freezes
downward from the ground surface to the perma-
frost table. In the fine-grained material, formation
of this ice results in frost heaving.

Thawing of permafrost and the heaving and sub-
sidence caused by frost action are responsible for the

major engineering problems in the subarctic and
arctic regions. The following discussion on the thaw-
ing of permafrost, the freezing of the active layer,
and frost action on ground surface and on piles is
presented to prevent repetition of engineering prob-
lems. Many of the problems are common to most, if
not all, of the structures discussed.

Thawing of Permafrost

In the past it was engineering practice to remove
the protective vegetation cover during construction;
thus some of the insulating effect was lost. As soon
as the delicate thermal equilibrium is disrupted,
permafrost starts to thaw. The result of this thaw-
ing is to lower the permafrost table underneath the
fill and to make the active layer thicker. The thicker
active layer collects larger quantities of moisture,
and consequently during the winter greater heaving
of the ground surface occurs when the moisture
freezes. On the other hand, during the summer, the
active layer thaws and the sediments lose their
strength causing subsidence, flowage of sediments,
and landslides if the structure is on a slope.

With few exceptions, structures in the arctic require
some sort of pad or fill. The nature and thickness of
the fill—particularly the thickness— are the controlling
factors. Figure 17 shows the effects of the pad or fill
upon the temperature fluctuations, depth to the
permafrost table, and thickness of the active layer.
The result of too little fill is shown in figure 174. In
this example the insulating effects of the fill plus the
compacted active layer is less than the insulating
effect before construction. The result is thawing
permafrost and an increase in the thickness of the
active layer.

Figure 17B shows what will happen if the insu-
lating effects of the fill and the compacted layer is
greater than the original active layer. In this case,
the permafrost table is raised because the amplitude
of the seasonal temperature variation is smaller.

The procedures for calculating the appropriate
thickness of gravel fill for various climates and
materials are explained in detail by Lachenbruch
(1959). When the calculated thickness of fill becomes
so great as to be impractical, alternative procedures
are necessary, such as using insulating materials
under the fill.

Although the ice in the sediments is responsible for
the heaving, it does give the sediments strength
during the winter. However, when the ice melts
during the summer, this strength no longer exists and
the results may be damaging. If a structure is con-
structed during the winter, the ice-rich sediments will
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not fail, but when the ice thaws, the structure will be
damaged by subsidence or by flowage of sediments
from beneath the structure. Highways become im-
passable during the summer, whereas during the
winter they are considered to be relatively high-
speed roads.

Frost Heaving

Frost heaving has long been known as a major
destructive factor to structures. Although the frost-
heaving mechanism is complex, the major factors
controlling it are ground-surface temperatures, sur-
face condition of the soil, and characteristics of the
soil.  Soil properties include structure, permeability,
thermal properties, physical and chemical properties,
and moisture content. Of these factors, the most
important are the moisture content and texture of
the sediments.

The nature of the ice in the active layer, as well
as the thickness of the layer, has an important effect
on the amount of frost heaving. In relatively coarse
grained sediment with a low water content the ice
acts as a binder and does not produce much heaving.
If coarse sand is interbedded with silt and the water
content is not high, ice forms as layers in the silt and
as a binder in the coarse sand. In this case, thin ice
lenses are formed and moderate heaving results. If
the sediments are silt and fine sand and the water
content is high, large masses of segregated ice will
form and maximum frost heaving will occur.

Frost heaving is a major problem in the arctic and
subarctic primarily because most of the low-lying
areas are covered by fine-grained surface materials
which are poorly drained.

Frost Heaving of Piles

The use of piles for support of structures is as com-
mon in the arctic region as it is in the lower latitudes.
The problems, however, are quite different. In the
warmer climates, the chief problem with the use of
piles is to obtain sufficient bearing strength. In arctic
regions, the chief problem is to keep the piles in the
ground. Frost action heaves them up, and any struc-
ture placed upon the piles is also displaced upward,
usually differentially.

The force that tends to displace the piles upward is
generated in the freezing active layer and is a fune-
tion of the adfreezing strength between the pile and
the active layer, the depth to which the pile has been
driven in the active layer, and the perimeter of the
pile. The forces acting downward are the load upon
the pile, the weight of the pile, and the forces pro-
duced in the unfrozen active layer and in the perma-
frost. The force in the unfrozen active zone is the

skin-friction bond between the pile and unfrozen
ground over the lateral surface of the pile. The force
in permafrost is equal to the tangential adfreezing
strength between the pile and the frozen ground
distributed over the pile length and the lateral sur-
face of the pile.

The upward-acting forces become greater as the
active layer freezes, therefore the thicker the active
layer the greater the upward forces. The downward-
acting forces in permafrost depend on how deeply the
piles penetrate it. If the thermal regime is disrupted
and the permafrost starts to thaw, the downward
force of the permafrost becomes less and the upward
force of the active layer becomes greater. Conversely
if the permafrost table rises from its original position,
the downward force of permafrost becomes greater
after an initial upthrusting.

Péwé and Paige (1963, p. 364) give a hypothetical
example of seasonal frost penetration (freezing of
active layer) into silt and show the possible upward
forces on a 40-inch-perimeter pile. Their data are re-
produced in this report as table 3. Note that the up-
ward force becomes greater as the frozen layer
becomes thicker at a rate of about 21,600 pounds per
foot. It should be stated that Péwé and Paige had
to make the assumption that the texture of the silt
and the water content was the same throughout the
4'%-foot zone. These two factors definitely influence
the bond between the frozen active layer and the
pile, and therefore the tangential adfreezing strength.
The general discussion of thawing permafrost, the
freezing active layers, and frost heaving of piles given
above applies to all the deseriptions of individual
structures that follow. The problems are common to
all structures in the arctic.

