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Preface

Perennially frozen ground, or permafrost,
underlies an estimated 20 percent of the land
surface of the earth, It affects many human
activities, causing unique problems in agri-
culture, mining, water supply, sewage disposal,
and construction of airflields, roads, railrocads,
urban areas, and oil and gas pipelines. There~
fore, understanding of its distribution and
behavior is easential.

Although the existence of permafrost has
been known to the inhabitants of Siberia for
centuries, not until 1836 did scientists of the
Western world take seriously the accounts of
thick frozen ground existing under the forests
and tundra of northern Eurasia. In that year,
Alexander Theodor von Middendorf measured
temperatures to a depth of approximately 107 m
in permafrost in the Shargin Shaft, an unsuc-
ceasful well dug in Yakutsk for the governor of
the Russian-Alaskan Trading Company. It was
estimated that the permafrost there was 215 m
thick. For over a century since then, scien-
tists and engineers in Siberia have been
actively studying permafrost and applying the
results of their research in the development of
the region. Similarly, prospectors and ex-
Plorers have been aware of permafrost in
northern North America for many years, but not
until World War II were systematic studies
undertaken by scientists and engineers in the
United States and Canada.

As a result of the explosive increase in
research into the scientific and engineering
aspects of frozen ground since the late 1940s
in Canada, the United States, the USSR, and,
more recently, the People's Republic of China,
and Japan, among other countries, it became
apparent that scientists and engineers working
in the field needed to exchange information on
an international level, The First International
Conference on Permafrost was therefore held in
the United States at Purdue University in
1963. This relatively small conference was
extremely successful and yielded a publication
that is still used throughout the world. 1In
1973 approximately 400 participants attended
the Second International Conference on Perma-
frost in Yakutsk, Siberia, USSR. By that time
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it had become apparent that a conference should
be held every 5 years or so, to bring together
scientists and engineers to hear and discuss
the latest developments in their fields. Thus
in 1978 Canada hosted the Third International
Conference on Permafrost in Edmonton, Alberta,
including field trips to northern Canada.
Approximately 450 participants from 14 nations
attended, and Chinese scientists were present
for the first time. The published proceedings
of all three of these conferences are available
(see p. 1524),

In Edmonton it was decided that the United
States would host the fourth conference, and a
formal offer was made by the University of
Alaska. Subsequently, the Fourth International
Conference on Permafrost was held at the
University of Alaska at Fairbhanks, July 17-22,
1983, It was organized and cosponsored by
committees of the Polar Rezearch Board of the
National Academy of Sciences and the State of
Alaska. Local and extended field trips to
various parts of the state and northwestern
Canada, to examine permafrost features, were
made an integral part of the conference.

Approximately 900 people participated in
the numerous activities, and 350 papers and
poster displays from 25 countries were
presented at the conference. Many engineering
and scientific disciplines were represented,
including civil and mechanical engineering,
s0il mechani¢s, glagial and periglacial geology,
geophysics, marine science, climatology, soil
science, hydrology, and ecology. The formal
program consisted of panel discussions followed
by paper and poster presentations. The panels
considered the following themes: pipelines,
climatic change and geothermal regime, deep
foundations and embankments, permafrost terrain
and environmental protection, frost heave and
ice segregation, and subsea permafrost.

The U.S. Organizing Committee is indebted
to the many sponsors for their financial
support, to the technical and professional
organizations which participated in the
program, and to the local Fairbanks organizers
for their efforts, which resulted in a highly
successful meeting.

Jerry Brown, Chairman

Polar Research Board

U.8. Committee on Permafrost
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Conference Publications

The official proceedings of the conference
congist of: (1) the Abstract and Program vol-
ume, which was published prior to the conference
and is available from the University of Alaska;
(2) the present volume of 276 contributed papers
by authors from 22 countries; and (3) a final
volume that will contain the panel and plenary
presentations, additional contrjibuted papers,
and a list of participants.

A review group, acting under the U.S.
Organizing Committee for the Fourth Inter-
national Conference on Permafrost, was respon-
sible for reviewing the abstracts submitted in
response to the initial call for papers, and
later for reviewing the papers themselves. To
accomplish these tasks within the span of the
year preceding the conference, strict deadlines
were imposed and enforced. The review group
met twice at the National Academy of Sciences,
first in the fall of 1982 and again in April
1983,,

The objective of the group was to ensure
the preparation of scientifically and tech-
nically sound camera-ready copy on a schedule
consistent with the desire to have the con-
tributed papers published by late 1983. The
task was greatly facilitated by the ability of
the authors to prepare their own camera-ready
copy within the deadlines.

More than 200 reviewers were called on to
ensure an adeguate and timely critigue of each
manuscript. These reviews were carried out with
generous cooperation from Canadian specialists.
The papers from the USSR were accepted on the
basis of Soviet review prior to submigsion to
the U.8. Organizing Committee. The Soviet
camera-ready copy was prepared in the United
States following revision of their English—
language manuscripts. An additional 30 Soviet
papers are being prepared for publication in
the final proceedings volume. The authors from
the People's Republic of China were provided
review and editorial comments, and their papers
were then returned to them for final
preparation.

The members of the review group were:

Robert P. Miller, Chairman, Cornell University

Duwayne M. Anderson, State University of New
York, Buffalo (Remote Sensing and Planetary
Geophysics)

Robert F. Black, University of Connecticut
(Periglacial and Permafrost)

Joseph M, Boyce, National Atmospheric and Space
Administration (Lead Reviewer, Remote
Sensing and Planetary Geophysics)

Robert F, Carlson, University of Alaska,
Fairbanks (Hydrology)

John Dennis, U.S5. Park Service (Ecology)

Hugh M. French, Ottawa University (Lead
Reviewer, Periglacial and Permafrost)
Laurel E. Goodrich, National Research Council
of Canada (Thermal and Mechanical

Engineering)

William D. Harrison, University of Alaska,
Fairbanks (Geothermal and Subsea)

Hans Q. Jahns, Exxon Production Research Co.
{Lead Reviewer, Geothermal and Subsea)

C. William Lovell, Purdue University (Lead
Reviewer, Civil Engineering)

Virgil Lunardini, Cold Regions Research and
Engineering Laboratory (Lead Reviewer,
Thermal and Mechanical Engineering)

Howard Thomas, Woodward-Clyde Consultants
{Civil Engineering)

Leslie Viereck, U.8. Forest Service (Lead
Reviewer, Ecology)

Ted S. Vinson, Oregon State University (Civil
Engineering)

John R. Williams, U.S. Geological Survey (Lead
Reviewer, Hydrology)

Louis DeGoes, Secretaxy

The generous editorial assistance of the
Cold Regions Research and Engineering Laboratory
and the National Research Council during various
stages of manuscript review and preparation is
gratefully acknowledged. A special note of
appreciation is due to Louis DeGoes for his
dedicated efforts throughout the planning and
review stages of the preparation of the
proceedings.

In addition to the proceedings, a series of
field trip guidebooks was published by the
Alaska Division of Geological and Geophysical
Surveys and is available from that agency in
Fairbanks. A special permafrost bibliography
of over 4,000 citations was published by World
Data Center A for Glaciology in Boulder,
Colorado, as Glaciological Data Report GD-14.
The bibliocgraphy covers much of the world
literature on permafrost published during the
last five years.

R.P. Miller, Chairman
Paper Review and Publications
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ON THE RELATIONSHIP BETWEEN THE STRUCTURE AND CHARACTERISTICS
OF BEDROCK MASSES AND THEIR PERMAFROST HISTORY

V. E. Afanasenko, V. N. Zaitsev, V. E. Romanovskii,
and N. N, Romanovskii

Geology Department,
Moscow State University, Moscow, USSR

Comprehensive investigations in the areas of permafrost hydrogeology and engineering
geology within the Stanovoy and Mongol-Okhotsk folded systems revealed the presence

of horizons and zones of severe jointing in the bedrock.
there was no permafrost and at the top and bottom of the permafrost.

They occurred both where
The thick-

ness of the zones involved reaches 100 m and more, and the ice content where the

rock is frozen reaches 6-10% by volume.

The formatiom of these horizons of

severely-jointed rock is related to the dynamics of permafrost development during
climatic changes in the Late Pleistocene and Holocene, specifically to intemse

frost shattering caused by repeated freeze-thaw.

These horizons and zones of severe

jointing exert a major influence on the formation of the existing subsurface drainage
and of talik zones which operate both as recharge and discharge zones in terms of
groundwater and also as lateral transfer zones beneath the permafrost.

The blocks of mountain bedrock in the zone of
sporadic permafrost distribution have specifie
structural characteristies, i.e. tlie highly jointed
horizons of exogenous origin. In the hydrogeologi-
cal aspect these are hydrogeological blocks of
insular and sporadic freezing. Their highly joint=
ed horizons are most commonly the highly saturated
zones, the water of which is of great economic value
for industrial and municipal water supply.

The structure and characteristics of bedrock
blocks were studied in the central part of the
Baikal Amur Railway zone, an area subjected to
multiple and substantial changes of the frozen
state in Pleistocene and Holocene time. Those are
Stanovaya and Mongol-OQkhotsk mountain regionsicom—
posed of rocks of the Early Proterozoic age, as
well as Paleozoic and Mesozoic folded belts.
Similar to other regions of the Baikal region, the
Transbaikal region, and the Verkhoyano-Kolymskaya
mountain-folded regions, subjected to substantial
transformation of the total frozen state in the
Quaternary period, it is suggested that the state
and characteristics of the hard and semihard rock
blocks of the territory in question have been
changed by the dynamics of permafrost.

To identify regional characteristics of cryo-
genic disintegration near the upper and lower
boundaries of permafrost, special investigations
based on electrical prospecting methods were
carried out. The distribution of the most typical
structural characteristics of the zone of exogenic
jointing of bedrock blocks within the study area,
the permafrost thickness, and the density of the
component rocks, were primarily established. The
techniques suggested by Piotrovskaya and Romanovsky
(1982) were used. The most probable values of the
thickness of the exogenic density zone and specific
electric resistance of the unfrozen jointed bedrock,
characterized by extensive areal occurrence, are
given in Table 1.

Usually, a normal field of thickness distribu-

tion of the exogenic jointed zone of the study area
has apparent anomalous areas of two types, within
which the values are higher by two or more times
than the background omnes,

The first amomalous type includes linear zones
having faults with a break in continuity. The
anomalous areas of the second type are confined to
the valleys of large rivers such as the Gilyui,
Ilikan, etc., formed within a relatively long
period of Early-Mid Pleistocene entrenchment
(Piotrovskaya and Romanovsky 1982). Such areas
commonly extend one or more km across the whole
width of these valleys.

The formation and further development of high
thickness of dispersion zomes, in the aforementioned
valleys, were caused not only by initial jointing
along the linear tectonic disturbances, but also
by subsequent processes of c¢ryogenic disintegration
causing formation of a jointed weakened zone in the
upper part of the bedrock blocks. The anomalously
great thickness of such jointed zones was observed
by us only in ancient-stage valleys and did not
occur in younger valleys formed as a result of
Holocene entrenchment. Thus, the upper and oldest
part of the Gilyui River valley is characterized
by a great thickness of jointed zones. The down-—
stream part of the valley was shaped later. The
zones of exogenic jointing were either insignifi-
cant or absent.

Regional analysis of ice-filling of the jointed
zones in the frozen part of the bedrock blocks,
using the electrical prospecting techniques and
prototype observations, made it possible to identify
zones of complete ice saturation, up to their
"bulged" state, in the section of frozen bedrock.
The latter is indicative of intensive processes of
cryogenic disintegration in these parts of bedrock
blocks. The disintegration processes are confined
to specific relief forms having different terrain
expression.

Upon studying regional variability of rock ice-



TABLE 1
jointed bedrock.

Thickness parameters for the dispersion zone and specific electriec resistance of the thawed

Dispersion zone thicknesses (m)

Specific electric resistance of rock

Total
number of
measurements

Elementary geological body n

Medium
0, m

Total number
of measure-
ments
n

Medium
8, k .m

Standard

Standard
5 @, m

$6, k .m

1) Dispersion zone of metamorphic
rock blocks of Archean age. The
surface corresponds to the
Pliocene/Mid-Pleistocene relief
stage (upper horizon)

The same (lower horizon)
Dispersion zone of similar
blocks, but the surface formed
as a result of the Upper-
Pleistocene-Holocene entrench-—
ment cycle (lower horizon)
Dispersion zone of Proterozoic
granitoid blocks ( PR) within
the Plioccene/Mid~Pleistocene
surfaces

Dispersion zone of Mesozolc
granite blocks ( Mz), whose
surface corresponds to Plio-
cene/Mid-Pleistocene stage

26
2)
3

=

4)

38
5)

53.6
100

53.3

51.2

44,0

1.2 166

85

B -
.
O

36 4.3 0.25

1.0 93 2.3 0.04

2.8 4.0 0.38

filling, we used the values of specific electric
resistance (SER) of frozen jointed bedrock, ob-
tained in geophysical studies and confirmed by
prototype observatioms. 1In this case, it seems
convenient to use the index of rock ice-~filling
rate, introduced by us as a function:

Pfr
Pric = P
mon
where Pgr = SER of frozen jointed rocks;
P%on = SER of the unfrozen "monolith" part
of the same rock block.
According to the data, the value of the Pyie

parameter is different for divides and valley
areas, thus confirming the substantial differences
in conditions of permafrost formation and its cryo-
genic structure within the limits of these relief
forms.

The values Ppie = 0.35 - 0.95 are most charac-
teristic of the lowest part of the section of
frozen jointed bedrock on slopes and low (to an
altitude of 1100-1300 m) on interfluves. Prjc
rarely exceeds 1.0 here. It means that the frozen
rocks of such areas are, as a rule, characterized
by inherited cryogenic structures and low ice
content, The joints of such rocks, in the belt of
weathering, are only partially filled with ice.
This cryogenic structure of jointed rocks points
to the weakening of cryogenic disintegration here
at present,

The frozen jointed bedrock, at the lower perma-
frost boundary in the ancient-stage valleys, is
most commonly characterized by the values of Priq =

1.2 to 2.3. The values of Pyj. below 1.0 are ex-
tremely rare. Most of the joints are entirely
filled with ice, and, in many cases, the rocks
occur in the "bulged" state, The high ice content
seems to give unequivocal evidence of active cryo-~
genic disintegration both recently and at present.

Studies of the intensity of cryogenic disinteg-—
ration at the base of permafrost within the so-
called bald mountain belt are of particular inter-
egt, Due to the effects of altitudinal zonality,
such areas vere distinguished by the most severe
temperature conditions during the whole period of
perennial frozen ground existence and development.
It resulted in deep freezing of bedrock blocks. It
is supported by the results of our geophysical
studies on the bald mountain divide surfaces above
the altitude of 1400 m in the Soktakhan range, as
well as within the Stanovol range at an altitude
of 1300-2000 m. Permafrost thickness in these
areas reaches between 200 and 500 m. The presence
of highly jointed bedrock immediately under the
permafrost layer is characteristic of the section.
Besides, in many areas the perennially frozen rock
series has a more complex structure. Two intervals
of high ice content, upper and lower, interbedded
with ice-poor frozem rocks, are common in the
section. The structure of this section suggests
that eryogenic disintegration of the rock near the
base of bedrack blocks of the bald mountain belt,
as well as in the upper part of the perennially
frozen rock section was most intensive during the
Pleistocene and Holocene.

To understand fully the scope of our findings on
the intensity and total development of dispersion
zones in the cryogenic series, it is necessary to
approach the problem from a historical aspect and



to relate the principal structural characteristics
and properties of bedrock blocks to "permafrost”
history. As mentioned above, cryogenic disinteg-—
ration of bedrock blocks in the "permafrost" zome
was caused by multiple processes of partial or
complete freezing or thawing of rocks at the base
or in the upper part of the frozen section. These
processes result in a substantial increase in rock
jointing and porosity.

It is common knowledge that one of the basic
indicators of continuous existence of frozen series
during the Fleistocene was the presence of syngene-
tic multiple-veined ice in sections in Quaternary
deposits of different ages. In our studies and
also in those of Alekseyev (1968), Maksimova (1971),
Kaplina et al. (1975), Vtyurin (1976), the occur—
rence of syngenetic multiple-veined ice in sedi-
ments of the first, second and third terraces above
the floodplain on the floors of the Olekma, Ust-
Nyukzha, Zeya, Gilyui, G, and M. Olda and other
river valleys, i.e., approximately up to 54° N has
been established. The upper surface of the ice
veins is, as a rule, "detached” from the present
base of the active layer by 0.8-1.5 m. The space
over the vein is filled with peaty sandy loam,
sand, peat or ice of thaw-lake origin. This strue~
ture of the upper parts of syngenetic ice wedges is
indicative of the fact that in the warmest periods
of Upper Pleistocene and Holocene some parts of
valley floors and intermountain areas were charac-—
terized by a considerable increase in the mean
annual rock temperature within the range of their
values below 0°C and in the depth of seasonal
thawing (2-3 fold as compared to the present
levels). The frozen series did not thaw everywhere
or completely, It was largely controlled by high
ice content (up to 50-707%) of the mantle of uncon-—
solidated deposits, substantial heat-insulating
effects of surface moss-peat covers, the effect of
the negative temperature shift at the base of the
seasonally-~thawed layer and the present inversion
in distribution of the mean annual air temperatures
from divides to valley and depression floors. The
long~term (secular and millenial) increases and
decreasas of mean annual rock temperature should
result in substantial shifts (up to 100 m) in the
lower frozen ground boundary. Besides the valley
floors, the most favorable conditions for lomng
"preservation" of perennial frozem rock in the
periods from the Mid-Pleistocene to the present
have occurred within the limits of the cooling
belt, most persistent in time, coineiding with the
bald mountain part of the Stanovoi, Dzhugdyr,
Tukuringra, Soktakhan and Dzhagdy ranges, confined
to altitudes of over 1300~1500 m. Multiple and
substantial displacements of the lower permafrost
boundary occurred here, as in the valley floors.
The displacements are indicated by new electric
prospecting data on the frozem zone structure of
the mountain structuresg, mentioned earlier, as well
as by the data presented by Kaplina et al. (1975).
Most high-temerature frozen rock series are formed
within the belt, transitional from the inversion
to the altitudinal-zonal one. We place in this
category the low, smoothed interfluves and gentle
slope areas adjacent to the mountains and bordering
the Upper-Zeya and Uda depressions, as well as the
Amur-Zeya plain, In the Late Pleistocene and
Holocene, these areas were evidently noted for

multiple neogenesis of frozen series and their
thawing. The thawing is indicated by the absence
of syngenetic multiple~veined ice on these relief
forms, as well as by the present wide occurrence of
sporadic frozen series and areal zones with high
bedrock jointing traced to a depth of over 50 m,
as already mentioned. The syngenetic multiple

ice wedges did not ocecur in either relief form of
Amur~Zeya plain, i.e. south of Tukuringra-
Soktakhan-Dzhagdy mountain range, although cases
of pseudomorphism occurrence have been described
for them in the literature. The thawing is most
likely indicative of a complete areal degradation
of perennial frozen rocks on the Amur-Zeya plain
during the Holocene climatic optimum. The thawing
is also supported by wide occurrence of large
relict thermokarst forms there (up to a few km
across), on the interfluves of the upper reaches
of the Onon, Ulmin, Olga and Tu rivers, and also
by the presence of hummock-and-sink hole micro-
relief in the Selemdzha and Byssy river basins.
According to Mordvinov (1940), the formation of
such forms was caused by complete thawing of
multiple ice wedges during the Holocene climatic
optimum. Our calculations of perennial freezing
support the idea that the maximum thickness of
frozen ground observed at present on the Amur-Zeya
plain (about 50-80 m) could have formed between
3000 and 4000 years ago in the period of Late-
Holocene cooling that followed the climatic optimum.

The principal changes in the physical state of
hard rock (thawed and frozen) had a substantial
effect on rock jointing and porasity in those
intervals where the changes were most substantial
and recurrent.

Rather extensive weathering crusts were recorded
by us and a number of other researchers in the
upper part of the MFR section within a wide strip
of the submontane area bordering the Upper Zeya and
Uda depressions, and Amur-Zeya plain. This
weathering crust type, with a thickness reaching
40-50 m, has attracted attention from experts im
different fields. Thus, it was reported by
Alekseyeva (1978) that vermiculite weathering
crusts were found on intermediate and basic igneous
rocks that are enriched with biotite and phlogopite.
The formation of such weathering crusts is related
by the researcher to rock disintegration and leach-
ing. The ocecurrence of the weathering crusts
formed on the account of cryogenic disintegration
is supported by the recent findings of "Mosgipro-
tans" Institute. Thus, weathering crusts were
discovered in the sections of a number of mountain
hollows and quarries along the foothills bordering
the Upper-Zeya depression, commonly with high-
pressure ground water that causes active ice
formation in winter.

The development of intensive jointing and cryo-
genic disintegration zomes affects the saturation
of bedrock, its permeability and the capacity for
subsurface drainage. Areas with well washed joints
and high rock porosity are developed in areas of
intensive subsurface drainage with infiltration
and pressure filtration. Additional ground water
pressure is developed in the same areas with an
attenuated subsurface drainage and joints filled
with a fine-dispersed filler, because these rocks
constitute poorly conducting media.

In areas adjoining the linear persistent large



faults with a break in continuity, the thickness
of dispersion zones and those with highly jointed
rocks may reach 100=150 m.

The thickness of the upper horizon of high
jointing and rock weathering beyond tectonic dis-—
turbances changes within 10-30 m, reaching some-
times over 50 m. The rocks of this horizon are
irregularly saturated in their thawed state,
because they commonly contain a great amount of
finely-dispersed material and serve as confining
beds in this case. In cases where the horizon's
rocks congtitute highly broken hard rocks, but with
a small amount of finely-dispersed filler ("collap-
sible” rock), they have good filtration character-
isties and are, as a rule, saturated.

Our electrical prospecting suggests that the
zones of cryogenic disintegration are confined to
the lower permafrost interval of the rock blocks.
The dispersion zones below the base of the perma-
frost, discovered within the valleys of large and
medium rivers of "pre-Holocene" occurrence, as well
as within the bald mountain belt (at over 1300 m
altitude), are 40-100 m thick. In the frozen part
of the section, the rocks of these zones are
characterized by relatively high ice content,
but in the unfrozen state they are characterized
by high saturation. )

The principal movement of artesian water takes
place at the base of permafrost in highly jointed
zones of cryogenic origin within the limits of all
hydrogeological blocks of the investigated regiom,
both of sporadic and continuous shallow freezing.
They are fed through infiltration taliks in inter-
fluves and from the upper courses of small river
valleys, although the discharge occurs through the
pressure~filtration taliks in river valleys. The
latter results in intensive icing formed by ground
water discharge in winter.
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MEASUREMENT OF PERMEABILITIES OF FROZEN SOILS

Jaime Aguirre~Puente and Jacques Gruson

Laboratoire d'Aédrothermique, Centre National de la Recherche Scientifique
4 ter, route des Gardes, F92190 Meudon, France

A method for the measurement of the permeability of frozen soils is proposed. It comsists
of applying a temperature below 0°C only to the central portion of a cylindrical specimen
of a porous medium and a positive temperature to the other two portions. To fix and know
the position of the 0°C isotherm it is necessary to impose the same absolute value to the
two tempeératures. It is possible to use this method without limitation of the explored
domain of temperatures. The first apparatus that was constructed is described, and the re-
sults of permeability measurements on a silt at -0.3°C are given and discussed. The expe-—
rience acquired has led to the construction of a second, improved permeameter and to fore
see new supplementary protections against small variations of temperature in the experimen-
tal room, which were found to have an important influence on the stabilization of the ther-
mal and flowing regimes and reproductibility of experiments.

INTRODUCTION

In a porous medium of fine texture the water
contained in the pores undergoes a phase transforma-
tion process that is progressive with the evolution
temperature below zero degree Celsius. For a given
temperature in an isothermal system the ratio of
the quantity of liquid water to the mass of the so-
1id matrix adopts a value which corresponds to ther
modynamic equilibrium. This equilibrium is assumed
to exist in each pore of the system; it depends on
the interface phenomena and on the sense of the ther-
mal variation which the medium has undergone to at-—
tain an isothermal condition. Water in the liquid
state iz normally assumed to be present as adsorbed
water in a film between the solid matrix and the
ice in the pores. A particular characteristic of
this water film is its apparent high stress-bearing
capacity in a direction perpendicular to the film
(Vignes-Adler 1975) despite of the high mobility of
the molecules of water.

On the other hand, when a moist porous medium
is subject to freezing, a cryogenic suction appears
near the ice-water interface existing in the pores.
On a macroscopic scale this suction results in a de-
pression of the interstitial water and causes a wa-
ter flow from the warmer to the colder portions of
the system; this moving water solidifies on the ice
interfaces encountered during the flow. The water
flow takes place through the unfrozen porous medium
and also through the films of adsorbed water (Aguir-
re-Puente et al. 1977). Distillation acress the ice
crystals formed in the pores also allows the trans-
fer of mass (Miller 1970).

During the freezing of a porous medium a distri-
bution of temperature is established, and a phase-
transformation layer appears the thickness of which
depends on the texture and the nature of the matrix.
Complex interactions between the thermal, physico-
chemical, and mechanical parameters determine the
intensity of the cryosuetion, the rate of water
movement, and the position and rate of inecrease of
the ice lenses (Aguirre—Puente et al. 1977). In ge-
neral,it may be stated that these phenomena are much

more intense if the porous medium has a fine texture,
if the temperature gradients are small, and if the
duration of the phenomena is extended in time.

To acquire a better understanding of the zones
of phase transformation and the regimes of water
migration induced by thermal gradients, it is neces
sary to determine the laws governing the cryosue-
tion and also the characteristics of permeability
of soils at temperatures below 0°C (Aguirre-Puente
et al. 1977).

The purpose of this paper is to propose a method
for the measurement of the permeability of frozen
soils, and to describe the permeameters fabricated
in the Laboratoire d'Aérothermique. The preliminary
results obtained for a silt soil, and the difficul-
ties experienced during our research are discussed.

PROBLEMS ENCOUNTERED IN THE
MEASUREMENT OF PERMEABILITY

For the measurement of the permeability of fro-
zen soils, the use of a classical permeameter, main
tained below 0°C, is excluded because the free water
at the inlet and outlet reservoirs of the apparatus
will freeze. The ice will then block the flow des-—
pite the persistence of capillary and adsorbed wa-
ter around the particles of the medium.

However, the principle of a classical permeame—
ter may be used under isothermal conditions if tem~
peratures only slightly below 0°C are employed in
order to maintain the free water of the reservoirs
in a supercooled state. In this case, to obtain the
freezing of the soil it is necessary to produce nu-
cleation of ice in the interstitial water by intro-
duction of a nucleating agent that ipitiates the
phase transformation. Membranes permeable to water
but impermeable to ice must be placed at the extre-
mities of the test sample to prevent freezing of
the supercooled water in the reservoirs. In this
method, used by Miller et al. (1975), the tempera—
ture range of utilization is limited by the degree



of supercooling achieved.

A more elaborate system for eliminating the solj
dification of water in the reservoirs at the extre-
mities was conceived by Burt and Williams (1976).
The system consists of immersion of the permeameter
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FIGURE 1 First permeameter constructed

in a thermostatic bath. The central portion of the
permeameter contains the soil saturated with pure
water, and two semipermeable membranes are provided
ar the extremities to separate the central portion
from the end reservoirs. The supercooling of the 1i
quid bath and of the end reservoirs is obtained by
using a solution of lactose. The semipermeable mem—
branes permit water to pass through but restrict
the passage of dissolved molecules, theteby allowing
the water of the sample to remain pure. Freezing of
the porous medium is accomplished by a nucleating
agent introduced from the exterior. The temperature
domain that may be explored with this system is li-
mited by the freezing point of the lactose solution
Despite this limitation however, the lactose system
may also be used for the study of nonisothermal sys
tems and to draw conclusions concerning the mecha-
nism of freezing (Williams and Wood 1982).

DESCRIPTION OF THE METHOD AND APPARATUS EMPLOYED

At the Laboratoire d'Aérothermique du CNRS an
apparatus for the measurement of permeability
of frozen porous media based on the principle of

the classical permeameter was constructed. Pure
water is used to saturate the porous medium and to
supply the reservoirs and channels of the permea-
meter during the experiment. To eliminate freezing
of the free water present at the extremities of the
apparatus, only the central portion of the test spe
cimen is kept at the desired negative temperature,
while the two extreme portions and the end reser
voirs are maintained at a positive temperature.The
effective length of the frozen portion to be consi-
dered for the calculation of permeabiliry is defi-
ned by the two freezing fronts formed in the porous
medium. To impose the position and to prevent any
major displacement of these freezing fronts, the
two extreme portions of the specimen are maintained
at a positive temperature having the same absolute
value as the negative temperature of the frozen
portion. If the precise temperature of the freezing
front in the porous medium is known, the symmetry
must be accomplished in relation to this tempera
ture.

The system consists of a copper cylinder contai
ning the specimen, which is enclosed by a coaxial
cylindrical sleeve. Two plastic plates in the form
of a hollow disc having low thermal conductivity
(celeron) are placed perpendicular to the axis in
order to divide the annular space into three com-—
partments. Cryostats and thermostats are used to
maintain the two temperatures symmetrical with res
pect to 0°C (or the characteristic temperature of
the freezing front) in the compartments of the an
nular space by means of the cireulation of liquids

Figure 1 shows the first apparatus constructed.
It was used for the experiments discussed in this
paper., The diameter of the test specimen and the
effective length of the frozen portion are appro=
ximately 3 cm and 10 cm, respectively.

The test material was compacted layer by layer
in the cell, and its moisture content and the
degree of compaction were rigorously controlled.
Pistons provided with porous plates were tightly
fixed at the extremities of the specimen after the
compaction.
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In the preliminary experiment a rapid freezing
was used as a first step to avoid the phenomenon of
gupercooling in the central portion of the sample
and the resulting modification of the soil structu-
re. For this purpose temperatures of about -40°C
and +40°C were imposed on the central and end por-
tims,respectively. Once thermal stabilization had
been obtained, the temperature were increased and
decreased progressively in stages up to the desired
values always keeping them symmetrical with respect
to 0°C.

Temperature control was accomplished systemati-
cally in order to verify the position of the 0°C
isotherm. For this purpose, thermocouples were pla-
ced on the internal wall of the specimen holder,
primarilynear the insulating plates defining the
three compartiments and midway along the length of
each portion.

The use of water free of dissolved gases is ne-
cessary in such experiments. Thesupplying of water
at the desired pressure to inlet of the permeameter
is done with the aid of an airtight system (see
Fig.2). This system consists of a cylinder and pis-
ton in which the pressure is applied by a lever amm.
The length of the lever arm and the weight suspen— |
ded at its extremity determine the pressure exerted.
Finally, observation with a cathetometer of the me-
niscus formed across a capillary of small diameter
by the water leaving at atmospheric pressure allows
the measurement of water discharge from the speci-
men.

EXPERIMENTAL EXAMPLE

Preliminary measurements were conducted on a
silt. It was the same soil used at the freezing
station of Caen (France) to simulate roads studied
during the 1970's by the Laboratoire Central des
Ponts et Chaussées and the Centre National de la
Recherche Scientifique (Philippe et al., 1970).

Due to the high sensitivity of the freezing phe-
nomena of the porous media of fine texture, long
durations are required for the stabilization of the
thermal and hydraulic regimes. Despite the poor com
trol of ambient conditions in our experimental room,
the experiments performed presented several periods
of stabilization during which the rate of water
flow was reproductible.

To illustrate the determination of the permea-
bility, the case corresponding to a frozen portion
of soil at -0.3°C is presented here.

The characteristics of the soil after compacgyn
inthe cell were as follows : demsity p = 2120kgm ~,
dry density Y,= 1820kgm™ 3, water content =0.166
(16.6%), porosity € = (.32, total length of the
sample L = 0.336m, length of the portion at -0.3°C
and = 0.107 m (supposing that the isotherm 0°C
corresponds to the frozen line).

The pressure imposed on the water in the inlet
reservoir during this experiment was 0.55 bar.
Figure 3 represents five periods of evolution of
the meniscus in the fine capillary of the outlet.
Regularity and reproductibility are quite satisfac-
tory. The velocity of displacement of the meniscus
equal to the slope of the straight line drawn on
the experimental points. Taking into account the
2mm-diameter of the capillary, it is possible to
determine the rate of water flow going through the
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FIGQRE 3 Relative position of the meniscus in the
capillary vs. time, for five periods of good repro—
ducibility,

specimen. This information is presented in Table 1.
The expression of the generalized Darcy law used
in fluid dynamics is
> -
v = - 5 grad P, ()
where ¥ is the f11ter—veloc1ty, K the permeability,
W the dynamic viscosity, and P = p + pgh, the



driving pressure of the water in the pores (with p,
interstitial pressure and h, the level of the con-
sidered point with reference to an arbitrarily
fixed horizontal plane). In the case of our experi-
ment, we can neglect the gravitational influence.

-18 2

K=10 m for T = -0,3°C. (5)

For comparison the values obtained by Burt and
William (1976) for Slims Valley silt and Leda clay

Table 1
T = -0.3°C 2 =0.107 m Ap = 0.55 x 10° Pa
Date Duration of the mea Velocity of the meniscus | Volume rate of Filter-velocity
surement during stable flow
conditions
h mmhn1 ms_1 mBS_l mswl
-8 -13 -10
7.9.1981 7 0.221 6'139X10~8 l.9286x10_]3 2.728x10_10
8.9.1981 7 0.222 6.167x10_g | 1.9374x10_,3 2.741x10_, o
10.9.1981 7 0.250 6.944x10_8 2.1815x10_13 3.086x]0_10
15.9.1981 6 0.235 6.528x10_8 2.0508):10_13 2.9011':10_]0
17.9.1981 20 0.225 6.250x10 1.9635x10 2,778x10
18
Mean rate of water flow 2.0124}(10“]3
One point of our research program consists of ana- were, respectively, K = 10"16m2 and K = 2x10_18m2
lyzing the different thermodynamic aspects gover- approximately.
ning the behavior of the water during its passing
through the fine porous media. Indeed, it is proba- DISCUSSION

ble that the Darcy law is not absolutely valid in
the case of media having very fine interstices

and when the influence of interstitial pressure
could have effects in the phase transition proces-—
ses concerning, for example, the equilibrium tem—
perature ice-water and the distillation through
the ice ecrystal. Despite the absence of study, we
can use the Darcy law and determine an effective
of apparent permeability:

_ v i - vig
~ grad p Ap (2)

We can also neglect the influence of the unfro-
zen portions that have a very much higher permea-
bility than the frozen portion. The value of this
permeability was obtained with the same specimen
under isothermal conditions corresponding approxi-
mately 20°C and was

-16 2
Kunfrozen = 1.14x10 ""m". 3

The filter-velocity (v) is the rate of flow (q)
divided by the surface of the circular section (A)
of the specimen, and we can therefore calculate
the permeability in the frozen portion by the for-
mula:

K = qui/Afp, (4)
with u= 1.8 centipoise = 1.8x10_13kg m_ls_]for
T = 0°, & = 0.107 m, Ap = 0.55x10°Pa ,

q = 2.0124x10"13 m3s*1,

and A = 1(0.03)2/4 =
7.0686x10"%m2;

The principal problems encountered during the
measurements were mainly those coming from the
small variations in temperature occurring frequen-
tly during the night. Indeed, even small thermal
perturbations may cause considerable variations in
the quantity of unfrozen water, resulting in a sen
sible additional flow due to the change of density
in the water-ice or ice-water transformations. On
the other hand, a small change in temperature will
produce a change of temperature of the frozen por
tion and the unfrozen portions that are in the
same sense; consequently, the thermal symmetrical
conditions will be disturbed, producing a supple=
mentary displacement of the frozen line, which will
take a long time to arrive at a new stabilized con-
dition.

Some practical probléms were inherent to the
long periods required for stabilization of tempera
tures: for instance, there were breakdowns in the
electrie current and in the temperature-regulating
apparatus (ecryostats), which disturbed the progress
of the experiment.

Finally, we emphasize the need for a more elabo-
rate and complete study of the flow of water in a
porous medium when ice is present in the pores and
when the interstices are very fine.

CONCLUSION

The apparatus that was constructed and used to
determine the permeability of frozen soils confimms
the validity of the method proposed, which consiss
of applying symmetrical temperatures in relation
to 0°C (or to the characteristic temperature of



the frozern line) to prevent the solidification of
the free water present in a permeameter. With this
method there is no limitation to the domain of tem-
perature that can be studied. Due to the necessity
of reducing the duration of thermal and mechanical
stabilization, we have recently constructed the per
meameter shown in figure 4 which is an apparatus
similar to the one used for the measurements pre-
sented in this paper, but which has smaller dimen-
sions. We also foresee the use of a supplementary
thermostatic guard at 0°C to protect the system
against the thermal variations of the experimental
room.
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FIGURE 4 Second permeameter constructed.
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NOTES ON CHEMICAL WEATHERING, KAPP LINNE, SPITSBERGEN

Jonas H. Akerman

Department of Physical Geography, University of Lund, S&lvegatan 13, 5-22362 Lund, Sweden

Surface karst features upon outcrops of dolomitic limestone are described from an area in

the western part of Spitsbergen (78004'N, 13938'E), The morphometric characteristics of
karrenforms are compared with the height above sea level, position in the terrain and upon

the outcraops, exposure to prevailing winds, the snow cover. The best developed forms are found
between 50 and 150 m a.s.l upon gently sloping rock surfaces where there is a thick snow

cover which can provide water during the melt season., Signs of differential chemical weathe-
ring are common in the area in the form of elevated quartz-filled joints forming complex
patterns on the surfaces of the outcrops. A good correlation is found between the height of
these quartz veins and the height above sea level. As the isostatic uplift history of the

area is well known, it is possible to estimate the denudation rate of the dolomitic lime-

stone to be 2.48 mm/1000 yr.

INTRODUCT 10N

Chemical weathering under periglacial conditions
has received relatively little attention. Though
several authors have remarked that chemical pro-
cegses have been neglected, very few studies have
been devoted specially to the subject (Cailleux 1962
1968, Corbel 1959, Helldén 1974, Rapp 196db, Troll
1944, Washburn 1969). The opinion that chemical
weathering in the periglacial environment is unim-
portant is, however, today gradually dispelled. It
should be observed that Rapp (1960a) in his studies
of slope processes in Spitsbergen and, especially
in Kirkevagge in northern Sweden has showed chemical
denudation processes to be quantitatively dominant
(Rapp 1960b p.184-185).

Observations of surface karst features, exfolia-
tion forms, alveoles and taffoni, oxide tinds, car-
bonate coatings, desert varnish and case hardening
as well as active grus westhering are today commonly
reported from various periglacial environments, in-
dicating the importance of the chemical processes.
In the genesis of the abovementioned features, the
chemical action is only a part of a complex mecha-
nism. The karst processes are better known and less
complex. The number of studies and observations
from the Arctic is limited and the intensity of the
karst processes in the arctic environment compared
with other climatic regions is still under dis-
cussion (Corbel 1952, 1957, Bogli 1956, 1960,
Helldén 1974, Sweeting 1964, Jennings 1971).

Corbel initially estimated very high denudation
rates for the arctic regions, 40 mm/ 1 000 yr in
Spitsbergen (Corbel 1957, 195%), but later, after
more field studies, he changed the rate to 15.75 mm/
1 000 yr. Helldén (1974) studied a part of the
strandflat south of Kapp Linné (the same area dealt
with in this study), and found values which are very

close to Corbel’s estimates (11.4 - 15.5 mm/1 000 yr.

Studies fram northern Canada indicate considerably
lower denudation rates -~ 5.0 mm/1 000 yr (Corbel
1959) and 2.05 mm/1 000 yr (Smith 1965). Great
differences in the precipitation climate - Spits-
bergen is comparatively wet (200-400 mm) and the
Canadian area studied is comparatively dry (130 mm)
- make a comparison between the areas difficult. The
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observations by Helldén (1974) in Spitsbergen are
the most reliable figures from this area despite the
fact that the investigation area was small and the
observation period short.

INVESTIGATION AREA

In the area south of Kapp Linné (Figure1) Helldé
observed that the area was very poor in karst fea-
tures (Helldén 1974 p.124). Other investigators have
also commented on the lack of karst features im this
area despite the preserce of a suitable bedreck.
During the course of studies on periglacial geomor-
phology and processes the author noted several
examples of karst features (Akerman 1980 p.70-75)
and some time was devoted to the subject, although
it was not a part of the investigation program.

A major part of the investigation area lies upon
the Hecla Hoek series, which here consists of Pre-
cambrian-Ordovician rocks (Fleod et al. 1971). Like
elsewhere alang the west coast, the Hecla Hoek series
strike more or less parallell to the coast, and the
rocks consist of vertical to nearvertical thin
strata of schists, quartzites, tillites, dolomites,
limestcenes and conglomerates. The eastern part of
the area lies upon younger sedimentary rocks of
which Upper Carboniferous limestones are the most
important.

The area has an arctic, humid climate, witha mean
annual air temperature of -4.89C (1912-1975) and a
mean annual precipitation of 400.8 mm (1934-1975)
(ef. Akerman 1980 p. 14-46). The annual course of
air temperature and precipitation is given in Table
1, and from these figures we find that the summer
climate is cold and that the period during which the
chemical processes may act is short.

OBSERVATIDNS

During the geomorphological inventory and mapping
of the investigation area, surface karst features
were observed in many places. The forms found were
not large and conspicuous but common and characte=
ristic of the limestone outcrops. The distribution
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of the observations, the more important ones of
which were included in the geomorphological maps,
shows that two separate areas can be distinguished:
(1) the central part of the strandflat west of the
Linnévatnet Lake and (2) the west facing slopes of
the Wardeborg-Viringen mountain ridge and the area
around the Kongressvatnet Lake (Figure 2). The ob-
servations on the strandflat are connected with the
outcrops of dolomitic limestones and the surface
karst features east of the Linndvatnet Lake are
found in soft Cyatophyllum limestones.

The Kongreasvatnet area

The surface forms observed in this area are mainly
karren forms, but also weakly developed doline forms
were observed around the Kongressvatnet Lake. The
karren forms are generally found on fairly steep to
vertical surfaces on the mountain walls. They con-
sist of furrows, running in sets straight down the
steepest inclination with sometimes sharp, but in
most cases rounded, ribs in between. The width
ranges between 1 and 10 cm, and the length rarely
exceeds 40 cm (Table 2). In figure 4 an example of
this type of karren forms from the area around the
Kongressvatnet Lake is shown. Also common are small

TABLE 1. Average Monthly Air Temperature at Standard
Meteorological HMeight and Precipitation at Isfjord
Radio Station, Kapp Linné, Spitsbergen 1946-1975

Temperature (°C) Precipitation (mm)

January -11.2 31.5
February -11.5 30.5
March -12.2 30.9
April -9.2 22.3
May -3.5 23.6
June +1.6 24.8
July +4.7 35.8
August +4.2 45.0
September +1.1 40.6
Octaober =3.4 41.3
Navember -7.1 38.8
December -9.5 35.6

grikes (solution slots), which are solution-widened
joints in the limestone.

To obtain a picture about the surface karst fea-
tures and their relations with some environmental
factors, some simple observations regarding their
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FIGURE 2 The occurrence of surface karst features
within the investigation area south of Kapp Linné,
Spitsbergen.

position in the terrtain were performed. The factors
concerned were height above sea level, association
with flowing water, rock walls and théir exposure,
loose blocks, rock outcrops (level surfaces, sloping
surfaces, summits), and snow depth,

In figure 3 the relation between the width of
the observed karren forms and their height above
sea level is shown. There is a tendency for the
widest karren forms to occur between 100 and 200 m
a.s.1l, Below and above this height the number of
wide karren forms is decreasing. This may be ex-
plained by a shorter time for formation at the low
levels (the valley was earlier filled with a gla-
cier), and less favorable formation conditions at
the higher levels (the physical weathering domi-
nating?). The exposure and orientationof the rock
wall may be an important factor in the chemical
weathering proecesses, sun, wind and precipitation
exposure (cf. Dunkerley 1979 p.333). However, the
majority of the rock walls of the area are exposed
to the west and southwest, and only a small per-
centage of the rock walls face other directions.
Therefore it is difficult to obtain a picture about
whether in this area the occurrence of karrer: forms
may be related to orientation and exposure or not.

The karst forms found on the more level sites
have been related to their occurrence in association
with flowing water, their position upon rock out-
crops, the occurrence upon loose blocks, and snow
depth (Table 3).