TABLE 3.—Hypothetical example of seasonal frost penetration into
silt in central Alaska and possible upward push on L0-inch-
perimeter pile (ground temperature constant)

[After Péwé and Paige, 1963, p. 364]

Depth of frost
penetration

Maximum force

Date pushing upward

(feet) (pounds)
November 1__ __ __ __ __ ____ 1 21,600
December 1 __ __ __ __ __ ____ 1% 32,400
Januvary 1__ __ __ ____ ______ 2 43,200
February 1__ __ __ __ ________ 3 64,800
Marech 1__ __ ______________ 4 86,400
Aprill__ __ __ __ __ ________ 41% 97,200

SPECIFIC STRUCTURES

The problems associated with permafrost and frost
action affect structures in numerous ways. There-
fore, a brief description of the engineering problems
associated with these effects is presented in the fol-
lowing pages.
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Railroads

Railroad engineers prefer to keep grades under 2
percent (2 ft of vertical for every 100 ft of horizontal
distance). Unfortunately this requires tha* the road-
bed be placed in low-lying terrain which is usually
underlain by poorly drained fine-grained sediments
containing permafrost. Therefore, construction
problems arise, and expensive maintenance problems
develop.

The Alaska Railroad, which runs from Seward (mile
0) to Fairbanks at mile 470.3 (fig. 18), was started
about 1910 by a private company, The Alaska Central,
and was completed in 1923 by The Engineering Com-
mission.

Railroad personnel encountered many construction
problems because of thawing permafrost. A minimum
of fill and ballast was placed on the right-of-way,
causing areas underlain by ice-rich permafrost to
chaw. When the thawing occurred the fine-grained
sediments lost their strength and the sediments either
subsided or flowed from underneath the roadway.

The roadway of The Alaska Railroad is underlain
locally by ice-rich permafrost where sediments are
fine grained and poorly drained between Broad Pass
(mile 304.5) and Dunbar (mile 431.6) and almost con-
tinuously from Dunbar to Fairbanks, where the rail-
road follows the valtey of Goldstream. The mainte-
nance from Dunbar to Happy (mile 463.0) amounts to
about $200,000 per year (T. C. Fugelstad, The Alaska
Railroad, personal commun.) because of the need to
install shims beneath the rails and replace ties dama-
ged by frost heaving during the winter. Locally,
slower than usual train speeds (slow-orders) are in
effect during the winter with a consequent loss to
The Alaska Railroad.

When winter has passed and summer arrives, The
Alaska Railroad has other permafrost problems. In
summer the active layer and eventually the under-
lying permafrost starts to thaw. When this happens
the track subsides, usually differentially (fig. 19).

If the subsidence is not corrected yearly and the
track not brought to grade, the track would look like
the roadbed shown in figure 20. The railroad which
ran from McCarthy to Cordova (fig. 18) was con-
structed in 1911 to carry copper ore to the port of
Cordova. The railroad was abandoned in 1938, and
much of its roadbed is now being incorporated into
the Copper River Highway.

During the summer The Alaska Railroad places
great quantities of gravel in the sink holes caused by
thawing permafrost in order to maintain grade. Line

changes and ditching are also required in order to
control permafrost problems. About $177,500 is spent
annually to correct the effect of the thawing.

At Moody, a point on The Alaska Railroad where it
follows the Nenana Canyvon through the Alaska
Range toward McKinley Park, the roadbed is under-
lain by fine silt and clay that was deposited in an
ancient glacial lake. The temperature of permafrost
here is close to 0 C, and when the railroad was con-
structed the thermal equilibrium was disrupted and
the permafrost started to thaw. Over the years this
thawing has required numerous line changes and
remedial measures. Figure 21 shows some of the land-
slides that have occurred. Figure 22 is a photograph
of the landslide area near mile 353.5. Piles were
driven immediately downslope from the rails in order
to prevent the tracks from sliding into the canyon. The
pebbles, cobbles, and boulders shown in the photo-
graph are from the gravel which overlies the lake
silts and clays. Vertical displacements at the Moody
slide have been as much as 4 feet in one day. During
the period when landsliding is expected, the track is
patrolled in advance of all trains. Remedial measures
to combat the landsliding vary from year to year.
During the summer of 1967, over $400,000 was spent
to realine the track and bring it to grade.

Many bridges on The Alaska Railroad are also
affected annually by frost heaving and require
maintenance. Time does not permit a discussion of
all the structures, and therefore only two bridges are
described—one supported by piles and the other by a
concrete pier.

The bridge at mile 458.4, in Goldstream valley,is 71
feet long and supported by six bents of wooden piles.
Péwé and Paige (1963, p. 380-383) present a detailed
description of this structure. A summary of their
description of the bridge and its history follows.

The bridge, which was constructed in 1917, is under-
lain by perennially frozen silt. The permafrost table
on September 20, 1954, was 11 or 12 feet below the
ground surface at the ends of the bridge and 13 feet
deep under the creek.

This wooden-pile bridge has had a continual history
of frost heaving and was affected more than any
other wood-pile bridge on The Alaska Railroad. The
earliest record of pile history was in 1923 at which
time all the piles were replaced. The new piles were
sunk to depths ranging from 12 to 23 feet, the great-
est penetration being at the end bents. During the
winter of 1952-53, Péwé and Paige report that the
center of the bridge was heaved 14 inches—a dis-
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