TABLE 2 Morphometric Characteristics of Karren
Forms in the Kongressvatnet-Vardeborg Area East of
the Linnévatnet Lake, Spitsbergen

0-2 2-5 510 10-25 25-40 »40 cm
Width 38.2% 49.5% 12.0% 0.3% 0% %
Length 0.,3% 3.1% 11.2% 47.2% 33.0% 5.2%

m.a.s.l.
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FIGURE 3 The relation between the width of the ob-
served karren and their height above sea level in
the Vardeborg-Kongressvatnet area east of the Linné
vatnet Lake, Spitsbergen.

TABLE 3 Occurrence of Surface Karst Features on
the More Level Sites in the Area East of the Linné-
vatnet Lake, Spitshergen

Flowing Rock autcrops Loose
water Tevel sloping summits blocks
surfaces surfaces
7.2% 16.6% 51.3% 32.1% 9.7%

The surface karst features found in association
with the small streams of the area are few and
mainly restricted to the Kongresselva River ravine,
The observations upon loose blocks are also few but
here the figure is probably an underestimate as
only larger blocks were incorporated in the obser-
vations. Rock outcrops dominate the observation
material, and sloping surfaces or sides of the out-
crops are the places where karst features are most
frequently found. There are many factors determining
this distribution, but in this area the snow depth
is of great importance. Level surfaces at the tops
of outcrops and more rugged outcrops or summit sur-
faces are generally blown free of snow. They will
therefore be comparatively dry, and are furthermore
subject to a more intensive frost shattering which
will destroy forms created by chemical processes.

The sites which have a medium thick snow cover
(0,5-1 m) are those which have the best developed
surface karst features. Here there is a fairly large
amount of water released during the snowmelt season.
Snowmelt occurs early in the summer, after which
the surfaces are exposed to precipitation. Snow in-
solation affords protection from frost shattering
during late spring and late autumn, the periods
with the highest frequency of freeze-thaw cycles,
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FIGURE 4 Karren forms on a dolomitic limestone out- FIGURE 5 Complex net pattern of quartz filled veins
crop southeast of Kapp Linné, Spitsbergen. in‘a dolomitic limestone cutcrop at 35 m a.s.l. 4
km east of Kapp Linné, Spitsbergen.
The Strandflat Area m.a.sl

Surface karst features are found on the dolomite
outcrops, but here the forms are generally smaller mean  max
and less well developed than was the case in the
softer limestones east of the Linnévatnet Lake. In
general the karren forms are weakly developed solu-
tion flutes, small solution facets or a chaotic,
rugged ridge system a few centimetres high and
nreferably on the flat or gently sloping summits of
the outcrops. Welldeveloped Rillenkarren are rare,
but some examples are found in the eastern and
highest part of the strandflat (Figure 4).

Differential Weathering

More interesting than the weakly developed karren
forms is the differential weathering of the dolo-
mitic limestones with guartz veins. The dolomitic
limestones of the strandflat have in many cases
complex joint systems which are filled with a white
or yellowish white quartz. As the weathering rate

in the limestone is considerably higher than that N~
in the quartz, the quartz filled jointe are left as 10 20 30 40 mm
a complex pattern of elevated veins on the surface
(Figure 5). Since it was observed that these veins FIGURE 6 The relation between the mean and maximum
seemed to be higher and better developed on higher height of the quartz veins upon dolomitic limestone
levels, it was concluded that the veins might be outecrops and the height above mean sea level for
used to estimate the limestone denudation of the the strandflat area east of the Linnévatnet Lake,
area (cf. Dahl 1967, Birkeland 1982). Spitsbergen.
There is a progressive increase in vein height
with elevation (Figure 6). The differences in height correlation between the maximum height of the quartz
of the veins at each site are great, but as both veins and the estimated number of years the out-
the mean and the maximum show a good correlation, crops in question have been above the sea level is
it is reasonable to conclude that the correlation shown, If we assume that the height of the quartz
with the height above sea level as indicated in veins is a measure of the limestone denudation and
Figure 6 is relevant., In the discussion below, the use the results above and estimate the denudation
maximum values are used as probably being the most rate, we obtain a mean of 2.48 mm/1 000 yr. The
significant in the discussion about denudation maximum value is 3.78 mm/ 1 000 yr and the minimum
rates. is 1.5 mm/1 000 yr, These values are considerably
There is a fair amount of data available concer- lower than those obtained by Corbel (1960) and
ning the isostatic uplift of the area and thus the Hellden (1974), who calculated values between 11.4
number of years each outcrop has been abave the sea and 15,74 mm/1 000 yr. The difference is due to the
level (Bldel 1968, Schytt et al. 1967, Stablein fact that Corbel and Helldén based their’estimates

1978 and the author& 14C datings). In Figure 7 the upon hydrochemical data -the amount of CaCO;+MgCO,
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transported in solution in the streams. The water
in the streams comes partly from raipwater and part-
ly from snow and has been in contact with the bed-
rock and limestone particles in the soil for a
longer time, Therefore the solution/denudation
rates based upon this kind of measurements must be
considerably higher than that on exposed rock. The
rock outcrops are exposed tc running water during
snowmelt and during rainfall, dew deposition and
fog wetting only so solution/denudation is less.
Taking this into account, the result obtained is
probably fairly representative.

Another result which ought to be considered is
that the denudation rate seems to have decreased
during the 10 000 yr period the processes have
acted in the area (Figure 8). The lowest denudation
rates are found for the sites which have been above
the sea level during the last 2 000 to 4 000 years.
During this period the denudation rate is about 1.5
mm/1 000 yr while those sites which have been above
the sea level during 4 000 to 9 000 years have de-
nudation rates of up to 3.5 mm/1 D00 yr. This may
be explained by (1) the change in surface roughness
over time ar (2) the climatic optimum during the
post glacial warm period.

The first possibility must always be a part of
the explanation but it will probably be of great
importance only during the earliest stages. The
well documented climatic changes during the post
glacial ttermal optimum provided warmer summercli-
mates with more and longer periods with precipita-
tion in the form of rain, drizzle and fog wetting
each year. The vegetation was also more ample which
made the surface water more agressive as a result
of a higher congentration of humus acids. This will
increase the limestone solution considerably (cf.
Helldén 1974).
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CONCLUSIONS

The study area, which is representative of the
strandflat areas of central west Spitshergen as re-
gards the geological, geomorphological, climatolo-
gical and hydrological factors, is rich in forms
and features created directly or indirectly by
chemical weathering and associated processes. The
majority of the forms are small and thereby easily
overlooked. Still, the processes and the forms re-
sulting from them are an important part of the
periglacial environment.

The most common and widespread process in this
respect is the limestone solution and the surface
karst features associated with it. There is a clear
relation between the karst features observed and
their localization in the terrain as well as with
the height above sea level. This latter is related
to age of exposure,

The correlation found between the height of
guartz veins upon dolomitic limestones and the time
available for their formation allows of an estima-
tion of the limestone denudation during the last
10 000 years. The figure obtained is 2.5 mm/1 00Cyr
and is considerably lower than earlier studies have
shown for the area (11-15 mm/1 000 yr), however,
these latter studies were based upon hydrochemical
measurements, result from processes active 4-5
months per year., The rock outcrops here studied are
exposed to running water anly a few days during the
snowmelt seasaon and during those days with rain
precipitation, surface condensation and fog. Taking
this into account (15 days during snowmelt and 46
days of rain -the average number of rainy days June
to September), the period during which the process
can be active will be restricted to some 1.7 months
anly. Further, the water acting on the rock outcrops
is less agressive than the soil/ground water acting
upon the level rock surfaces and on the soil par-
ticles. Regarding these factors, the obtained values

Mmm/1000 years

A
)
3.5 s/
'y /I
{
/
3.0 &
/
’
A /
/
2.5 A
A //
/
. ‘/, a 'y
2.0 | P
~
Pre A
#
A /’
1.5 h A //
’/
’/_/ A
x 1000 years
1.0

| S T T Al al Y T —T \J

1 2 3 4 5 6 7 8 9 10

FIGURE 8 The relation between the estimated denu-
dation rates and the years each site has been above
sea level,



15

are probably fairly representative, indicating that
the denudation rates here obtained reasonably well
correspond to those obtained by Helldén (1974). This
means that observations of differential weathering
of this type might be used as an indirect tool for
estimates of limestone denudation. The result also
indicate that the denudation rates seem to have de-
creased during the 10 000 year period the processes
have been acting in the area. Despite the fact that
other factors to some extent are involved there are
reasons to assume that this may reflect the warmer
and wetter climate during the post glacial temperate
period and a colder and drier period during the

last 2 000-4 000 years.
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LUG BEHAVIOR FOR MODEL STEEL PILES IN FROZEN SAND
0., B. Andersland and M. R. M, Alwahhab

Department of Civil Engineering, Michigan State University,
East Lansing, Michigan 48824 USA

The adfreeze bond strength for piles embedded in frozen sand includes ice adhesion
to the pile, friction between the pile surface and sand particles, and mechanical
interaction between frozen sand and the pile surface roughness. Experimental work
has shown that the presence of lugs, small protrusions, increased the volume of
ice matrix and soil particles involved in the initial rupture, thereby increasing
bond due to ice adhesion, Additional pile movement and soil interaction with lugs
mobilized sand dilatancy and particle reorientation effects along with soil bear-
ing forces on the lugs. The model pile load was significantly increased. The net
result was that creep displacement behavior will differ considerably depending on

pile movement,

Very small displacements characterize the start of tertiary creep

(failure) for applied shaft stresses below those required for initial rupture of

ice adhesion.

Larger displacements and higher shaft stresses are associated with
mobilization of mechanical interaction forces.

Experimental relations presented

include load displacement curves for constant displacement rate tests; constant
load creep curves for a model pile with multiple lugs; and the dependence of creep
displacement rates and/or adfreeze bond on lug size, tewmperature, and sand volume

fractions (ice content).

INTRODUCTION

Pile installation in frozen ground often in-
volves dry augered or bored holes with a mixture of
sand and water used to fill the annulus around the
pile. Load supporting capacity develops when the
sand-water slurry is solidly frozen in place, Pile
capacity is primarily dependent on the adfreeze
bond stremgth of the frozen soil in the zone adja-
cent to the pile, This adfreeze strength is depend-
ent on physical, thermal, and rheological properties
of the frozem slurry and the pile surface roughness
and type., Published load tests (Crory, 1963) have
shown that adfreeze bond failure is sudden and ab-
rupt and that strength can only be partially re-
gained after motion stops. Increased pile surface
roughnesg in the form of lugs or corrugations has
been used to increase the load capacity. Lack of
information on the influence of lug size and spac-
ing, soil ice content, and temperature on increased
long=term adfreeze bond strength has limited the
use of lugs on field projects,

Load transfer at the pile/frozen soil inter-
face includes ice adhesion, friction between the
pile surface and soil particles, and mechanical in-
teraction between frozen sand and pile surface
roughness. The presence of a lug increases the
volume of ice matrix and soil particles involved in
rupture, thereby increasing the bond due to ice ad-
hesion. Development of bearing forces is a func-
tion of lug size and requires larger displacements
to mobilize the friction and dilatancy components
of s0il shear strength. Density of the soil par-
ticles relates to the soil friction and dilatancy
and in turn mechanical interaction forces. Exper-
imental relations are presented showing load-
displacement curves for four lug sizes and a stand-
ard deformed No. 3 bar (about 9.52 mm, 3/8 in.):
typical constant load creep curves; and the depend-
ence of creep displacement rates and/or adfreeze
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bond strengths on lug size, temperature, and sand
volume fractions (dry density).

EXPERIMENTAL PROCEDURES

Model Pile Set-up

The frozen sand sample shown in Figure 1, with
a plain steel 9.52 wm bar and one lug, served as a
model steel pile section suitable for pull-out tests.
Lug heights included h equal to 1.59, 3.17, and
4,76 mm with a length L of 12.7 mm. Plain bars
were included to show the limiting condition as lug
gsize goes to zero. The frozen sand sample shown in
Figure 1 was representative of a slurry which might
be used to fill the amnulus around a pile in the
field, All sand specimens were prepared in split
molds 152 mm (6 in,) in diameter and frozen at
close to -20 °C for about 12 hours. Sample heights
were limited to 152 mm or less so that pull-out
loads would not exceed the equipment capacity. The
sand consisted of subangular quartz particles with
a uniform gradation (size range of 0.105 mm to
0,595 mm) and a coefficient of uniformity equal to
1.50. Relatively dense samples were formed by place-
ment of sand in water and tamping until the desired
density was obtained. Low sand volume fractions
with reasonably uniform particle distribution were
obtained by mixing precooled sand with spow and
adding precooled water to increase the degree of
saturation, Actual sand volume fractions were
based on the sample height, dimensions, and weight
of sand remaining after thawing at completion of
the test,

After removal from the mold, rubber membranes
(double thickness) were placed as shown in Figure 1
to protect the frozen sample during immersion in
the refrigerated anti-freeze/water coolant mixture.
A thermistor embedded in the frozen sample permitted
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temperature monitoring before and during the test.
A threaded portion at both bar ends provided for
easy hook-up to an eye connector and reaction hook
at the bortom of the coolant tank and mounting of a
displacement transducer at the upper bar end (Fig-
ure 1), Clearance between the bar and reaction
plate was maintained at close to 1.6 mm for all bar
diameters by use of a removable steel washer in the
reaction plate.

Test Procedure

Both constant load (creep) and comnstant dis-
placement rate pull-out tests were conducted using
the loading frame shown in Figure 1, The initial
bar stress prior to loading was limited to a very
small value represented by the weight of the bar,
lug, and eye connector, Constant loads were applied
using a lever system and dead weights, Constant
displacement rates were produced using a Graham
variable speed gear box mounted on a 44.5 kN (10
kip) capacity Soiltest load frame. Movement of the
bar relative to the lower reaction plate and soil
sample was monitored using a displacement trans-
ducer mounted on the bar above the coolant liquid
with the core supported by a rod extending down to
the reaction plate, Loads were monitored by the

force transducer attached to the top of the loading
frame shown in Figure 1, Sample temperatures were
controlled by circulating an antifreeze/water cool-
ant mixture from an external refrigerated bath
around the protected sample and loading frame,

EXPERIMENTAL RESULTS

Constant Displacement Rate Tests

Load displacement curves for a plain steel bar
with a single lug are given in Figure 2 for an av-
erage displacement rate of 15.2 um/min and a tem-
perature close to -10 °C. Very little displacement
(less than 50 um) was observed up to the first break
in the displacement curves (initial rupture of the
ice matrix)., Transducer limitatioms prevented more
accurate measurements for the small displacements.
After rupture the load quickly dropped to a small
residual value for the plain bar (h = 0), Intro=-
duction of a lug increased the ice matrix volume
and soil particles involved in the initial rupture,
thereby increasing the adfreeze bond due to adhesion.
Additional bar displacement permitted bearing forces
to develop in front of the lug as shear atrength
wag mobilized in the sand, The drop in load after
initial rupture decreased as lug size was increased.
The ultimate load, which was mobilized at around 5
mm displacement, greatly exceeded the load for no
lug and is a function of lug size.

A series of lugs on a standard deformed No. 3
bar in frozen sand at the same sand fraction (64 %)
and temperature (-10 °C) gave the load displacement
curves shown in Figure 3. The sample height H was
reduced gso that the equipment load capacity would
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FIGURE 2 Load-displacement curves for a 9,52 mm
steel bar and four lug sizes in frozen sand at
=10 °C and a sand volume fraction of 64 % (data
from Alwahhab, 1983).



not be exceeded, Initial rupture in the ice matrix
appears to occur at larger displacements, The load
continued to increase up to an ultimate value after
which it decreased, This decrease in load, as com-
pared to no decrease for a single lug, appears to
be due to an overlap of pressure bulbs in front of
the lugs and to formation of a void space behind
the displaced lug. Preliminary work has used
Boussinesq's equations to estimate pressure bulb
overlap from consecutive lugs., Examination of the
failure zone in fromt of single lugs after a test
showed crushed sand particles extending forward a
distance of 2 to 3 times the lug height.

Constant Load (Creep) Tests

Displacement-time curves for a plain 9.52 mm
steel bar with multiple lugs (h = 0.397 mm) are
given in Figure & for a temperature close to =10 °¢.
The sample height was limited teo 76 mm (10 lugs) so
as not to exceed equipment load capacity. Prelimin-
ary creep pull-out tests on plain bars showed that
failure (tertiary creep) associated with ice adhes-
ion was initiated at very small displacements, val-
ues close to 0.1 mm or less. For the standard No.

3 bar with multiple lugs the failure displacement
of about 3 mm (Figure 4) may correspond to mechan~
ical interaction forces, With a larger single lug
experimental data indicated that secondary creep
would continue with no failure for large displace-
ments (80+ mm) as long as boundary conditions did
not interfere. It appears that overlap of pressure
bulbs and formation of a void space behind the lugs
may be responsible for development of tertiary
creep at close to 3 mm bar displacement. The con-
ventional creep curves in Figure 4 show a small ini-
tial elastic displacement followed by a plastic
(irreversible) creep up to steady-state creep, rep-
regsented by the straight line portion of the curve.
To reduce the number of samples required, a step
loading procedure was used as shown by the
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FIGURE 3 Load-displacement curves for a standard
deformed No. 3 bar in frozen sand at ~10 °C and a
sand volume fraction of 64 % (data from
Alwahhab, 1983).
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FIGURE 4 Creep curves for step loading a standard
No. 3 deformed bar with ten lugs in frozen sand at
-10 °C and a sand volume fraction of 64 % (data
from Alwahhab, 1983).

additional two curves in Figure 4. A small elastic
and plastic displacement developed as each load in-
crement was applied. Using duplicate samples and a
single lug, it was shown that creep rates based on
incremental loads were in agreement with creep

rates for the first load. To insure development of
secondary cteep it was important that the load be
greater than the long-term bond strength correspond-
ing to the current displacement,

DISCUSSION

Adfreeze Bond Strength

Load transfer at the interface between the
model pile and frozen sand involved three bond com=-
ponents: (l) ice adhesion to the pile, (2) friction
between sand particles and the pile surface, and
(3) mechanical interaction between frozen gand and
the pile surface roughness. Different load trans-
fer mechanisms are involved. Ice adhesion is the
result of increased attraction between water mol-
ecules and the pile surface at freezing temperatures.
Surface type (steel, concrete, etc.) and contamin-
ants (salts, minerals, etc,) in the ice signifi-
cantly influence adhesive forces at the interface
and cohesive forces in the ice. Load disgplacement
curves in Figure 2 showed that very little movement
mobilized ice adhesion forces and that rupture oc-
curred for displacements of 0.1 mm or less. During
creep, lce adhesion may continue for larger dis-
placements. The second component, friction, is de-
pendent on the coefficient of friction (or friction
angle) between the soil particles and pile surface
and is proportional to the normal stress pushing
particles against the pile. An upper limit would be
the long=-term strength, TQC’ of frozen soil which
is comprised of both cohesive, c,, , and frictional,
élti components and can be expressed by the Mohr-
Coulomb relation,

Tet = (1)

where < is the normal stress on the shear plane,
Weaver and Morgenstern (1981) indicated that the

coe J tan éRt
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normal stress on a pile ie typically less than 100
kPa so that the frictional component of adfreeze
bond would generally be very small, Surface rough-
ness of the pile introduces mechanical interaction
forces when pile movement occurs relative to the
sand particles. Roughness is dependent on surface
geometry and actual heights of aspirities on the
pile surface, Lugs on the pile surface were used
to increase surface roughness and to permit mobili-
zation of bearing forces acting on the frozen sand.
Bearing forces on the single lug in Figure 2 pre-
vented the load from decreasing at larger displace-
ments to the smaller residual load shown for the
plain bar (h = 0), Use of multiple lugs (Figure 3)
altered the load-displacement curves raising ques-
tions as to lug spacing for a given lug height.

Lug Size Effect

The use of lugs provided an increase in sur-
face roughness of the model piles and increased
both ice adhesion and mechanical interaction during
movement in the frozen sand. The effect of in=
creasing lug size on load displacement curves is
shown in Figure 2. The lug increased surface area
for ice adhesion but more importantly the lug in-
creased the volume of ice matrix and soil particles
involved in the initial bond rupture. This rupture
involved both ice adhesion at the interface and co-
hesion in the ice matrix resulting in an increased
adfreeze bond strength, After initial rupture the
pull-out load decreased to a small residual value
for plain bars, The presence of lugs and addition-
al bar movement permitted mobilization of mechanical
interaction forces. For a model pile with a single
lug the ultimate load developed at from 2 wm to 5
mm displacement (Figure 2). The ultimate load for
multiple lugs (Figure 3) developed at about 1.4 mm
displacement and then decreased, probably due to
pressure bulb overlap and formation of a void space
behind the lug.

Data for constant load (creep) pull-out tests
are summarized in Figure 5 with load and displace-
ment (creep) rates both plotted on logarithmic
scales. The data suggest a straight line relation-
ship for each lug size for which the adfreeze load
P can be expressed as

.

B S 1/n
a PcG -gi;

where % iz the creep displacement rate, n is the
creep parameter, and P, is the adfreeze proof load
for an arbitrarily selected displacement rate .
The adfreeze strength can be readily calculated
based on the 9,52 mm bar diameter and 152 mm embed-
ment length., Some data points at the slower creep
rates appear to fall to the left of thelr respec-
tive lines in Figure 5. It appeared that loads for
these points were below the long-term strength for
the corresponding bar displacement rate. Secondary
creep would not have been reached for the time given
to that load increment and the recorded creep rate
would be larger than the true creep rate.

(2)

Temperature Effect

Temperature, thru its influence on cohesive
forces in the ice matrix and adhesive forces at the
pile/frozen sand interface, has a gignificant ef-
fect on adfreeze bond strength. This influence was
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FIGURE 5 Lug height effect on load for creep of
plain 9,52 mm bars in frozen sand at -10 °C with
a sand volume fraction of 64 % (data from
Alwahhab, 1983).

shown by the pull-out load versus creep displace=-
ment rate data summarized in Figure 6 for tests on
9.52 mm diameter model piles with a single 3.17 mm
lug., Temperatures of =2, -6, -10, and =15 °C are
represented by the four lines, Again gome observed
creep rates are larger than their true values for

the reason explained in the previous section. The
slope and hence the creep parameter n are the same

as in Figure 5. Selection of one creep displacemept
rate, plotting these loads, ch, against (1 + @ Qc ),

both on logarithmic scales, permits evaluation of
the exponent & (Figure 7) in the equation

% 1/n (S % 1/n
P = PCQ(—%:) = r, (1 + 69:) (Tiﬂ

where @ is the absolute value of the negative tem-
perature in degrees Celsius, Gc is an arbitrary
temperature, usually 1 °¢, and P, is Py for a

Other symbols

(3)

freezing temperature close to 0 °C,
are the same as in equation 2,

Bond Dependence on Ice Content

Adfreeze bond strength at the pile/frozen sand
interface will vary with ice content. The one ex=
treme will include only ice adhesion at the
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(data from Alwahhab, 1983),

interface and cohesion within the ice, The other
extreme, with very dense sand, will include large
contributions from mechanical interaction between
sand particles and the pile surface roughness, A
series of constant load (creep) pull-out tests on
frozen gand with different ice contents (or sand
volume fractions) provided the load versus creep
displacement rate data summarized in Figure B. The
9.52 mm model steel pile included a gingle 3,17 mm
lug. The line representing a 64 7 sand volume frac-
tion was also included in Figures 5 and 6 for h =
3.175 mm and T = -10 OC, respectively, It appears
that the creep parameter n (based on slope of the
lines) is independent of both temperature and ice
content for the range of creep rates shown.

The influence of ice content on creep pull-out
loads is shown in Figure 9 for two constant creep
displacement rates. The zero sand volume fraction,
represented by polycrystalline snow-ice, gave the
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FIGURE 7 Temperature dependence of P.g for a creep

displacement rate > equal to 1 ym/min (data from
Figure 6).

smallest adfreeze strength. Most ice found in soil
pores is of a polycrystalline type with random cry-
stal orientation. The addition of dispersed sand
particles to this ice increased the adfreeze
strength, perhaps due to the greater stiffness of
the particles which involves more ice volume at the
pile/frozen sand interface in the failure process.
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mm lug in frozen sand at -10 °C (data from
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Beginning at a sand fraction close to 42 %, sand
particle interaction with pile surface roughness
rapidly increased the pull-out load and adfreeze
strength. The curves in Figure 9 clearly show the
benefits of using a high density sand slurry mix-
ture during field placement of piles.

CONCLUSIONS

1. 7Ice adhesion was mobilized at very small
displacements with rupture at less than 50 pm for
consgtant displacement rate tests. The presence of
sand particles and more surface roughmess (lugs)
increased the ice matrix volume involved in rupture
and thereby significantly increased the adfreeze
strength,

2, With an increase in surface roughness
(addition of a single lug) load-displacement curves
showed the initial rupture of ice adhesion followed
by mobilization of mechanical interaction forces,
Use of multiple lugs showed an increase in the
ultimate pull-out load in a direct ratio to the
number of lugs. Suitable lug spacing appears to be
dependent on pressure bulb overlap for consecutive
lugs and formation of a void space behind lugs.

3. Creep displacement behavior will differ
considerably, depending on pile movement., Very
small displacements characterize the start of ter-
tiary creep for applied shaft stresses below those
required for initial rupture of ice adhesion,
Larger displacements and higher shaft stresses are
asgociated with mobilization of mechanical inter=
action forces,

4. 8and volume fraction (or ice content) sig-
nificantly influenced the adfreeze strength for a
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given creep rate, bar and lug size. For ice-rich
samples (sand volume fraction <« 42 %) the adfreeze
strength depends primarily on ice adhesion and be=
havior of the ice matrix. Mechanical interaction
of pile surface roughness with sand particles was
important primarily for ice-poor samples (sand
volume fraction > 42 %).

5, Methods used to account for temperature
effects on the adfreeze strength (or pull-out loads)
agreed very well with the experimental data. The
creep parameter n was independent of temperature
and ice content over the range of creep rates
observed,
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INCREASE WITH DEPTH OF FREEZE-BACK PRESSURES ON THE SIDES QF
DRILLHOLES ASSOCIATED WITH FREEZING OF A FLUID IN A CAVITY

V., I. Antipov and V. B. Nagayev

Research Institute of Petrochemical and Gas Industry
Moscow, USSR

Recently, there has been a considerable growth of interest in the problem of
secondary freezing of thawed materials around a drillhole. This is associated
with the fact that the process of secondary freezing leads to the development of
considerable freeze-back pressures on the walls of drillholes, which may lead to
their collapse. Analysis of studies of secondary freezing has shown that no
satisfactory theory has been advanced thus far which would permit reliable fore-
casting of a stressed condition in the freezing materials around a drillhole. The
present paper Suggests an approximate theory for calculating maximum freeze-—back
pressure Opgy on the walls of a drillhole as the materials freeze around it and

as drilling mud filtrates freeze in a cavity. Identification of the dependence of
Opax on depth is based on the solution of the problem of the axially-symmetrical
plane on the development of the freeze~back pressure O(e)e

11 2 2
n,n n T m
SOLUTION FOR FREEZE-BACK PRESSURE Opax = ~ n(Kav)" A " (a T -8 =
In this paper an approximate theory is proposed SKm Sin [7(1~2)]
on the basis of permafrost soil and ice equations Y] T
derived from experiments. Following the work of 3 - TAm So

Dubina (1977) it is easy to obtain the freeze-back

pressure on well casings (Figure 1), if the equa-

tions of ice state are based on the Mellor and ta

Smith (1966) isotherm and Royen (1922) hypothesis x JL—(Sz - a?) (¢ - T)—k ar . (2)
which considers dependence of ice properties upon 0 dt “"o

temperature T:

1 1 2 2 The calculation of Opax 4t various depths
n,n T n T a according to equation 2 gives the values which
%ty = -n(Ksv)" A [S(t) -5 - decrease with the depth, but do not agree with
observations., In field experiments Ruedrich and
. Perking (1974) observed that the value ¢ in~
£ Sin [T(1-A)1 creases as the depth Z increases. Accorglgg to the
3 Eil.ﬂxm g im plane axially symmetrical problem just solved, this
2 o is an unlikely result.
However, it is taken into account that during
freezing of a fluid in a cavity a frozen girt
x d (s - §2 )™ (t-T)_x dt, ) (Figure 1) is formed in the top of the cevity,

0 dt "o (t) then a relationship Oy ., which agrees with the
field data may be obtained (Figure 1). This girt
does not allow the fluid remaining to flow upwards

where t = time; under pressure and thus pressure builds up in the
d = radius of the casing; system. Eventually new and thicker ice layers form
8o = radius of a cavity; up to the well casing, thus increasing the volume
S(¢) = imner radius of the ice-water interface of the frozen fluid, This results in continuous
in a cavern; compresaion of the fluid remaining in a cavity,
v = velocity of the ice-water interface; which accumulates stresses transformed to the well
n,A = the parameters of ice dtate equation; wall. So to determine value Op,, at a depth Z it
k = coefficient of volumetric expansion is necessary to add value Og,, derived from the
when ice forms from water; solution of the axial-symmetrical problem at the
m,E,\ = the rheological parameters of permafrost same depth to the pressure that has accumulated in
soil. . the fluid adjacent to the casing in the frozen
To determine the maximum pressure on a casing overlying layers.
Opaxs which develops if.Fhere.is.complete freezing Thus, to determine Opoyy at a depth Z (Figure 2)
of mud filtrate in a cavity, 1t is necessary to the pressure Ad,,.7 adjacent to the well casing
assume S(y) = a, the radius of the casing and t = where an ice layer is built up and the hydrostatic
ty in equation 1, where ta_is time of complete pressure*Ad, corresponding to the difference in the
freezing of fluid in a cavity. elevation of Z and the elevation of the previous
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» Maximum Freeze-back pressure (MPa)

Gmax

calculation I, should be added to the value Op, ;¢

= Omaxl + Aomaxz + Acr (3)

0maxZ

A computer—aided numerical solution of the first
two quantities of this expression was developed
according to the equations of Bulatov (1979) for
cavities in the upper part of the profile of the
well DS4-6 described by Ruedrich and Perkins (1974).
Figure 3 illustrates the resulting theoretical
relationship o, ,, obtained with equation 3 and
the experimenta? values obtained from transducers
on the well casing,

CONCLUSION

In the framework of the model under considera-
tion it is quite natural to expect freeze-back
pressure build-up with depth. The comparison of
computed freeze-back pressure values calculated
with equation 3 with the field experimental data
convinces us that the theoretical model chosen is
appropriate.

When choosing the optimum technological produc-
tion conditions of wells under permafrost one
should consider build-up of freeze-back pressure
according to equation 3 rather than equation 2, as
the Op,, increases with depth.
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FIGURE 3 Relationship between the maximum freeze-
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THERMAL ABRASION OF COASTS

F. E. Are

Permafrost Institute, Siberian Branch
Academy of Sciences, Yakutsk, USSR

Thermal abrasion of the shores of any water body or stream is controlled by the
same baslc principles and is distinguished by peculiarities dictated by differing

hydrological regimes.

The main influence of the frozen state of the materials on

the development of thermal abrasion is determined by their ice content and reveals

itself when the materials slump on thawing.

The greater the potential for settle-

ment, the greater is the rate of thermal abrasion and the limiting value of shore

retreat.
shores.

The frozen condition of the materials does not prevent destruction of the
In the case of large water bodies the thermal abrasion rate is dictated by

the removal of the thawed materials from the shore zone, while in small water bodies
and in shores developed in massive ice bodies the limiting factors are the thermal

processes.
abrasion by the sea,

During recent decades climatic cooling has slowed the rate of thermal
One of the possible controls on the orientation of thaw lakes

is the irregular development of thermal abrasion due to spatial variations in the
distribution of sediments prone to thermal abrasion collapse in their shores. Rates
of erosion in river banks developed in similar materials are identical whether or

not permafrost is present.

Coastal thermal abrasion of water bodies (seas,
lakes, storage reservoirs, rivers) is an integrated
process of destruction of coasts, composed of
frozen materials that follows the same general
principles. Destruction is due to the combined
hydromechanical and thermal impact of water masses
on coasts. The hydromechanical effect is exerted
by waves and currents which develop in various
combinations on all water bodies. When considering
the erosion of coasts of seas and orher large water
bodies, the destructive effect of waves has common-—
ly been invoked. But choppiness is always accom-—
panied by currents, the velocity of which is of the
same order of magnitude as that of river currents,
It is these currents that perform major work on
wash-out of coasts and longshore drifts. On the
other hand, large rivers commonly produce severe
roughness which plays an important role in the
destruction of their shores. For example, in the
area near the mouth of the Lena River such strong
gales occur that even lake~class vessels are com~
pelled to take cover. Thus, there is no difference
in the principles of erosion among coasts of seas,
lakes, reservoirs and rivers. The same situation
applies to the thermal effect of water masses on
coasts, Just the same is the development of
littoral benches, i.e. part of the littoral zone
above the water on reservoirs and rivers, Pro-
cesses of destruction of coasts of different types
of water bodies differ only in some features pro-
duced. by the different hydrological regime, This
makes it possible to develop a unified theory of
thermal erosion process for water bodies of all
types.

Observations made by a number of researchers
indicate that even under the most severe climatic
conditions, in the spring thermal erosion starts
at above-zero temperatures of water within water
bodies.  The published data on the depth and
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character of seasonal thawing on the littoral shelf,
measurements by this author on the coasts of the
Lena, the Aldan, the Vilyui reservoir, and the
Laptev Sea, as well as calculations of seasonal
thawing depth on the littoral shelf lead us to
conclude that from the earliest days of the ice-
free period the underwater slopes of coasts
attacked by thermal erosion are covered by a layer
of unfrozen drift. Therefore, for a wide range of
natural conditions thermal erosion results from

the wash-out of an unfrozen surface layer. Direct
wash-out of frozen ground is observable only in

the upper part of the lirtoral shelf at the time

of storms, high water and flash floods. Exceptions
are coasts bordered by ice and those of some
thermal~karst lakes in the tundra.

We should distinguish between the two kinds of
thermal effect of water bodies on permafrost: a
direct effect and an effect transmitted through a
layer of unfrozen ground. The direct effect leads
to a maximum impact. The theory of heat transfer
lacks any solution for its calculation. To infer
the order of magnitude, one can resort to the formula
for computing convective heat transfer at longitu-
dinal flow of a turbulent current along a plate,
For the case of minor roughness (ripple 0.3 m high),
these formulas give a value of the coefficient of
convective heat transfer of the order of 1100
W/(m? °C). With such a coefficient of convective
heat transfer and the temperature of water +1°C,

a sheer ice preciplce would recede about 30 m
during three months of an ice-free period (Are
1979a).

0. N. Vinogradov and A, N. Krenke (1964) have
determined the rate of ice coast retreat due to
thermal erosion on Franz Josef Land (Sedov glacier)
to be the difference in observed velocities of the
glacier movement and the advance of a vertical ice
cliff into the sea in the period between the



subsequent separations of icebergs, They have
obtained a value of 20 m per year. In the area
under consideration, the sea iz predominantly
{ice-free from 2 to 4.5 months in the year, but
" throughout the summer it abounds in drift ice.
The water temperature does not exceed 3°C. The
Sedov glacier is descending into a relatively
closed bay. Under these conditions stromg chop—
piness is seldom observed (Sukhodrovsky 1967),

Based on laboratory and in situ measurements,
Pekhovich and Shatalina (1970), and Khodakov et al.
(1978) have derived identical equations of convec-—
tive heat transfer for the case of a water flow
moving along ice plates. The coefficient of con—
vective heat transfer, inferred from these
equations for conditions of minor agitation, is
2000-3000 W/ (m* °C).

The calculations of W, Morgan and W. Budd
(Schwerdtfeger 1979), based on a generalization of
ground-based and spacecraft observations of near-
Antarctic water temperatures drift velocity and
decrease of icebergs in size as these move away
from the Antarctic coast, have shown that in the
course of three months at a water temperature of
+1°C, between 10 and 20 m of ice melt off the
underwater surface of icebergs.

The above mentioned results of calculations,
experiments and in situ observations indicate that
the thawing rate of ice and primarily of exposed
frozen ground in contact with water exceeds by a
few or many times the observed rates of wash-out
of coasts attacked by thermal erosion which in the
Arctic seas normally do not exceed 10 m per year
(Are 1980). Thus, the potential for ground thawing
on a littoral shelf is very great, but because of
the presence of a surface layer of unfrozen debris
that slows down the thawing it 1s generally not
fully implemented.

Under the severe climatic conditions of the
Arctic coast at the subzero annual mesn temperature
of water, the bottom seasonal thawing near thermal
abrasive coasts, composed of thaw-collapsible
permafrost, causes the bottom surface to lower
substantially. FEvery year this occurs until the
permafrost surface accumulates a layer of thawed
and settled sediments, whose thickness is equal to
the depth of seasonal thawing. Mathematical simu~
lation, on a computer, of the process in question
has been carried out. In selecting the input data,
it was assumed that thawing applies to a sea bottom
composed of the ice complex (silty sediments.of
high ice content and a high content of polygonal
ice wedges), whose properties are listed in Table
1. The surface temperature of the bottom is
specified in two variants (Table 2). Variant A
corresponds to warmer sea conditions in which the
mean annual temperature of the bottom surface tends
to be zero. Variant B roughly corresponds to more
severe conditions near the coast of Kotelny Island
(Table 3). Under normal conditions, except for
extreme variant 1-A, the process under considera-
tion declines rapidly. For the first two years,
more than a half of the possible subsidence was
completed, and that frequently reached 2 m. The
time required for it to reach an equilibrium state
seldom exceeds 10 years.

The permafrost temperature effect in the
development of thermal abrasion is small because,
as soils are thawing, the amount of heat required
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TABLE 1 Properties of Ice Complex.
Heat
conductivity Heat
S coefficient  capacity
o < . W/ °C) kJ/(m® °C)
o
] g o 5 State of ground
=] oo = o
L o FEr=|
ot o o m
H a g 3.-3 un-~ un=-
2 &3 m o frozen frozen frozen frozen
I 0.90 0.85
11 0.78 0.66 2,3 1.6 2050 2950
I1I 0.57 0.32
TABLE 2 Temperature of Surface of Bottom and
of Permafrost, °C
Month
Temperature
Variant X-vi VII VIII IX of ground
A ~1.4 2,0 6.3 3.1 =11
B ~1.6 1.0 4,4 0.4 -13

for their temperature to rise is generally much
smaller than that required for ground ice to melt,

The main influence of a frozen state of soils
upon the development of thermal erosion is deter=-
mined by their ice content, and it manifests itself
when ice content exceeds the porosity in an un-
frozen state, that is, when soils inveolve thaw
settlement. This effect implies two aspects.

On one hand, the volume of sediments coming into
the water body when the coast composed by thaw
collapsible ground is being destroyed, is smaller
than that resulting from destruction. This dimin-
ishes the work of water bodies, required for them
to wash out and tramsport soils, in comparison
with coasts composed of similar thaw~uncollapsible
ground.

On the other hand, thawing of collapsible soils
forming the bottom is attended by a deepening of
the water body and, therefore, by an increase of
wave e¢nergy. In the absence of agitation, thermal
settlement of the bottom itself may cause coastal
recassion.

For that reason, other conditions being equal,
with increasingly excess ice content, there is an
increase of the rate of thermal erosion and of the
limiting value of coastline recession.

If ice content of soils composing the coast
exceeds a critical value, the roast then recedes
continuously. Critical ice content is that ice
content in soils at which their complete thawing
produces a settlement of the ground surface down
to the water level in the water body (Gp). It is
matched by the critical level of the water (G),
which coincides with the surface level of scils
constituting the coast, following their complete
thawing and settlement. The possibility of
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TABLE 3 Results of Calculations of Perennial Seasonal Thawing Below Sea
Bottom (Limiting State)

Thickness of Time required for

Thawing unfrozen layer Bottom thawing to reach
depth, after subsidence, subsidence, limiting state,
Variant m m m years
I-A 4.9 4.2 17
I1I-A 2.2 0.7 1.5 9
ITI-A 1.1 : 0.4 9
II-B 1.5 0.5 1.0 4
ITI-B 0.75 ' 0.25 4

unlimited destruction of the coast is determined
by the relation Gp % Gy. If its lefr-hand side is
less than the right~hand, coastal recession has a
limit, and, if vice versa, recession becomes con-
tinuous, and one of the main principles of the
theory of development of sea shores is violated,
that at constant sea level erosion is restricted
by the development of a limiting profile of equil-
ibrium.

Perennially frozen unconsolidated deposits
differ by having greater content of silt particles
than their unfrozen counterparts. Particularly
high silt content occurs in the ice complex of the
Yana-Indigirka depression and the Kolyma-Alazeya
shoreland where the predominant silt content
amounts to 60-80%, and the maximum is around 957%.
Silt content exerts the same influence upon
development of thermal erosion as the ice content
of thaw-collapsible soils because fine particles
are easily suspended and transported by water (Are
1980). As for large shallow water bodies, the
shores of which are formed by permafrost of high
silt content, wash-out and transport of bottom
sediments develop throughout the water area, and
the concept of a shore slope below the water is
virtually invalid here,

Perennially frozen unconsolidated deposits are
able to withstand the destructing impact of water
masses only in a frozen state. Once unfrozen, its
wash-out capacity is equal to or greater than that
of unfrozen soils of similar composition.

Calculations of the shore wash-out coefficient,
according to Kachugin (1959) for several areas of
sea and lake shores attacked by thermal erosion are
formed of an ice complex, have shown that the
values -of the wash-out coefficient, inferred by
neglectin% thaw settlement, are in excess of
300-10-°m3/yr. Thus, the ice complex, or perma—
frost with the highest ice content, 1s, according
to Kachugin's classification, a soil readily
yielding to wash-out. Its wash-out rate is equal
to or larger than that of unfrozen soils of
similar composition: fine and silty sands,
loess~like sandy loam and loam (Are 1979a).
Permafrost wash-out rate depends on its cryogenic
texture. For instance, in the case of net-like
texture it is one order of magnitude higher than
for a massive one (Ershov et al. 1979).

The results of the investigations discussed so
far indicate that, in the case of destruction of
shores attacked by thermal erosion, ground thaw-
ing occurs before wash-out. Consequently, the

frozen state of soils, in all practicality, does
not hinder shore destruction. For large water
bodies, the rate of thermal erosion is limited by
wash-out of unfrozen products of littoral zone
destruction, rather than by thermal processes.
Therefore, agitation on large water bodies plays
the same role in the development of shores as
outside the permafrost zone. Thermal-erosional
shores of small bodies of water, with a water level
exceeding a critical ome, low energy of agitation,
and weak currenis recede mainly due to thermal
destruction, This is the least intensive type of
thermal abrasiomn.

The influence of the ice cover of water bodies
upon thermal-erosional shores leads, in the main,
to preventing their destruction., 1In this case, the
most important role is played by the duration of
the ice cover, and in seas also by the amount of
drift ice in summer. The destructive effect of
ice on shores is not great and does not substan-—
tially influence the shoreline position.

Thermal erosion is defined by its irregular
discontinuous development, Its maximum rate is
observed for extremely high water levels., In the
seas, particularly strong storms, accompanied by a
precipitously high level storm surge, produce shore
destruction that would require many years to
accomplish at normal rates of erosiomn,

The rate of retreat of thermal-erosional sea
shores varies greatly in space and time. Even the
values averaged over 20-25 years are most irregular-
ly distributed along the littoral. There are no
regular differences in retreat rate of thermal~
erosional shores formed by yedoma and thaw-lake
sediments.

The exceptionally rapid retreat of thermal-
erosional sea shores, with a rate of 100 m or more
per year, is generally recognized. In the last 150
years, the maximum rate of thermal abrasion was
observed in 1944-1946 on Semenovsky Island in the
Laptev Sea to be at least 55 m per year. The
average long-term rates are far lower. For shores
formed by fine-grained soilg of high ice content
(ice complex, alas sediments, etc.) the maximum
mean rate from many years of observations is rough-
ly 10 m per year, while the predomimant mean values
for shores of mainlands and large islands vary
from 2 to 6 m per year. The mean estimated thermal
abrasion rates along the large lengths of the
coast (tens of kilometers) usually do not exceed
2 m per year.

The rate of thermal erosion of sea shores formed



by ice-rich, fine—grained soils, under comparable
conditions seems to exceed by 3-4 times that of
shores formed by unfrozen ground of similar litho-
logic composition. But annual rates of shore
retreat are close to each other because during
most of the year the Arctic Seas are ice-covered.

The last decades have witnessed a tendency of
the thermal erosion rate to decrease. A likely
cause of this 1s the increase of drift ice amount
in the Arctic Seas, as a consequence of the fall
of temperature since 1940,

One of the main features of thermal erosion of
lake shores is its dependence on dimensions of
water area. This dependence is different for
shores formed by soils of different ice content.
If ice content is much lower than a critical one
(thaw uncollapsible ground), shore wash-out can
then develop for a geologically long time only
for very large lakes, the hydrological regime of
which is close to that of seas. Therefore, most
of the lakes of this type have stable shores. If
ice content of shore-forming soils exceeds a criti-
cal one, then thermal erosion proceeds irrespective
of the water area dimensions. These factors have
the implication that thermal erosion is presently
observed mainly for thermokarst lakes. This has,
in particular, been pointed out by Tomirdiaro and
Ryabchun (1973).

Thermal-erosion induced destruction of the
shores of thermokarst lakes can develop irregularly
due to the different force and duration of differ-
ently directed winds. This non~uniformity is
believed to be one of the possible reasons for the
formation of oriented lakes., But its influence
depends on some other factors, discarded so far
when considering the problem of oriented lakes.
These include wash—out and thaw-collapsible rates
of soils, the thickness of thaw-collapsible ground
and its hypsometric position with respect to the
water level. These factors can determine a given
orientation of thermokarst lakes if they obey
regular spatial variations and conversely, they
can be responsible for the diversity in shape of
lakes if their spatial variations have a random
character.

The mean rates of many years of wash-out of the
banks of the Lena River have been determined for
the last 18-26 years (Are 1979). In the middle
flow on a floodplain the total average rate of
bank retreat is 6.5 m per year. The rate of
retreat of steep banks of primeipal river branches
amounts to 19-24 m per year. The front parts of
islands are washed out with a rate of up to 40 m
per year. The rate of wash-out of a sand terrace
above floodplain, 25-30 m high, reaches 11 m per
year in the area of the steep bank of one of the
principal river branches.

In the Olenek channel of the Lena River delta
the banks composed of muskegs up to 9 m thick,
split by wedge ice and supported by a sand base,
retreat at a mean rate of 1.7 m per year. In the
sharpest curves the maximum rate is as high as 6 m
per year.

Comparison of wash~out observations of the banks
of the Ob River (Zemtsov and Burakov 1972, Trepet-—
sov 1973) and the Lena River has shown that under
quite similar hydrological conditions the flood-
plain and low terraces above the floodplain, formed
of sand and sandy-loamy unfrozen and peremmnially
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frozen thaw-uncollapsible soils, are washed out
approximately with the same intensity.

Under comparable conditions, the annual values
of retreat of river banks of the permafrost zone
can be smaller than those outside it because of
the short duration of active wash-out due to the
peculiarities of the hydrogeological regime of
rivers in the permafrost zone. These peculiarities
are most pronounced in small plainland rivers, fed
by atmospheric precipitation.

One of the possible reasons for the abnormally
broad river valleys in the permafrost zome is the
thaw-collapsibility of soils of the upper part of
the geological cross—section. The influence of
this effect decreases with the deepening of the
valley because the ice content of soils drops off
with depth.
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PREDICTING FISH PASSAGE DESIGN DISCHARGES FOR ALASKA

William S. Ashton and Robert F. Carison
Institute of Water Resources, University of Alaska,
Fairbanks, Ataska 99701 USA

Improper placement of highway culverts may selectively or totally block fish
migration, thereby decreasing available spawning and rearing habitat. Blockage
will occur with a combination of excessive culvert water velocities, lack of fish
resting areas upstream and downstream of the culvert, and scour at the culvert
outlet, creating perched conditions. Previous studies of fish passage culverts
have determined fish swimming abilities and profiles of culvert water velocity.
There are limited studies of the hydrologic relationship among frequency,
duration, season, and magnitude of discharge for the design of fish passage
through culverts in northern regions. We analyzed streamflow records from 14
gaging stations in south central, interior, and arctic Alaska (drainage area <260
km“) to determine the highest consecutive mean discharge with 1, 3, 7, and 15
day durations. Streamflow during three periods were analyzed: spring, April 1
to June 303 summer, July 1 to August 31; and fall, September 1 to November 30,
The Lognormal distribution, using the Blom plotting position, predicted flood
frequency values. Regionaljzation, with the index-flood method, of single
station values provides a method for predicting discharges from ungaged drainage
basins. Regressions developed to predict the 2-year return period discharge
found that the significant basin characteristics were basin area and forest cover
in the spring period, and basin area, forest cover, and mean annual precipitation

in the summer and fall periods,

INTRODUCTION

Four criteria must be considered for
effective and practical design of highway culverts
to pass fish: the flow regime of the stream, the
hydraulic properties of the culvert (i.e., shape,
roughness, or length), the swimming abilities of
the fish species and age classes present, and the
time of year of fish movement and migration in the
stream. Understanding the flow regime is
important for determining the relationship among
the frequency, duration, season, and magnitude of
flow. The frequency is important to understanding
the risk or probability that a given magnitude of
flow will occur. The duration of time for which a
given magnitude of flow is exceeded provides the
time a fish species might be delayed in its normal
migration. The season of the flow tells whether a
given magnitude fiow will occur during a critical
period in the 1ife cycle of a fish species. This
three-dimensional representation provides a more
detailed description of the flow regime than the
highest annual instantaneous discharge.

Development of arctic oil and gas resources
in the United States and Canada has provided an
impetus to study the effects of highway culverts
on fish passage in northern latitudes (Dryden and
Jessop 1974, MacPhee and Watts 1976, Katopodis et
al. 1978, and Elliott 1982). Prevention of
extended delay of fish in their upstream migration
is an 1important design criterion. Delay of
spawnable fish can cause them to spawn at less
suitable spawning sites, affecting spawning
success and causing stress and physical damage.
This makes them more vulnerable to disease and
predation (Dryden and Stein 1975). Dryden and
Stein estimate a maximum delay of 3 days during
the mean annual flood may be tolerated by a
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spawning run  without serious biological
consequences. During the design flood, with a
return period of 50 years, they recommend a
maximum delay period for spawners of 7 days.
These maximum delay periods have been
recommended in culvert designs for the MacKenzie
Highway in the Northwest Territories (Dryden and
Stein 1975). The State of Alaska Office of the
Pipeline Coordinator (State Pipeline
Coordinator's Office (SPCO) 1982) design
requirements for the proposed Alaskan Northwest
Natural Gas Transportation System specify use of
the instantaneous mean annual flood. Allowable
delay time is not mentioned. During 3 years of
study on Popular Grove Creek, Alaska, spring
upstream migration of arctic grayling (Thymallus
arcticus), the primary design fish in interior

ATaska, preceded the spring peak discharge in

1973, followed it in 1974, and occurred about
the same time in 1975. Consideration must be
given to spawning migrations of other species
occurring during the summer and fall (Watts
1974). Morrow ?1980) describes the periods of
spawning migration generally as: arctic
grayling in the spring, chinook and sockeye
salmon during the summer, and Dolly Varden and
coho salmon during the fall, To predict the
effect of high flows on fish passage through
culverts, knowledge of the flow regime during
these fish passage periods is required.
Regionalization of single station discharge
data is a technique for predicting discharge
from ungaged drainage basins., Of the methods
available, empirical approaches such as the
index~flood method are practical in regions with
few long-term stations (Benson 1962)., One of
the problems with the index-fload method is the
effect of drainage basin size on the slope of



the frequency curve. To reduce this effect, only
basins smaller than 260 km“ are considered. To
account for the differently timed spawning
migrations of different species, three periods of
analysis are used: spring, summer, and fall.
Since most of the concern for fish passage is at
low return period flows, only flows with return
periods of 20 years or less are used,

METHODS

We used streamflow data from continuously
recording U.S. Geological Survey gaging stations
in the hydrologically similar area (Area II)
defined by Lamke (19793 Figure 1), Stations
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FIGURE 1 Areas of Alaska used in the flood-
frequency analysis, Station  numbers  show

approximate location of the gaging stations used
in this paper {from Lamke, 1979).

within this region were deleted from further
considefation if the basin area was greater than
260 km~, 15% or more of the basin area was
covered by glaciers, the streamflow was regulated,
or there were less than 5 years of record as of
November 1981. Aleutian Island stations, although
within Lamke's region definition, were deleted
from consideration. Outliers and stations with
zero flow periods are treated as described in Kite
(1977). Three periods of the year were selected
for streamflow analysis: spring, April 1 to June
30; sumwer, July 1 to August 31; and fall,
September 1 to November  30. The highest
consecutive mean discharge with durations of 1, 3,
7, and 15 days were computed for each period.
Predicted discharge values were computed using a
Canadian flood frequency program (Condie et al.
1976). Four frequency distributions are available
with this program: Gumbel (Extreme Value Type 1),
Lognormal, Three~Parameter Lognormal, and the
Log-Pearson Type III. Each of the distributions
uses the maximum 1ikelihood method of fitting, 1In
the event a true solution is not found by this
method, a moment fit is used. Condie et al.
revised the program in 1981 to replace the Weibull
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plotting position formula with a generalized
plotting position formula developed by Adamowski
(1981). The Lognormal distribution was selected
for further analysis of the streamflow data.
The program was modified to provide the 95%
confidence 1imits for each predicted value, and
to use the Blom plotting position formula

Fy = (i = 0.378)/(N + 0.25), (1)

where F is the plotting position of ith smallest
as a probability value of the flow being Tess
than the associated flow, i is the serial number
of ith smallest in a sample size N, and N is the
sample size (Cunnane 1978).

We regionalized the single station data
using the index-flood method as modified for use
with computers, the Lognormal distribution and
computation of confidence limits (Coller 1963,
as cited in Kite 1977). The mean annual flood
was defined by the predicted flood with a
probability of occurrence of 0.50. Only
stations with 10 years or more of record were
used. If a station had 10 years of record
during at least two of the three periods, the
station was included in the analysis, otherwise
it was dropped from further consideration,
Dimensionless flood ratios were computed by
dividing predicted floods with return periods of
2, 5, 10, and 20 years by the predicted 2-year
discharge. Floods with return periods higher
than 20 years were not considered.
Dimensionless ratios were computed for the four
durations within the three periods, and median
ratios were selected for dimensionless plots.
Confidence 1imits for each ratio were determined
by dividing the upper and lower 95% confidence
flood value at each vreturn period by the
predicted 2-year return period discharge,
Median values were selected from these ratios
and plotted as confidence limits on the flood
ratio plots. Multiple regression equations were
developed using basin characteristics and
climatic parameters to predict the 2-year
discharge on uhgaged drainage basins.
Regression coefficients were computed using an
HP 9845 stepwise regression program. Due to
limited data, a maximum of three independent
variables were considered for each equation. A
variable was included in the model if it was
ségnificant at the 5% level and increased the
R® by at least 5%. Variables considered in
regression analysis were drainage area, mean
annual precipitation, basin storage area, forest
cover, glacier area, mean minimum January
temperature, mean basin elevation, and mean
annual snowfall.

RESULTS

Nineteen gaging stations met the criteria
of basin size, percent of area as glaciers, and
length of record, A base period of 1965-1981
was selected, reducing the number of stations to
14 (Table 1). Dimensionless flood ratios were
computed and plotted with 95% confidence limits
(Figure 2). The 2-year return period flood for
ungaged basins is predicted using a regression
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TABLE 1. Gaging Stations.

] Permafr?st Drainagg Period
Station No. Station Name Zone Area (km“) of Record
15208100 Squirrel Cr. at Tonsina Discontinuous 182.60 7/65-9/75
15266500 Beaver Cr. near Kenai Discontinuous 132.00 10/67-9/78
15272550 Glacier Cr. at Girdwood Discontinuous 160, 60 8/65-9/78
15273900 SF Campell Cr. at canyon mouth near Anchorage Discontinuous 65,30 10/66-9/81
15274600 Campell Cr. near Spenard Discontinuous 180.50 6/66-11/81
15275000 Chester Cr. at Anchorage Discontinuous 51.80 4/65-9/76
16275100 Chester Cr. at Arctic Blvd. at Anchorage Discontinuous 70.40 6/66-9/81
15290000 Little Susitna River near Palmer Discontinuous 160.30 4/65-9/81
15439800 Boulder Cr. Central Discontinuous 81.10 5/66-9/81
15476300 Berry Cr. near Dot Lake Discontinuous 168.60 7/71-9/81
15515800 Seattle Cr. near Cantwell Discontinuous 93.80 10/65-9/75
15535000 Caribou Cr. near Chatanika Discontinuous 23.80 10/69-9/81
15621000 Snake River near Nome Discontinuous 222.00 9/65-9/81
15798700 Nunavak Cr. near Barrow Continuous 7.23 10/71-9/81
1

after Brown and Péwé,

equation with the form

_ .abgC d
Q= aAPE(F + 1)7, (2)
where
Qun = dependent variab1é. the peak
mean discharge for the mth

period,
su is

where § is spring,
summer, and f is fall,
and the nth duration where 1
is 1 day, 7 is 7 days, and so
forth, m“/s;

a = regression constant;

b, ¢, and d = regression coefficients for the
independent  variables (basin
characteristics);

A = drainage area, km";

P = mean annual precipitation, mm;

(F +1) = percent forest cover, expressed

as a whole number,

The regression coefficients, with their associated
percent standard error, are given in Table 2,
Basin characteristics used in the analysis are
from Lamke (1979) and SPCO (1981). Basin
characteristics not included in these publications
are taken from the sources cited by Lamke.

DISCUSSION

Regionalization of single station data
illustrates the hydrologic complexity of small
basins and regions with sparse data networks.
Hydrologic similarity among drainage basins is
required for regionalizations, In practice,
however, the degree of dissimilarity permitted

within a homogenous region is not well defined
(Molsey 1981). The regionalization by Lamke
(1979) determined significant basin
characteristics in the flood hydrology of
Alaskan streams. Among these are the mean
minimum January temperature and percent forest
cover. These characteristics are believed to be
indirect indicators of the presence or absence
of permafrost, As more data become available,
refinements are made of these initial
assumptions, With five additional years of
streamflow data, Janowicz and Kane (1983) and
SPCO {1981) have determined, for instantaneous
annual peak flows, that Lamke's Area Il can be
subdivided. Because of dinsufficient data and
the generalized nature of the data we do have,
we cannot determine the effect of permafrost on

TABLE 2, Regression Coefficients for Predicting
2-Year Return Period Discharge.

Depandent Reqression egression Coefficients ereent
Vuﬁiable Cnnstag§ 3 Standard
mh ax 10 b c d.x 10 Error
Qsl 9,400 1.097 - -9.1 31
Qg3 8,000 1.107 e -9.4 29
0, 6,200 1,128 - -9.5 i
Qs 260 0.88 0.643 -8.8 22
Ggy1 4.88 0.764 1,310 -6.9 23
OsuS 4.64 0.770 1.294 -7.2 21
st 3,98 0.758 1.303 -7.3 19
qu15 2.46 0.776 1,333 -7.1 18
0” l.22 0.627 1.569 -5.8 14
Qf3 1.30 0.667 1,455 5.7 13
Q" 1.40 0.69%6 1.437 -5.6 12
Qfls 1.64 0,722 1.370 -5.5 13
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arctic and subarctic statistical flood hydrology.

The regionalization presented in this paper
predicts flood magnitudes for small drainage
basins. These flood magnitudes can be predicted
for the season of the year, flow duration, and
frequency of occurrence of interest. This method
provides reasonable estimates for watersheds with
the fo]]owyyg limitations: the basin area should
be <260 km"® and glacier cover should be <15% of
basin area; predicted spring 1-day flows can
exceed Lamke's predictions for some combinations
of basin characteristics; and since spring flow
predictions for streams in the Anchorage bowl are
overestimated, multiply estimate by 0.4 (Lamke
recommends 0.5 for instantaneous peak flows
regardless of season),

For the design of culverts for fish
passage, Watts (1974) recommends use of the
probable discharge at the time of fish

migration, Timings of fish migrations vary with
species and geographic location. Of the fish
passage culvert design methods (Watts 1974, and
Dryden and Stein 1975) that recommend a fish
passage discharge less than the instantaneous
annual peak, none provide a method for
predicting discharges on ungaged watersheds.
The regionalization described in this paper
provides culvert designers with a method for
predicting the fish passage discharge on ungaged
watersheds in Alaska.
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PERIGLACIAL GEOMORPHOLOGY IN THE KOKRINE-HODZANA HIGHLANDS OF ALASKA
Palmer K. Bailey N

Department of Geography and Computer Science
United States Military Academy, West Point, New York 10996 TUSA

The portion of the Kokrine-Hodzana Highlands near the Arctic Circle and adjacent
to the Dalton Highway is an easily accessible area containing a diverse assortment
of periglacial features, The region 1s within the discontinuous permafrost zone
and probably has never been glaclated. Bedrock is principally metamorphic with
major intrusions of porphyritic granites and some mafic and uvltramafic rock. The
nature of the bedrock profoundly affects the type and character of the loeal
landforms. Finely jointed and foliated bedrock tends to promote development of
cryoplanation terraces. Terraces are most fully and distinctly developed on
metamorphic bedrock, especially achist and phyllite, at elevations above 600 m.
Terraces are usually obscure or absent on igneous bedrock. Widely jointed massive
bedrock tends to form the best tors. Of the 128 tors physically inspected in the
field, 88 are composed of highly weathered porphyritic granite distributed over a
wide range of elevations. Both the ' diameter and the particle aize of sorted
polygons are likewise determined in part by bedrock type. Other periglacial land-
forms include felsenmeer, sorted circles, ice-wedge polygons, thermokarst depres—
slions,open~system pingos, extensive gelifluction slopes, and anthropogenic mounds.

INTRODUCT ION Excellent examples of ridgecrest,

summi t (Reger

hillgide,
1975)

The portion of the ¥Kokrine-Hodzana Highlands
adjacent to the Dalton Highway 1is an easily
accessible area containing a diverge assortment of
periglacial features. During the summer of 1982 an
area approximately 6 km wide from a point 39 km
north of the Yukon River extending 85 km northward
along the highway to Gobbler's FKnob was inves—
tigated (Figure 1). The area is astride of the
Arctic Circle and is within the discontinuous
permafrost - zone. Permafrost, where present, is
generally found between 0.5 and 3,0 m from the
gsurface (Rachadoorian 1971). Drill tholes
assoclated with construction Iin the area often
bottomed in permafrost at depths up to 20 m. The
maximum depth of the permafrost is wunknown. The
area is beyond the maximum extent of the last major
glaciation and has probably never been glacilated
(Hamilton 1982), Bedrock of the region is princi-
pally Precambian and lower Paleozoic metamorphic
rocks with large intrusioms of Cretaceous porphy—
ritic granite, There are also smaller intrusions
of Mesozoic mafic and ultramafic rocks
(Kachadoorian 1971, Brosge and Patton 1982). The
mean annual temperature at the tree line on
Gobbler's Enob is approximately —-3°C (Haugen 1982).
Mean temperatures at lower sites in the region such
as the Bonanza Creek, Fish Creek, and Kanuti River
valleys are probably significantly colder because
of persisting winter temperature inversions. The
coldest official temperature in Alaska, —62°C, was
recorded in 1971 at Prospect Creek, only 5 km north
of Gobbler's Knob.

CRYOPLANATION LANDFORMS AND TORS

Cryoplanation has been an important process in
the development of landforms in this region.

cryoplanation terraces
visible from the Dalton Highway. Terraces are
most fully and distinctly developed on metamorphic
bedrock, especially schist and phyllite. Terraces
are usually obscure or entirely absent on igneous
bedrock, The majority of the residual rock tors,
however, consist of d{ignepgus rocks. There is an
average of 0.13 tors,per km~ in metamorphic bedrock
and 0,46 tors per km” in granite. The distribution
of tors shown in Table 1 tends to 1indicate that
their occurrence is much more closely related to
bedrock type than to elevation. The bimodal
distribution of granite tors is simply a reflection
of the mean elevation of two large outcrop areas,
Finger Mountain and Bonanza Creek.

TABLE 1 Elevation and Composition of Tors Near the
Dalton Highway in the Kokrine-Hodzana Highlands,
Alaska., MN = Metamorphic Nonfoliated, MF = Meta—
morphic Foliagted, IG = Igneous Granite, IM =
Igneous Mafic or Ultramafic.

Bedrock Type

MN MF 1G M
Percent of Area <1 62 32 5
Number of Tors
800~900 m - 5 - -
700-800 m - 4 10 -
600-700 m 4 4 26 -
500=-600 m 5 16 16 -
400-500 m 2 - 10 -
300-400 m - - 23 -
200=-300 m - = 3 -
Totals 11 29 a8 0
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may be the products of either frost weathering or
chemical disintegration by hydration of blotite
(Reger, personal communication). Deep weathering
must have occurred under conditions different than
the present environment. The permafrost existing
in most of the area inhibits both mechanical and
chemical weathering below the active layer. Linton
(1955) proposed 'a two-stage ' hypothesis of tor
formation requiring deep chemical weathering during
" a warm climatic period followed by removal of
. weathered products by gelifluction under
y g;’/_fr'—u—g periglacial conditions. The great extent of
A:RCTL“ IRCL weathering in the area supports this hypothesis
~4a €7 but does not exclude other explanations.
;*:\S ALASKA Granite crops out at Finger Mountain, near
01d Man Camp, and in the Bonanza Creek basin. At
Finger Mountain, the bedrock is the least intensely
c‘“é':::: weathered. Widely jointed resistant parts of the
R rock stand as large prominent tors (Figures 2

‘\‘s‘\qﬁ““ and 3). The tors occur at and above the local
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FIGURE 1 Location map.

Features on Igneous Bedrock

Of the 128 tors physically inspected in the
field, 88 are composed of a highly weathered
porphyritic granite containing large phenocrysts of
feldspar (Cook and Bailey 1983), At many of the
sites the weathering has been so intensive that
rock specimens may be crushed in the hand. The
deepest sample obtained during this study was from
the base of a 7 m high quarry face near Bonanza
Creek, This sample crumbled when tapped with a
hammer. Drilling 4in the area has revealed
weathered bedrock to a depth of up to 16 ms  There
is no apparent correlation between depth of FIGURE 3 Finger Rock, a granite tor on Finger
weathered bedrock and permafrost conditions. - The Mountain.
weathered rock and the abundant grus in the region




tree line. The area between tors 1s generally a
coarse block field, often covered by low shrubs and
tundra. The typical boulder diameter is nearly 1l m
in places.

North of the Kanuti River near 0ld Man Camp the
granite 1s more intensely weathered. The surface
material is a thick residual mnantle of  weathered
granite. Between Kanuti River and 0ld Man Camp
there are no tors, but numerous small low wmounds
of disintegrating granite are apparent. These
vegetation—free areas may be the residual products
of tor weathering. If Linton's two-gtage
hypothesis applies here, the areas may, however,
mark the site of future tor emergence. There are
numerous tors north of 0ld Man Camp. These are
much smaller, however, and lack the vertical
development of tors at Finger Mountain. Block
fields and sorted nets are rare and poorly
developed.

In the Bonanza Creek basin the bedrock 1is
similarly deeply weathered, but very large tors
are present. They are generally massive hill-top
outcrops displaying widely spaced vertical Jjoints
and surrcunded by decomposed granite (Figure 4).
Downslope from the tors the loose surface material
is covered by a mat of Cladonia lichens with
scattered spruce and birch trees. A dense mixed
broadleaf and needle-leaf forest occupies most
of the basin. The entire basin is at or below
tree line and is predominantly free of permafrost.

FIGURE 4 Granite tor near Bonanza Creeks

Mafic igneous rocks underlie mich of the area
near the east end of Caribou Mountain and a
narrow band on the south side of the South Fork
of Fish Creek. Sorted stripes and polygons are
excellently developed in both of those areas.
Mafic tors were not found in the area studied.
Just to the west, however, the summit of Caribon
Mountain (Figure 5) displays a prominent ridgecrest
of mafic igneous rock (Kachadoorian 19Y71).

Featureg on Metamorphic Bedrock

Nearly every hill or mountain of metamorphic
rock in the area has several levels of cryoplana—
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FIGURE 5 Cryoplanation terraces and summit crest
on Caribou Mountain.

on metamorphic

FIGURE 6 Cryoplanation terraces
bedrock near Fish Creek.

tion surface (Figure 6). In general, the most
angular terrace profiles occur at the highest
elevations. The more subdued rounded forms tend to
occur at lower elevations. This agrees with obser-
vation at other Alaskan locations (Reger 1975,
Reger and Pewe 1976). All terraces in the area
are above 600 m elevation, The normal distribution
of cryoplanatin terraces with regard to elevation
reported by Nelson (1982) was not observed. The
limited maximum elevation in the area perhaps

restricts the local distribution to the lower half
of a mnormal curve, thus producing a simple
inereasing function.

0f the 40 tors of metamorphic rock, 11 consist

of a dense greenstone., Some of the greenstone is
probably metamorphosed basalt dikes, based on the
mineralogy and structure of the band of greenstone
east of the highway at the Arctic Circle. Foliated
igneous rocks grade into greenstone in several
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FIGURE 7 Both cryoplanation terraces and tors on FIGURE 9 Large central tor on the mountain shown
metamorphic bedrock 5% km north of the Yukon River. in Figure 7.

FIGURE 8 Cryoplanation scarp near the summit of FIGURE 10 Large tors on the east end of the

the mountain shown in Figure 7. mountain shown in Figure 7.
tors. About 4 km south of Bonanza Creek several near Olsons Lake., The many small lakes on the
tors of metamorphic rock contain many small quartz flats are probably thaw lakes of thermokarst
veins that tend to 1increase their resistance to origin. Ice-wedge polygons are present throughout
weathering, A few well-developed tors are composed the flats. Several low mounds on the south end of
entirely of schist and phyllite. In these tors the flats have the form of low pingos (Kreig and
the foliation is wusually horizontal, the least Reger 1982), Shallow excavations in these mounds,
favorable orientation for cryofraction, and joints however, revealed that they consist of clean, well-
are widely spaced. The most spectacular examples sorted sand. They are probably relict sand dunes
of these tors are found on a mountain 830 m high stabilized by vegetation (Figure 11). The mounds
located east of the Dalton Highway about 55 km have not yet been drilled to confirm the absence
north of the Yukon River, On the summit are of an ice core.
several well-developed cryoplanation surfaces with Two large hills are located in a small basin
distinct scarps in association with several tors 14 km south of Finger Mountain, 2 km west of the
(Figures 7 - 10). Dalton Highway. Those hills are composed of non—

sorted sediment and are probably open—system pingos
(Kreig and Reger 1982),

OTHER PERIGLACTAL FEATURES Seasonal frost mounds were observed near the north
side of 01d Man Camp airfield, near an access road
The greatest variety of permafrost-related crossing of the South Fork of Fish Creek, and

features is found on the flats of the Kanutli River adjacent to the Dalton Highway 1.3 km north of



The North Fork of Bonanza Creek. All three sites
indicate an anthropogenic origin similar to those
observed by Nelson and Outcalt (1982), Road and
airfield construction has disrupted the local
drainage, creating areas with excess water avail-
able for development of ice cores.
Sorted circles, nets, polygons,
occur commonly in the region, usually above 550 m
elevation. Sorted polygons often occur at the
base of the concave slopes of cryoplanation scarps.
Polygons were observed in all of the bedrock types
of the study area. Both polygon size and particle
size, however, are affected by 1lithology. The
polygonal granite felsenmeer on Finger Mountain
congigte of coarse particles over 1 m in size with
polygon diameters up to 10 m. Several kilometers
south,

and stripes

the sorted polygons of metamorphic rock are

FIGURE 11 Flats of the Kanutl River mear Olsons
Lake. The mound in the center of the photo about
100 m 1long is probably a vegetation-stabilized
sand dune.

FIGURE 12 Sorted nets
south of Finger Mountain.

of metamorphic rock 15 km
Photo by Richard Cook.
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no more than 5 m in diameter with a coarse particle
size of 0.2 m (Figures 12 and 13).
Large gelifluction slopes are

found throughout
the region, especially on the north-facing sides
of ridges. Some of these are long, uniform slopes
covering many sguare kilometers. Many of the
more gently sloping gelifluction surfaces show a
remarkably regular spacing of alder shrubs (Figure
14), perhaps due to changes related to frost action
(Everett 1981).

CONCLUS IONS

The geomorphic features in the Kokine-Hodzana
Highlands have developed during long exposure to a
cold, rigorous climate without interuption by gla~
clation. The type and character of features are
determined in part by the nature of the bedrock.
In general, widely jointed massive bedrock tends to
produce the best tors. There are over three times
more tors per unit area in granite bedrock than in
metamorphic bedrock. Tors occur at all elevations
in the area. Finely jointed foliated bedrock
tends to promote cryoplanation. Cryoplanation
terraces are most common and most distinet at
higher elevations. None were identified below
600 m, Well-developed tors and distinet terraces
seldom occur together. Sorted patterned ground
occurs on all types of bedrock at elevations above
550 m. The sizes of individual features and their
coustituent particles, however, are strongly
affected by rock type. A wide variety of other
periglacial landforms indicates that a diversity
of geomorphic processes have been or are active
in the region,
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FIGURE 14 Stereogram illustrating regular spacing of alder shrubs on a gelifluction slope near Fish Creek.
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UNCONFINED COMPRESSION TESTS ON ANISOTROPIC FROZEN SOILS FROM THOMPSON, MANITOBA

T. H. W. Baker and G, H. Johnston

Division of Building Research, National Research Council of Canada, Ottawa, Ontario, K1A OR6

Laminated frozen soils, consisting of alternate horizontal layers of dark brown
clay and light brown silt, with ice lenses between the layers, are found in the

northern area of ancient glacial Lake Agassiz,

Laboratory tests confirmed the

results of in situ ground anchor, penetrometer, and pressuremeter tests performed
at Thompson, Manitoba, which showed these soils to be stronger in the horizontal

direction, parallel to the layers, than in the vertical direcrion.

Undisturbed

block samples of these laminated (varved) frozen soils were obtained and test
specimens were prepared at various orientations to the direction of layering.
Unconfined compression tests, using both naturally frozen and remolded frozen
specimens, have shown the extent of strength anisotropy due to the natural

anisotropic soil structure,

INTRODUCTION

A series of in gitu creep loading tests was
undertaken in the frozen varved clay soils at
Thompson, Manitoba, between 1967 and 1974, These
field tests included circular plate anchors (Ladanyi
and Johnston 1974), power—installed screw anchors
(Johnston and Ladanyi 1974), pressuremeter (Ladanyi
and Johnston 1973) and electric penetrometer tests
(Ladanyi 1976, 1982), Creep equations were developed
using the theory of an expanding spherical cavity.

It was found that the creep exponent deduced from the
static penetration tests was much higher than that
found in the pressuremeter tests, Still higher
values were obtained from creep tests on the ground
anchors, performed earlier at the same site, Since
the anchor and penetrometer tests loaded the soil in
a vertical direction and the pressuremeter loaded the
soil in a horizontal direction, this indicated that
the frozen varved clay was more resistant to
deformation (i.e., stronger) in the horizontal
direction than in the vertical direction, This was
attributed to the natural anisotropic structure of
the frozen varved soils (Ladanyi 1976). A systematic
study was undertaken to determine the influence of
the anisotropic structure of these soils on the
response to the various loading conditions described
above. This paper describes a series of unconfined
compression laboratory tests on field samples of
frozen varved clay from the Thompson area.

INVESTIGATING STRENGTH ANISOTROPY

The term strength anisotropy is used
exclusively in this paper to describe the variation
of stress-strain behavior in the soil with direction
of loading. Most soils exhibit stress—strain
anisotropy, due mainly to the nature of the
depositional process. This anisotropy becomes
marked in layered or laminated (varved) soils formed
by cyclic sedimentation and subsequent one—
dimensional consolidation. The testing of unfrozen
varved soils to determine their strength and ’
deformation properties has been reported by several
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authors, including Tschebotarioff and Bayliss (1948),
Eden (1955), and Metcalf and Townsend (1960). These
investigators performed unconfined compression tests
at various orientations to the varves and found a
distinct anisotropy in shear strength. In testing
Lake Agassiz varved clays from Steep Rock, Ontario,
Eden (1955) found that when clay layers
predominated, the shear strength was higher when the
direction of loading was parallel to the layers.
When silt layers predominated, the shear strength
was higher when the direction of loading was
perpendicular to the layers.

Frozen fine—grained soils often have an
anisotropic structure, due to the existence of ice
lenses formed perpendicular to the direction of
freezing, Livingston (1956) studied the strength
anisotropy by performing unconfined compression
tests on frozen Keweenaw silt at various
orientations to the ice lenses, There was a large
scatter among the observed stress and strain values,
due to specimen variability and to the extreme
gensitivity of the soil-ice mixture to slight
variations in temperature at the time of the test,
particularly in the temperature range (-1 to -2°C)
at which the tests were conducted, These tests
indicated that the shear strength was generally
higher for specimens with ice lenses parallel to the
direction of loading.

The strength anisotropy of soils is usually
expressed as the ratio of the shear strength with
the major principal stress oriented at various
angles to the vertical (Se) to the shear strength in
the vertical direction (S3). The obvious angles of
significance for horizontally layered soils are
8 = 45°, where the maximum shear stress is parallel
to the layers, and 8 = 90°, where the major stress
is parallel to the layers.

The shear strength ratios for the Steep Rock
varved clay and frozen Keweenaw silt are shown in
Table 1. These ratios indicate a definite strength
anisotropy which is dependent upon the properties of
the individual layers. It was thought that the
frozen varved clay from the Thompson area would show
an even greater strength anisotropy than the soils
mentioned above, due to the combined presence of
horizontal varves and ice lenses.



TABLE 1
Literature

Strength Anisotropy of Some Soils From the

Soil g9 45 Reference
So So
Lake Agassiz varved clay Eden (1955)
(Steep Rock, Ontario)
predominantly clay 1.18 0.51
layers
predominantly silt 0.57 0.92
layers
Frozen Keweenaw silt 1.23 0.63 Livingston
’ (1956)

SITE LOCATION AND DESCRIPTION

The city of Thompson (55°45'N, 97°50'W) is
located in northern Manitoba about 640 km north of
Winnipeg, within the discontinuous permafrost zone.
Perennially frozen ground occurs in scattered small
patches or islands varying in size from a few square
metres to several hectares (Johnston et al 1963).

Thompson is also located within the northern
extremity of ancient Lake Agassiz, which existed
during the Wisconsin period of glaciation
(Figure 1). Characteristic of the depositional
processes associated with glacial Lake Agassiz was
the formation of extensive deposits of laminated
(varved) silt and clay. The varved soils are fully
saturated and often contain ice lenses from hairline
to 5-10 cm in thickness, normally oriented parallel
to the predominantly horizontal laminations. The
alternating horizontal layers of light brown silt
and dark brown clay combine with the horizontal ice
lenses to produce an anisotropic soil structure.

FIELD PROGRAM

Sampling

A backhoe was used to excavate a test pit to a
depth of about 3 m at a site approximately 5.5 km
north of the city of Thompson, near the southwest
corner of the Thompson airstrip, in March 1978. The
pit was located in a large spruce island close to a
ground temperature cable installed by the Geological
Survey of Canada (GS8C) in 1973, The site (GSC 24)
is described in detail by Klassen (1976)., The walls
of the pit were visually logged, and samples were
obtained for water content, organic content and
grain size analyses. A log of the test pit is shown
in Figure 2.

A layer of distinctly laminated (varved) frozen
clay occurred between the depths of 1.25 and 2.25 m.
Small (0.3 m3) blocks of the frozen varved material
were wrapped in polyethylene sheeting, placed in
insulated boxes packed with ice, and shipped to
Ottawa by air. These samples were maintained at
-6°C in a cold room until specimens were prepared
for testing,
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Ground Temperatures

Ground temperatures were measured weekly by NRC
staff on the thermistor cable installed at the site
by the Geological Survey of Canada. Figure 3 shows
ground temperatures obtained in early March 1978 and
the maximum, minimum, and mean temperatures for that
year. The maximum and minimum temperatures for 1978
were near the extreme values observed for the years
1975-1978. The mean annual ground temperature, at
the depth at which the block samples were obtained,
was between =1 and ~2°C, At the tine of sampling,
the ground temperature, in the sampling zone, was
between -2 and -3°C.

LABORATORY TESTING

Test Specinen Preparation and Description

Cylindrical test specimens 76 mm in diameter
and 152 mm in height were machined from the block
samples using a band saw and lathe in a cold room.
The procedures for sawing, machining and preparing
the specimens are described by Baker (1976).
Specimens were machined at various angles to the
plane of the horizontal varves. “Vertical”
specimens contained varves oriented perpendicular to
the vertical axis of the specimen. "Horizontal”
specinens contained varves oriented parallel to the
vertical axis of the specimen. Another set of
specimens was machined with varves oriented at 45°
to the vertical sxis of the specimen. Each specimen
contained from 15 to 20 varves, consisting of dark
brown clay layers from 8 to 12 mm in thickness and
light brown silt layers from 2 to 5 mm in thickness,
Ice lenses visible on the sides of the specimens
ranged in thickness from hairline to a few
nillimetres.

Bulk densities were determined prior to testing
by measuring the volume and weight of the test
specinens. After testing they were weighed, oven
dried, and weighed again to determine their total
water contents. The densities and water contents
are presented in Table 2,

Hydrometer tests on “combined” samples
(containing both light and dark layers) indicated
that the varved soil consisted of 80-90% clay size
(<0,002 mm) material. Ignition-loss tests (ASTM
D 2974) indicated an average organic content of 127,
Eight Atterberg Linmits tests showed a liquid limit
of 52.0%, a plastic linit of 32.77%, and a plasticity
index of 19.3%. The average water content was
35,0%, about 2-3%7 lower than that determined at the
field site (Figure 2).

Several remolded specimens were specially
prepared in the laboratory to try and remove the
anisotropic structure formed by the varves and ice
lenses. Some specimens were completely thawed, and
the soil was mixed and remolded to densities and
water contents similar to the natural samples.

These remolded cylindrical specimens were placed in
the cold room at -6°C and allowed to freeze from all
sides. They were removed from the molds, and their
ends were machined prior to testing. Small hairline
radial ice lenses could be seen at the ends of the

frozen remolded specimens. These remolded specimens
were tested for comparison with results obtained on
the natural (undisturbed) frozen soils. Frozen bulk



TABLE 2  Properties of Test Specimens
Bulk Dry Water Loading
Specimen density density content direction
(kg/m3) (kg/m3) (% dry  to plane
wt, ) of varves
Undisturbed
Ccs-1 1,799 1,332 35.1 Parallel
cs-2 1,791 1,353 32.4  Parallel
c8-3 1,780 1,334 33.5 90°
Ccs—4 1,766 1,316 34.2 90°
€585 1,761 1,284 37.2 90°
Cs-6 1,751 1,298 34.9 Parallel
cs-7 1,769 1,288 37.3 45°
Ccs-8 1,772 1,318 34.4 45°
cs-9 1,759 1,303 35.0 45°
cs-10 1,828 1,374 33.1 Parallel
Mean 1,778 1,320 34.7
Stand. Dev, 23 29 1.6
Remolded
RS-1 1,776 1,340 32,6
RS-2 1,852 1,440 28,6
R5-3 1,761 1,303 35,1
RS-5 1,768 1,303 35,7
Mean 1,789 1,347 33.0
Stand. Dev, 42 65 3.2

densities and total water contents were determined
before and after testing; these are presented in
Table 2.

Unconfined Compression Tests

Unconfined compression tests were performed at
a cold room temperature of —6°C, using a 250 kN
capacity screw—driven universal testing machine.
These tests were carried out at nominal strain rates
of 0.0l and 1,0%/min. Some tests were performed at
an intermediate strain rate of 0.1%/min, but were
incomplete due to the limited amount of sample
material available. Data from this incomplete test
series will not be presented. An extensometer
cousisting of three displacement transducers located
on the specimen, measured axial deformation and
tilting (Baker et al 1982). Compliant platens
(Baker 1978) were used to reduce end effects and to
ensure a uniform normal application of pressure to
the specimen ends.

Vertically oriented specimens had the maximum
normal stress direction perpendicular to the plane
of the varves to simulate the anchor and
penetrometer tests performed in the field.
Horizontally oriented specimens had the maximum
normal stress direction parallel to the plane of the
varves, in a manner similar to the field
pressuremeter tests., Specimens oriented at 45° had
the maximum shearing stress directed parallel to the
plane of the varves,

Stress=-gtrain curves for the two nominal strain
rates are shown in Figures 4 and 5. The loading
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direction relative to the plane of the varves for
each sgpecimen is indicated. Some tests were
duplicated to show the variation in stress—strain
behavior between specimens. The maximum axial
strain imposed on specimens was between 10 and 157,
due to the limitations imposed by the 83 mm diameter
extensometer ring. As a result, none of the tests
reached peak stress,

DLSCUSSION AND CONCLUSION

All of the specimens exhibited an initial yield
at about 0.15% axial strain; the stress then
continued to increase until the test was stopped.
Although none of the specimens reached failure (peak
stress), the value of the stresses at and beyond
yield is an indicator of the relative strength of
specimens and can be used to determine strength
anisotropy. All specimens deformed as right
cylinders without central bulging or expansion of
individual layers. This indicated that the strains
within the specimen were uniformly distributed.

In both ranges of strain rate the horizontally
oriented specimens were consistently the strongest,
followed by the specimens oriented at 45°, The
vertically oriented specimens were the weakest.

This relationship was also observed in the limited
tests performed at the intermediate strain rate.
Strength increase with strain rate seemed to be
similar for all specimen orientations. Tests that
were duplicated showed very similar stress—strain
behavior. This probably reflects the narrow range
in the natural physical properties (densities and
total water content). The similarities in physical
properties between specimens enhanced the
reliability of comparing the test results. The
remolded laboratory—-frozen specimens were as much as
80% stronger than the naturally-frozen undisturbed
specimens, Although there was some anisotropy in
the structure of the remolded specimens, thesge
results indicated that the natural anisotropic
gtructure acts to reduce the shear strength.

The strength anisotropy is shown in Table 3 for
the two strain rates and for axial strains
corresponding to yield (0.15%) and 10%. The amount
of anisotropy is not pronounced at yield or at small
strain rates, but it becomes quite significant at
10% strafin. High horizontal strengths are similar

TABLE 3  Strength Anisotropy

Axial strain Nominal 590 Sys S

strain rate 5 5. g_

0 0 R

(%) (%/min)
0.15 0.01 0.93  0.99 0,55
(yield)

1.0 1.14 1,18  0.67
10.0 0.01 1.13  1.03  0.72
1.0 1.35 1.06 0.83
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to those observed by Eden (1955) in unfrozen varved
clays from Steep Rock when the clay layers
predominated., Specimens in this study had a high
clay content (80-90%). High shear strengths at 45°
orientations have not been seen in any of the data
on varved solils in the literature. TIce cementation
may resist the shearing stresses acting between the
layers, The higher strain rates used in this study
are comparable to those used by Eden (1955) and
Livingston (1956) in their test programs, Frozen
Thompson varved clays appear to exhibit a greater
strength anisotropy than either the unfrozen varved
clay from Steep Rock (Eden 1955) or the frozen
Keweenaw silt (Livingston 1956). )

An estimate of the average unfrozen water
content of the combined so0il at the in situ
temperature of -1°C, based on the liquid limits, is
15%2 (Tice et al. 1976). The unfrozen water content
would probably be different in the individual clay
and silt layers, due to the surface area of the soil
grains, and would influence the relative stress—
strain behavior of these layers. It is recognized
that the change from the in situ temperature to the
laboratory temperature of —-6°C, coupled with
sublimation of the samples during 2 years of cold
storage, would lower the unfrozen water content,
The strength anisotropy in these specimens is
probably due to the combined effect of the varves
and their different unfrozen water contents, and
other physical properties, as well as to the ice
lenses. No attempt was made to estimate the
relative contribution of these various components.

The series of in situ tests performed by
Johnston and Ladanyl in an attempt to determine the
bearing capacity of the frozen varved soils at
Thompson were analyzed using cavity expansion theory
to estimate the stress—straln behavior of the soil,
Cavity exzpansion theory assumes that the soil
behaves as a homogeneous, isotropic, ideally plastic
material (Ladanyi 1963). Horizontal varves and ice
lenses make these soils heterogeneous, This
laboratory study has shown that these soils are not
isotropic but anisotropic in their stress—strain
behavior. The stress—strain curves indicate that
these soils do not deform in an ideally plastic
manner. A modification could be made to the cavity
expansion theory to take into consideration strength
anisotropy. Davis and Christian (1971) have
proposed a modification, taking into consideration
strength anisotropy, to the yield criterion which
Scott (1963) recommended for predicting the bearing
capacity of undrained soils. They show strength
anisotropy to be present in most cohesive soils,

A more detalled laboratory study similar to the
one presented in this paper would be needed to
determine the complete range and magnitude of
strength anisotropy associated with a particular
soil deposit. One would have to consider the
influences of various components of the soil deposit
(number and physical properties of the varves, ice
lenses, etc.) that could contribute to the
anisotropy. The results of field testing using the
pressuremeter and penetrometer would provide a
useful check on the strength relationships obtained
and a qualitative appraisal of the influences of
sampling and testing procedures.

ACKNOWLEDGMENTS

The authors wish to thank A, Chevrier and
C. Hubbs for their help in preparing the specimens
and carrying out the tests. This paper is a
contribution from the Division of Building
Research, National Research Council of Canada, and
is published with the approval of the Director of
the Division,

REFERENCES

Baker, T. H. W., 1976, Transportation, preparation
and storage of frozen soil samples for
laboratory testing, in Seil specimen
preparation for laboratory testing: ASTM
Special Technical Publicatiom 599, p. 88-112.

Baker, T, H. W., 1978, Effect of end conditions on
the uniaxial compressive strength of frozen
sand, in Proceedings of the Third International
Permafrost Conference, Edmonton: Ottawa,
National Research Council of Canada, p. 608~
6l4.

Baker, T. H. W., Jones, S. J. and Parameswaran,

V. R., 1982, Confined and unconfined
compression tests on frozen soils, in Roger

J. E. Brown Memorial Volume, Proceedings of the
Fourth Canadian Permafrost Conference, Calgary:
Ottawa, National Research Council of Canada,

p. 387-393,

Davis, E. H. and Christian, J. T., 1971, Bearing
capacity of anisotropic cohesive soil:

American Society of Civil Engineering
Proceedings, v. 97, No. SM5, p. 753-769.

Eden, W. J., 1955, A laboratory study of varved clay
from Steep Rock Lake, Ontario: American
Journal of Science, v. 253, p. 659-674.

Johnston, G. H., Brown, R, J. E. and Pickersgill,

D. N., 1963, Permafrost investigations at
Thompson, Manitoba: Terrain studies: Division
of Building Research, National Research Council
of Canada, Technical Paper No. 158, 96 p.

Johnston, G. H. and Ladanyi, B., 1974, Field tests
of deep power-installed screw anchors in
permafrost: Canadian Geotechnical Journal,

v. 11, No. 3, p. 348-358,

Klassen R. W., 1976, Landforms and subsurface
materials at selected sites in a part of the
shield——north-central Manitoba: Geological
Survey of Canada, Ottawa, Paper 75-19, 41 p.

Ladanyi, B., 1963, Expansion of a cavity in a
saturated clay medium: American Society of
Civil Engineering Proceedings, v. 89, No. SM4,
p. 127-161.

Ladanyi, B,, 1976, Use of the static penetration
test in frozen soils: Canadian Geotechnical
Journal, v. 13, No., 2, p. 95-110.

Ladanyi, B., 1982, Determination of geotechnical
parameters of frozen soils by means of the cone
penetration test, in Proceedings of the Second
European Symposium on Penetration Testing:
Rotterdam, A. A, Balkema, p. 671-678.

Ladanyi, B., and Johnstom, G, H., 1973, Evaluation
of in situ creep properties of frozen soils
with the pressuremeter, in The North American
Contribution to the Second International
Permafrost Conference, Yakutsk: Washington,
D.C., National Academy of Scilences,

p. 310-318.



44

Ladanyi, B., and Johnston, G. H., 1974, Behaviour of
circular footings and plate anchors in s0n N.W.T.
permafrost: Canadian Geotechnical Journal, T
v. 11, No, 4, p. 531-553,

Livingston, C. W., 1956, Excavations in frozen i

]

HUDSON
BAY

ground, Part I, Explosion tests in Keweenaw

silt: Boston, U.5. Army Snow, Ice, Permafrost

Research Establishment, Rep. 30, 97 p. 1
Metcalf, J, B. and Townsend, D, L., 1960, A b

preliminary study of the geotechnical

properties of varved clays as reported in I

Canadian Engineering Case Records, in SASK

THOMPSON

Proceedings of the Fourteenth Canadian Soil .
Mechanics Conference, Niagara Falls, Ontario: t;::;y
I
e

MANITOBA

National Research Council Canada, Technical
Memo, No. 69, p. 203-225,
Seott, R. S., 1963, Principles of soil mechanics:
Reading, Mass., Addison-Wesley, 440 p. -~
Tice, A. R., Anderson, D. M., and Banin, A., 1976, l Il N
Prediction of unfrozen water contents in frozen ! ?7/
soils from liquid limit determinations: D{ =, SOUTHERN LiMIT OF
Hanover, N, H., Cold Regions Research and
Engineering Laboratory, Rep. 76-8, 17 p.
Tachebotarioff, G, P., and Bayliss, J. R., 1948, The l
determination of the shearing strength of varved i
1

/

SOUTHERM LIMIT OF

=T
LAKE AGASSIZ

clays and their sensitivity to remoulding, in
Proceedings of the Second International
Conference on Soil Mechanics and Foundation
Engineering, v. 2: Rotterdam, Haarlem, p. 203--
207.

WINMIPEG

—_

i L ]
| S

49°N SRR
U.S. A,

FIGURE 1 Location map.

SOIL ICE
PHASE | PHASE 0

Living moss, Peat Pt None

SOIL DESCRIPTION

Dark brown frozen L -
poud Pt Nbe . »

Light brown frozen =
clay slit (not lamlnated) oL vr !

Frozen varved clay
light brown slit
layer.z (12 - 2 em cL Vs
dark brown clay layers

{2 - 6 cm), Ice lenses 2 | SAMPLING ZONE

Light brown frozen »
clay siit, plastlc ClL Nbe - .
frozen (not laminated) .

DEPTH,

— ! L 1 e | . N )

3
0 100 200 300 400 500
TOTAL WATER CONTENT BY DRY WEIGHT, %

FIGURE 2 Log of test pit.

CONTINUQUS PERMAFROST

DISCONTINUOUS PERMAFROST
BOUNDARY OF GLACIAL

0 100 200 km




FIGURE 3 Ground temperatures, from

MPa

APPLIED STRESS,

MPa

APPLIED STRESS,

45

0 I 1 1 ] |
s H -
&
= | i |
by N i
= SAMPLING \ i
@ ZONE ™, H
2t .
| — MAX. AND MIN. il
. YEARLY MEAN N
-— MARCH 1978 %
3 ] | ! ] ) 1
7 -6 -5 -4 -3 -2 --1 0

TEMPERATURE, °C

temperature cable.

G8C site 2A, Thompson,

Manitoba.

r
I

—

T T T T T T T

DIRECTION OF LOAD
TO PLANE OF VARVES

PERPENDICULAR
PARALLEL
45°

- REMOULDED

™~

ot

5 10 15
AXIAL STRAIN, %
FICURE 4 Stress—strain curves at 0.01%/min.
T T 13 T | L T L) 1 I 1 L -‘-..:
DIRECTION OF LOAD
TO PLANE OF VARVES
—— PERPENDICULAR
-------- PARALLEL
-—— 45° |
----- REMQULDED TEMP. -6°C
1 | 1 L 1 i l L ] I
5 10 15

AXIAL STRAIN, %

FIGURE 5 Stress-strain curves at 1,0%Z/min,



MECHANISM AND REGULARITIES OF CHANGES IN HEAT CONDUCTIVITY
OF SOILS DURING THE FREEZING-THAWING PROCESS

Ye. N. Barkovskaya, E. D. Yershov, I. A, Komarov, and V, G. Cheveriov

Geology Department,
Moseow State University, Moscow, USSR

The paper discusses the results of comprehensive experimental studies on the mech—
anism and regularities of heat conductive properties of a variety of soils of

different genesis and age.

These soils have different granulometric and chemical-

mineralogical composition and are in various degrees of salinization and peating;
they also have different cryogenic texture,
stationary regime method applied during the process of freezing and subsequent
thawing in the temperature interval from +25° to -25°C, which encompassed the
temperature interval of intensive phase transformation of water in soils.

INTRODUCTION

The study of heat conductivity of rocks and
soils is important both scientifically and prac-
tically. Prediction and control of such cryogenic
processes as freezing-thawing, heaving-settlement,
thermokarst, and thermal erosion are impossible
without the understanding of thermophysical
properties.

During the last decades many researchers have
atudied thermophysical characteristics, Theor-
etical principles have been elaborated to describe
heat transfer in porous soils, and a considerable
amount of experimental material has been collected.
The experimental data, however, was normally
obtained for ground in the fully thawed or solidly
frozen state. There is almost no data on heat
conductivity of goils under large negative tempera-
tures, i.e,, in the range of intensive phase
transition of water. The mechanism and regulari-
ties of heat conductivity of soils during the
cyelic freezing-thawing process are still unknowm,
And, finally, a generalizing work has yet to be
compiled on the mechanism and regularities of heat
conductivity in cryogenic soils of various
composition, structure, genesis, and age under
different thermodynamic copnditions of formation.

The staff of the Laboratory of Physics,
Physical Chemistry, and Mechanics of Frozen
Grounds, under the Chair of Geocryology of the
Geological Faculty of the Moscow State University,
has carried out comprehensive research to determine
the mechanism and to establish the regularities in
the changes of the thermal conductivity of frozen,
thawed, and freezing and thawing soils, and further
to analyze and generalize the available experimen-
tal material. This paper describes several basic
results of these studies.

The materials studied were soils (derived from
solid to fine-dispersion rock) of different
genesis, age, granulometriec composition, and
chemical-mineral composition; these soils had
various degrees of salinization and peating,
humidity, density, and cryogenic texture. Samples
of disaggregated soils with disturbed structure
were specially prepared for the purpose. of finding
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The studies were carried out by the

regularities in the changes of their heat conduc-
tive properties. The method of comprehensive
research was used because it combines the deter-—
mination of heat conductivity in the temperature
interval from +25° to -25°C with estimation of the
macro— and microstructure of the solids and of the
phase content of included water. This tresearch was
based on the method of stationary thermal regime,
which permits the measurement of heat conductivity
of rocks not only at high negative temperatures up
to -0.5°C but also during the cycle of freezing and
subsequent thawing; moreover, the method provides
an estimation of the anisotropy of thermal proper—
ties.

The Mechanism of Changes in Heat-Conductive
Properties of Rocks during the Freezing-
Thawing Process

The temperature effect on heat conductive
properties of rocks has various manifestations.

As shown by both laboratory and published data, a
decrease of temperature increases heat conductivity
in erystalline rocks and reduces it in amorphic
rocks. These effects are due to a difference in
the mechanism of heat transfer; in crystalline
rocks heat transfer occurs by elastic oscillations
of the crystalline grid, whereas, in ameorphic rocks
it is the result of non-elastic dispersion of
thermal energy.

Unlike solid rocks, moist soils have non-linear
and extremal types of dependence of heat conduc-
tivity (A} on temperature (Fig. 1). Typicéal parts
of the curve may be selected for analysis. The
change of A coefficient in the region of positive
temperatures (t; * 0°C and 0°C + tg) is linear;
this feature is related to the analogous dependence
of heat conductivity of water on temperature. The
parts from 0°C to the temperature of the beginning
of freezing (ts = tyi) and from the temperature of
the end of thawing (t;) to 0°C correspond to
relation A(t) in the region of positive tempera-
tures, a fact attributed to the unchanging phase
content of the system. The length of these parts
depends on the composition of the soil.

In the course of further temperature decrease in



the interval (t, to tj3), corresponding to the
region of intemsive phase transformation, a con—
siderable increase in A value is observed. Start~
ing with the temperature of the beginning of
freezing (ty), the value of heat conductivity
coefficient at ty can be twice its value in the
thawed state, This fact is a change in soil
composition and to the first appearance of ice
erystals, the heat conductivity of which is four
times greater than that of water. A study of the
microstructure of soils during freezing shows a
complicated process of formation of ice-cementing
structural ties. The particles and aggregates
become larger, thus reducing the contact heat
resistivity in soils.

The part of the curve corresponding to the
temperature interval (ts to ty), where the inten-
sity of phase transition of water is reduced, the
coefficient of heat conductivity somewhat increases
to a certain constant value owing to the accretion
of pore ice. Structural studies in this tempera-
ture range did not reveal any notable changes in
the structure of frozen soils.

The decrease of temperature in the part of the
curve (ty to ts) causes a reduction of the heat
conductive potential of the soil. The study of
microstructural transformations in frozen ground
has demonstrated that this effect is connected
with the appearance of microcracks in ice and with
its fragmentation; the near—contact ice-soil zones
become more friable owing to thermo-mechanical
stresses. The decrease of A value in this interval
of temperature can reach 25-30%. TIn soils the

*percentage increases from sands and sandy loams to
clays and peats.

In the interval of negative temperatures (ts to
t7), the values of A coefficient of soil during
freezing do not coincide with the values for the
same soil during thawing. This hysteresis in the
A(t) dependence is observed in practically all
studied grounds. It 1s attributed to the develop-
ment of irreversible structural transformations
and to peculiarities in the formation of the phase
content of water. The area of the hysteresis
loop depends on the content and structure of the
solid particles and on the intensity of structural
changes; it reduces from peats and clays to sandy
loams and sands. The maximal difference in the
values of heat conductivity of soils in the
freezing-thawing cycle is not more than 30%.

Under conditions of phase transformation of
water, the A value of thawing ground in the range
(ts to ty) is more than that of freezing ground in
the same temperature interval; this fact is related
to a difference in phase content and structure
under the same temperatures.

The expected hysteresis of heat conductivity of
moist soils is practically absent in the range of
positive temperatures, because, notwithstanding the
changes in structure during thawing, heat transfer
in the liquid phase is the determining factor of
heat conductive properties in this temperature
range,

Regularities in the Changes of Heat Conductivity
during Freezing-Thawing of Soils with Different
Composition and Structure

The effect of the chemical-mineralogical

47

composition of soils on heat conductivity is
associated with the peculiarity of crystalline-
chemical structure of minerals, with the contents
of the pores, and with organic admixtures and their
quantitative ratios. Heat conductivity of solid
rocks mainly depends on the heat conductive proper-—
ties of minerals composing them; the most common
mineral is quartz, whose heat conductivity is much
higher than that of many pore-forming minerals.
Thus, the increase of quartz content in magmatic
rocks from basic to acid is responsible for the
observed tendency of A to increase in that series.
Heat transfer in sedimentary-cemented rudaceous,
sandy, and sandy loam rocks is also to a large
extent determined by heat conductivity of rock-
forming minerals. Their role, however, is reduced
owing to micro- and macrocracks and porosity.

These effects are confirmed by the results of
experiments carried out on sandy loams with differ-
ent mineral content: quartz, and vermiculite (Fig.
2, curves 1 and 2). Heat conductivity of quartz
sandy loam is higher than that of vermiculite sandy
loam owing to the larger A value of quartz. Ver-
miculite sandy loam is characterized by a stronger
hysteresis of A(t), caused by microstructural
transformations occurring with greater intensity
as compared to quartz sandy loam.

The effect of the heat conductivity of minerals
on the general heat conductivity of rocks is
reduced with an increase in dispersion, because the
role of contact heat conductivity is greater., Thus,
the influence of mineral composition on the A of
clay soils is manifested not directly, but indi-
rectly through hydrophilicity. Clays with sharply
differentiated crystalline-chemical structures
were chosen as the subjects of research: montmor-
illonite and kaolinite (with similar density values
and pores almost completely filled with water)
(Fig. 2, curves 3 and 4). In the region of posi-
tive temperatures the values for these clays are
practically identical (0.5 to 0.65 W/m °C), and
the shape of the A(t) dependence is close to
linear. The slope of these straight lines is
similar to the slope of the straight line depicting
the temperature dependence of the A coefficient of
water. Consequently, heat conductivity of thawed
clay soils does not depend strongly on the nature
of the minerals, but is primarily determined by the
heat resistivity of water molecules composing a
single water layer, On the contrary, under nega-
tive temperatures the difference in the structure
of minerals is fairly well manifested by affecting
the proportions of ice and unfrozen water. The
value of A and the area of the hysteresis loop of
A(t) for kaolinite clay are less than those for
montmorillonite clay owing to larger irreversible
transformations in the structure of the latter.

The presence of organic impurities in soils is
an important factor influencing the development
of their heat conductive properties. A special
series of experiments on peats and peated grounds
was performed to study the effect of the degree of
peating and organic decomposition on the heat
conductivity of ground. In the temperature range
from +15 to ~15°C the change in heat conductivity
coefficient is in general the same for sands,
peated sands, and peats (Fig, 3). When the pores
are, for practical purposes, completely filled with
water (or ice) the value of A reduces with an
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increase of peating, which correlates with data
obtained by A. A. Konovalov and L. T. Rotman (1970).
Also the A value in the region of negative tempera-
tures eclose to 0°C decreases with the degree of
peating, This effect is attributed to the differ-
ence in the quantitative water-ice ratio and to

the nature of thermal contacts formed between ice,
sand particles, organic inclusions, and water.

The reduction effect of the X value for peat and
peated sand, in a solidly frozen state, 1s associated
with the development of microcracks in pore ice
during cooling of the soil. Results obtained lead
to the conclusion that the presence of organic
impurities reduces heat conductivity in the +15
to -15°C range because of low heat conductivity
of peat, a larger amount of liquid phase, and
structural defects appearing as the result of
cooling. The hysteresis in the A(t) dependence
for peats under freezing~thawing conditions is
caused by intensive physical-chemical and struc—
tural transformations. A tendency for an increase
in the A coefficient is noted in the frozen peat
series from largely to slightly decomposed; heat
conductivity of thawed peats is practically the
same,

Salinization of rocks strongly influences heat
conductive properties. The effect of NaCl salini-
zation on heat conductive properties of fine quartz
sand and medium loam was studied (salinization of
frozen soils was Z = 0.5, 1.0, 1.5%), The increase
of Z to 1% reduces by half the heat conductivity of
water—saturated sands. The obtained experimental
data imply a complicated A(t) dependence (Fig. 4)
including the presence of maximums, because under
freezing the change in salinization affects not
only the phase composition of water and the heat
conductivity of porous solids, but causes struc-—
tural transformations as well. ¥or soils with
different salinization the A(t) dependence is anal-
ogous, but the values of their heat conductivity
differ by 50% and more. When the temperature
decreases to ~25°C the heat conductivity value of
unsalinized sands (curve 1) monotonically
decreases. For salinized sands the decrease of
heat conductivity at temperatures below -15°C
changes to a slow increase of A values, owing to
better thermal contacts resulting from the freezing-
out of solution and the crystallizatiom of salts.

The effect of grain size on heat conductivity
was studied by many researchers, among them R. I.
Gavriliev, V. T. Balobaev (1978), N. S. Ivanov
(1962) and A. F, Chudnovsky (1962). These studies
demonstrated a reduction of heat conductivity of
soils with an inerease of dispersion in the series
(rudaceous-sandy-sandy loam—-loamy-clay grounds)
over the entire studied temperature range, which
included the temperatures of the water phase
transitions. The character of the A dependence
in the range from 0 to -5°C (Fig. 5) is associated
with changes in the area of thermal contacts aud
in the amount of unfrozen water, both of which
inerease in the order shown for the dispersion
series. In the course of study, data on heat con-
ductivity of loess soils was obtained for the
first time. The value of A in loess soils at
similar values of water saturation and density is
intermediate between the heat conductivity of loamy
sands and of clays. Among loess soils, the A

coefficient increases with an increase in the size
of their aggregates. Thus, all other conditions
being equal, heat conductivity of coarse-dust
loesses is 1.3 to 1.5 times greater than that of
fully loesslike loams of the same genesis and age.

As shown by the results of experimental research,
the nature of heat conductivity dependence on
moisture of loess soils is the same as that of
sands and sandy loams, but different from that of
loams and clays, a result contrary to expectations
based on the high content of dust and clay particles
in loesses, This phenomenon can be explained by
the model of loess s0il structure; the model
indicates that with an increase of water saturation
up to values of 0.5 to 0.7 (water content reaching
20%) deformation of the surfaces of globules and
extension of areas of thermal contacts occurs owing
to the swelling of clay shrouds. Subsequent mois-—
tening up to 0.7 (water content >20%) does not
cause notable changes in heat conductivity of the
soil, because heat flow is then almost completely
within the water system. The freezing of water-
saturated loess soils is accompanied by a consid-
erable growth of heat conductivity as the result
of formation of ice-cementing bonds. Consequently,
A of frozen loesslike loam of natural composition
at a water content of 30% is three times as large
as A at a water content of 3Z.

The problem of the influence of cryogenic
texture on soil heat-conductive properties is as
yet hardly approached. The study of frozen sandy
loam of natural composition shows that the value
of A\ for soils with massive cryogenic texture
(1.8 to 2.2 W/m-degC) exceeds A for soils with
layered and subreticulate texture (1.4 to 1.6
W/m~degC). Numerous defects of ice structure
(cracks, air bubbles, organic admixtures, etc.)
have been noted in sandy loam soils of* layered
texture; these defects create additional resistivity
to heat transfer.

Varying the conditions of freezing of clay has
enabled us to obtain specimens of massive and of
layered cryogenic texture with almost identical
ice contents. Heat conductivity of clay with
massive texture normally exceeds heat conductivity
of clay with layered texture by about 25%.

In summary, results derived from experimental
research have revealed a complicated mechanism of
development of heat—conductive properties of soils
and have indicated basic trends in the variations
of heat conductivity, which depend on the composi-
tion and structure of solls and the temperature
conditions,
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FIGURE 1 General type of curve of heat conduc-
tivity coefficient of soils with temperature in
the process of freezing (tz - ts) and subsequent
thawing (ts - tg).
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FIGURE 2 Dependence of heat conductivity coef-
ficient on temperature in water—saturated soils of
different mineral composition: 1 -heavy quartz
sandy loam; 2 - heavy vermiculite sandy loam;

3 -montmorillonite clay; 4 -kaolinite clay.
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FIGURE 3 Dependence of heat conductivity coef-
ficient on temperature for fine sand with different

amounts of peat under freezing (1,2,3,5) and sub-
sequent thawing (4).
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FIGURE 4 Dependence of the ameount of unfrozen
water (a), and the value of heat conductivity coef-
ficient (b) on temperature for moist fine sand with
different salinization: 1-Z=0.0%; 2- 2=0,5%;
3-2=1.0%.
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FIGURE 5 Dependence of heat conductivity coef-
ficient of water-saturated soils having different
grain size with temperature in the process of
freezing. 1~ rudaceous rock debris with sandy loam
filling; 2~ fine sand; 3 - light fine sandy loam;

4 - loesslike loam; 5 ~medium loam; 6- clay; 7 - peat.



PROPERTIES OF GEOTEXTILES IN COLD REGIONS APPLICATIONS

J.R. Bell, T. Allen and T.S5. Vinson

Dept. of Civil Engineering, Oregon State University, Corvallis, OR 97331 USA

To investigate properties of geotextiles in cold reglons applications, a

laboratory program was conducted with five geotextiles.

in fresh and saline water was considered.

300 freeze=thaw cycles showed no

serious

Freeze-~thaw durability
Geotextile strength before and after
degradation. Geotextile load-

deformation—time relationships were determined at +22°C and -12°C by wide-strip

tensile and static creep tests.
creep was -significantly affected.
creep.

Temperature had little effect on strength, but
lLower temperatures resulted in reducad
Both geotextile structure and polymer type were significant to creep.

Polypropylene geotextiles were affected to a greater degree by temperature than

polyester geotextiles.
A preliminary investigation was

performed to determine the potential of
geotextiles as capillary breaks in a highly frost susceptible silt.
were frozen from the top at a constant rate.

Soil columns
Free water was available at the

bottom for two columns--one contained a geotextile layer and one did not. A

third control column was frozen without free water or a geotextile.

Heave and

water content increases during freezing were determined for each soil column.
The results indicate some geotextiles have the potential to significantly reduce

frost heave.

INTRODUCTION

Geotextiles have been widely used in the more
temperate areas of the world for the past two
decades (Bell and Hicks 1980). More recently,
engineers concerned with arctic and subarctic
construction have incorporated geotextiles iInto
their designs (Tart and Luscher 198l). To date,
geotextiles have been used in their traditional
roles to provide filtration, separation, and rein—
forcement in drains and roadways (Bell and Hicks
1980) . They are also being used in ercosion con-
trol structures in the Arctic (Leidersdorf et al.
. 1981).

While successful applications of geotextiles in
cold regions have been made, questions remaln
unanswered relative to the influence of the cold
environment on their performance. For example,
the influence of cold temperatures on geotextile
load-strain and creep relationships i1s largely
unknown. Degradation due to freeze-thaw cycles
also has had limited study.

In addition to the usual problems, engineering/
construction practices for building foundations,
roadways, and embankments in cold regions of the
world are intimately associated with freezing
related phenomena of initially unfrozen ground and
thawing related phenomena of 1nitially frozen
ground. Freezing of initially unfrozen frost-
susceptible soil can result in heave at the ground
surface and disruptions of embankments or founda-
tions placed on or wholly within the 2zone of
freezing. Thawing of dece-rich soils results in
gsettlement and loss of bearing strength (termed
thaw instability).

The published information relative to geotex-
tile uses in construction to limlt or ameliorate
problems associated with frost heaving and/or thaw
weakening 18 limited. Kinney (1981) has sugpested
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The effectiveness is different for different geotextiles.

that a geotextile layer could be used to bridge
thermokarsts, but no installations are known.
Creep 15 a very Iimportant counsideration in this
use. Brantman et al. (1977) raported the use of a
geotextile as a capillary break in a roadway test
section in the USSR but did not include an evalua-
tion of the performance. Sale et al. (1973) and
Bell and Yoder (1957) describe ancapsulation of
roadbed so0ils in waterproof membranes to limit
frost effects.

Roth (1977) performed laboratory soil column
freezing tests. He found a 10 em (3.9 in.) thick
layer of gravel sandwiched between two geotextile
layers worked as a capillary cutoff and limited
frost heave. He also concluded the cutoff layer
should be above the free water but below the
freezing front for maximum effectiveness.
Hollingsworth (1976) and Hoover et al. (1981) per-
formed laboratory capillary cutoff tests wusing
only a fabric as the capillary break. They tested
only one fabric (Mirafi 140). Poth conclude the
geotextile reduced water wmigration, and WHoover
observed that two geotextile lavers worked bLetter
than one layer. The geotextile properties which
{nfluence the performance of a geotextile layer as
a capillary break are permeability, pore size,
thickness, and wetting characteristics.

Hoover et al. (1981) installed Mirafi 140 as a
combined reinforcement layer and capillary break
in county roads in Linn County, Towa, USA. The
geotextile was placed on top of a frost-
susceptible subgrade soll, They observed limited
improvement in roadway stability.

The existing literature shows numerous individ-
uals believe geotextiles to have great potential
for uwse in arctie and subarctic regions. The
results to date support this belief but are lim—
ited and often inconclusive.

In recognition of the need to determine geotex—



tile mechanical properties and the effectiveness
of geotextiles to reduce frost action in cold
regions, a research program was conducted at
Oregon State University to investigate (1) the
influence of freeze—thaw cycles in a freshwater
and saline water environment on the load-strain-
strength of geotextiles; (2) evaluate the load-
strain-strength and creep characteristics of geo-—
textiles at subfreezing temperatures; and (3)
investigate the ability of geotextiles Lo act as
capillary bresks and thereby limit frost heave.
The results from the research program are sum—
marized herein with emphasis om the frost heave
tegts., Additional results from the load-strain-
strength and creep studies at subfreezing tem-
peratures have been published elsewhere (Allen et
al. 1982, Allen 1983).

GEOTEXTILES TESTED

Five geotextiles, each with different structure
and/or material characteristics, were employed in
the research program. These geotextiles are
described in Table 1. The geotextile types were
selected to ensure that the load-strain-strength
characteristics associated with several geotextile
structures and fiber polymer compositions could be
compared in a meaningful way.

The geotextiles tested represented woven and
nonwoven fabrics. For the nonwovens, needle-—
punched and bonded waterials were tested. Both
polyester and polypropylene fibers were in-
cluded. The geotextiles represented a range of
permeability, strength, modulus, and susceptibil-
ity to creep.

TEST PROCEDURES AND EQUIPMENT
Tensile Tests

A wide strip tensile test was used to char-
acterize the load-strain-gtrength behavior of the
geotextiles, A 200 mm (8.0 in.) specimen width
and a 100 mm (4.0 in.) specimen length between
test grips were employed to ensure the results
obtained would simulate, to as great a degree as
practical, the plane-strain 1loading conditions
which exist in the field (Shrestha and Bell
1982). Five specimens of each geotextile type
were tested. Both MTS and Instron test systems
were employed in the program. The Instron was
used for specimens which exhibited very large
strains at fallure,

Each geotextile type was tested under the fol-
lowing conditions:

® room temperature [22°C (71°F)] in a dry state

® subfreezing temperature [-12°C (10°F)] in a dry
state
surface dry

® room temperature 1n a saturated

(wet) state

® room temperature [22°C (71°F)] in a saturated
surface dry (wet) state following 300 freeze-
thaw cycles in a dry state
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TABLE 1 Geotextiles Tested.
Geotextile Nominal
Geotextile Filament Construe— Weigh&
tion gm/m
Bidim Polyester Nonwoven 272
C=34 Continuous Needlepunched
St abilenka Polyester Nonwoven 100
=100 Continuous Regin Bonded
Ty par Palypropylene Nonwoven 136
3401 Continuous Heat Bonded
F hretex Polypropylene Nonwoven 300
300 Continuous Needlepunched
Propex Polypropylene Woven 150
2002 Slit Film
® room tewperature [22°C (71°F)] in a saturated

surface dry (wet) state following 300 freeze-

thaw cycles in distilled water

a saturated
300 freeze-

® room temperature [22°C (71°F)] in
surface dry (wet) state following
thaw cycles in saline water.

The freezing temperature condition was achieved by
placing the geotextiles in a walk-in cold room for
24 hours, and testing in the cold room, The sat-
urated surface dry (wet) condition was obtained by
soaking the geotextiles in water for 24 hours and
blotting the specimens just prior to testing.
Freeze—-thaw cycling in either distilled or saline
water was accomplished by placing a specimen in a
sealed plastie bag filled with either distilled or
galine water and placing the bag on a rack in a
freeze~thaw chamber.

The tensile strength of each specimen was nor~
malized to a nominal mass per unlt area to account
for apecimen variability, The normalized
strengths of five specimens of a given geotextile
type for a given test condition wetre averased.
The significance of the average values when
compared with the average normalized strength of
other test cases was determined using a student's
t-distribution for a 90%Z confidence level.

Creep Tests

The creep characteristics of the geocextifes
were evaluated at room temperature [22°C (71°F)]
and subfreezing temperature [-12°C (10°F)] when
loaded to various percentages of ultimate wide
strip tensile strength., Three test specimens of a
given geotextile type for a given test condition
ware trimmed to a width of 152 mm (6.0 in.) and
secured in grips with a spacing of 76 mm (3.0
in.)., The three test specimens were connected in
gseries for dead weight loading.

Average normalized strength was used to deter-
mine the load required for each set of creep spe-~
cimens, EBach geotextile type was tested at load
levels of 20, 35, 50, and 65% of ultimate wide



strip tensile strength.
a given test condition were applied as rapidly as
possible without impact, and deformation readings
were taken at 1, 2, 5, 10, 30, 60, 120, 240,
1,440, and 2,880 min., Thereafter, readings were
taken every week up to approximately 15 weeks or
until rupture occurred. A test was also ter-~
minated when no measurable deformation ocecurred
during a period of one week. The subfreezing
temperature condition was achieved by conducting
the creep tests in a walk-in cold room.

Frost Heave Tests

Frost heave tests were performed in the frost
heave chamber shown schematically in Flgure 1.
The chamber, operated in a walk-in cold room, con-
tained three tapered lucite cups 171 mm (6.75 in.)
high with 116 mm (4.17 in.) and 105 mm (4.13 in,)
top and bottom diameters, respectively. The soil
to be tested was contained in the cups. Two cups
had small holes drilled through the bottom and a
6.5 mm (0.25 in.) thick porous stone on the bot-
tom. The third cup had no holes, thereby exclnd-
ing the entry of water., The three specimen cups
were held in a 0.394 m (15.5 in.) diameter disk of
high-density styrofoam (brand) insulation to
assure uniaxial freezing. The base of the cups
extended below the bottom of the styrofoam so
water in the bath could be raised above the level
of the porous stones, Thermistors were installed
through the side of one of the cups with holes in
the bottom. The thermistors were spaced ver—
tically at 14 mm (0.56 in.) {intervals. Ther-
mistors were placed only at the top and bottom of
the other two cups.

The water bath was insulated and the water
temperature was maintained at 1°C (34°F). An
environmental chamber was used to control the air
temperature above the soil specimens at =5°C
(23°F).

Three dial gauges were used to measure the
heave for each specimen. Thin [0.3 mm (0.012
in.)] rubber membranes were placed around each
soll specimen. The inside of each cup was coated
with silicone grease to reduce friction. Plastic
wrap was placed on the top of each specimen to
reduce sublimation during freezing.

The test so0lil was a nonplastic silec from
Fairbanks, Alaska, known to be highly frost sus-
ceptible. The test specimens were carefully
compacted to 90% of standard maximum dry density
(AASHTO T-99) at a water content 2% above optimum.

After the soil specimens were compacted in the
cups and the cups were placed in the styrofoam
insulation container, the sSo0il was protected
against evaporation and the assembly was precooled
for 12 hours at 1°C (34°F). After chilling, the
assembly was placed on the water bath, the dial
gauges were mounted and Zzerced, and the environ-—
mental chamber was placed over the assembly. The
system was allowed to cool until the 0°C (32°F)
isotherm had moved a maximum of 6 mm (0.25 in.)
below the surface of the soil.

When the freezing front reached a depth of
about 6 mam (0.25 in.), initial readings of all
thermistors and dial gauges were taken. 4s
freezing progressed, dial gauge and thermistor

The loads associated with
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FIGURE 1 Frost heave test cell.

readings were taken at 0.5, 1, 2, 3, 5, 8, 12, 18,
and 24 hours. Readings were continued after 24

hours or until the freezing front reached the
lavel of the geotextile layer, whichever was
less, At the end of the test the specimens were
vemoved from the c¢ells and moisture content

samples taken., Water coantent was determined imme-
diately above and below the location of the
freezing front at the end of the test and at
approximately 19 mm (0,75 in.) intervals through-
out the length of each specimen.

Three specimens were tested simultaneously with
each test. The specimens were prepared as
identically as possible except one had a geotex-—
tile layer 38 mm (1.5 in.) above the bottom of the
specimen, The specimen with the geotextile and
one other specimen were open to free water at the
bottom. The third specimen was for control and
had neither geotextile nor access to free water.

TEST RESULTS

Tensile load-Strain—Strength
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FIGURE 2 Axial load versus strain (dry condition)

Tensile axial load versus strain relationships
for the geotextiles tested at temperatures of 22°
and =12°C (71° and 10°F) are shown in Figure 2.
The modulus and strength of the Typar increased
with decreasing temperature. The strain at
failure decreased significantly for all polypropy-
lene geotextiles. No other statistically sig-
nificant (907 probability) deviations in load-
strain-strength characteristics were observed.

A summary of all the tensile load=-strain char-
acteristics of the geotextiles tested is given in

Table 2. The strain at failure for the resin-
bonded polyester geotextile increased upon
wetting, Other results indicate that normalized
strength, percent strain at peak strength, and

normalized secant modulus .-at 10% strain do mnot
change appreciably from the initial dry values
when the geotextiles considered were tested in a
wet condition at room temperature or following 300
freeze=thaw cycles in a dry, distilled water, or
saline water enviromment. An exception was Propex
2002 which exhibited a significant decrease in
strength (approximately 12%) after 300 freeze-thaw
cycles in distilled and in saline water.

Creep

Typical creep strain versus time relationships
for the geotextiles tested at 22° and -12°C (71°
and 10°F) at a load level of 50% of the wide strip
tensile strength are shown in Figure 3. A re-
duction in temperature to =12°C (10°F) resulted in
a decrease in creep strains for geotextiles with
polypropylene fibers. At this load level creep
strains for geotextiles with polyester fibers were
not significantly influenced by this temperature
change.

This difference in the effect of temperature on
creep for polypropylene and polyester geotextiles
may be explained in terms of the glass transition
temperatures of these two polymers. The glass
transition temperature for polypropyleme is about
0°C (32°F), vwhereas for polyester it is about

100
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. FIGURE 3 Creep strain versus time at 50% of

tensile strength.

110°C. When the temperature of a polymeric
material falls below its glass transition tem
perature, the ability of the material to deform is
severely restricted. Since the glass transition
temperature of the polyester is well above the
range of temperatures tested 1in this investi-
gation, and since for the polypropylene it is
within this range, the deformation characteristics
of polyester geotextiles change much less with
temperature than those of the polypropylene geo-
textiles, A load 1levels of 207 wultimate
strength, the decrease in creep strain with tem
perature was not statistically significant for any
geotextile, The geotextile structure and polymer
appear to dominate short~term creep strains, and
the polymer and temperature control the long—term
creep rates,

The polypropylene materials experienced
tertiary creep and failed at load levels of 50% or
652 of wide strip tensile strength at 22°C
(72°F), The geotextiles with polyester fibers did

not faill at this temperature until the load level
was 80% of wide strip tensile strength., Signi-
ficantly, at -12°C (10°F) none of the polypropy-
lene materials failed at a 50Z load level,
however, and only one geotextile (Typar) failed at
a 657 load level,

Frost Heave

Frost heave rates for all tests are preseunted
in Table 3, and water contents after freezing for
two tests are shown in Figure 4. The data in
Table 3 show all of the nonwoven geotextiles
except the Stabilenka caused a marked reduction in
the heave rate., The only woven fabric, Propex,
wag intermediate in its effect.

Of the three most effective geotextiles,
Fibretex and Bidim are both thick and have high
permeabilities. Typar, in contrast, is thin and
has a low permeability. Typar is also the most
hydrophobic and requires a head of about 75 mm (3
in.,) of water to initiate flow. Of the fabrics



TABLE 2 load-Strain Characteristics of Geotextiles.
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Test Condition (see legend below)

Geotextile Property II IIX v v VI
Bidim Normalized Strength (kN/m) 18.6 17.5 16.0 16.7 16.0 15.6
C-34 % Strain at Peak Strength 53.2 60.0 59.9 64.6 58.2 59.0
Normalized Secant Modulus at 33.5 20.3 25,2 28,5 31.7 30.7
10% strain (kN/m)
St abilenka Normalized Strength (kN/m) .9 5.6 5.3 5.4 5.4 5.3
T-100 % Strain at Peak Strength 32.6 27.9 44.0 h4h.1 41.6 43.9
Normalized Secant Modulus at 37.7 41,0 30.8 33.5 33.6 32.6
10% strain (kN/m)
Ty par Normalized Strangth (kN/m) 8.9 10. 8.8 9.0 9.0 8.8
3401 % Strain at Peak Strength 53.3 31.3 43.8 40.4 43.4 42,3
Normalized Secant Modulus at 56.9 75.2 61.9 63.8 61.5 63.6
10% strain (kN/m)
Fibretex Normalized Strength (kN/m) 10.3 - 9.9 10.3 10.6 10.9
300 % Strain at Peak Strength 186 - 166 188 192 213
Normalized Secant Modulus at 6,1 7.5 7.5 4,7 5.5 5.4
10% strain (kN/m)
Propex Normalized Strength (kN/m) 24,2 23.7 24.4 23.3 21.3 22,9
2002 % Strain at Peak Strength 21.2 18.0 19.8 22.7 20.7 22.0
Normalized Secant Modulus at 151 163 162 146 144 151
10% strain (kN/m)
I = Control, Dry Condition (DC), 22°C (71°F) IT = Control, DC, ~12°C (10°F)
III = Control, Wet Condition (WC), 22°C (71°F) IV = 300 Cycles, Freeze=Thaw (FT), Dry Environ.,, WC
V = 300 Cycles, FT, Distilled Water Environ., WC VI = 300 Cyeles, FT, Saline Water Environ., WC
Note: Specimens subjected to freezing and thawing were cycled between —=15° and +15°C (5° and 58°F)

TABLE 3 Freeze Front Penetration and Heave Rates.

Heave Rate = mm/hr

Freeze No ee With Free Water
Rate Water or Without With
Geotextile mm/hr Geotextile Geotextile Geotextile
Bidim 0.91 0.08 Q.46 0.18
C-34
Stabilenka (.58 0.01 0.46 0.56
=100
Typar 2.49 0.03 0.54 0.12
3401
Fibretex 2.11 0.07 0.43 0.13
300
Propex 1.75 0.08 0.58 0.32
2002

tested, only the Stabilenka was hydrophilic and
readily adsorbed water.

Figure 4 illustrates the water contents in the
s0il specimens for the poorest and one of the best
results, It fs clear that for the conditions of
these tests, Stabilenka had virtually no influence
on the water migration while Bidim essentially
stopped heave completely, These tests are quali-
tative and cannot be directly related to field

or ...
Bidim Cf_34 Stabilenka T-100
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= 100F I
!
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150k I | 1 TR
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FIGURE 4 Soil water contents after freezing,

conditions; however, it does appear that some
geotextiles show potential as capillary breaks to
limit frost heave. Different geotextiles have
different effects and the factors affecting their
effectiveness are not well defined. Additional
research 1into this use of geotextiles is both
needed and deserved.



CONCLUSIONS

Based upon the test results presented for the
five geotextiles considered in this research pro—
gram, the following  conclusions Thave been
reached: (1) the mechanical properties of geotex—
tiles, in terms of load-strain-strength and creep
characteristics, are not adversely affected by
subfreezing temperatures in a temperature range
associated with many c¢old regions engineering
applications; (2) f{reeze-thaw c¢ycling in dry,
distilled water, or saline water environments has
little influence on the load-strain-strength
characteristics of most geotextiles; (3) geotex—
tile structure and polymer tend to control short-
term creep strains; (4) the fiber polymer and
temperature control long—term creep rates; (5) for
temperatures warmer than 0°C (32°F), polyester
fabrics have wmuch lower creep rates and higher
thresholds of tertiary creep than polypropylene;
however, for colder temperatures there is much
less difference between the two palymers; (6) many
geotextiles have considerable votential as capil-
lary breaks to limit frost heave; (7) other
factors equal, thick fabrics tend to be better
capillary breaks than thin fabries; (8) geotex-—
tiles which are hydrophobic are more effective
capillary cutoffs than those which absorb water
readily; and (9) geotextiles deserve further
testing of their abilities as capillary breaks to
limit frost action.
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EFFECT OF COLOR AND TEXTURE ON THE SURFACE
TEMPERATURE OF ASPHALT CONCRETE PAVEMENTS

R. L. Berg1 and D. C. Esch?

y.s. Army Cold Regions Research and Engineering Laboratory
Hanover, New Hampshire 03755 USA
ZAlaska Department of Transportation and Publiec Facilities
Fairbanks, Alaska 99701 USA

During the fall of 1981 and the spring of 1982, eight test items were estab-

lished on an asphalt pavement in Fairbanks, Alaska,

The test items were: two

sections of untreated pavement, yellow-painted pavement, white-painted pavement,
"atandard” chip seal, fine-grained "standard" chip seal, chip seal with dark

brown aggregate, and chip seal with white marble aggregate.
Surface temperatures were monitored hourly by thermo-

located on a main road.

couples attached to an automatic data collection system.

The test items were

The amblent air temp-

erature, wind speed and directfon, amount of precipitation, and radiation
balance were continuously recorded at an untrafficked pavement approximately 100

m from the test items.

Incident and reflected shortwave radiation measurements

were made nearly every weekday over each test item using a hand-held radio-

meter.

N-factors, ratios of surface thawing indexes to air thawing indexes

varied from about 1,2-1.3 for the white- and yellow—painted surfaces, respec-

tively, to about 1.4-1.5 for the other surfaces.

Daily and monthly m—factors

for a particular surface varied depending on wind speed, the durability of the

surface treatment, and the amount of incident solar radiation,

Approximately

2200 vehicles per day crossed the test sections; turbulence induced by the

traffic caused n-factors to be lower than reported by other authors.

Abrasion

by traffic reduced the effect of the surface treatments.

In the discontinuous permafrost regions of
Alaska, extremely thick granular embankments (15-20
ft deep) may be necessary to completely contain sea~
sonal thawing. Due to inadequate quantities of
materials, costs of material acquisition and place-
ment, or excessively elevated surfaces, the neces-—
sary thick embankments are seldom constructed, and
considerable differential settlement frequently re—
sults beneath roads and airfields. Three passive
methods have been used to minimize seasonal thaw
depths and thereby minimize embankment thickness
requirements: (1) thermal insulating layers (Berg
1976, Esch 1973); (2) high water content layers
(Esch and Livingston 1978); and (3) materials that
reduce the surface temperature of the embantkment
(Fulwider and Aitken 1963, Berg and Aitken 1973).

In this paper we discuss the effects of surface
color and texture on the thawing season surface
temperatures of an asphaltic concrete roadway pave-
ment in Fairbanks, Alaska., The roadway carrles a
substantial volume of traffic each day, so this
study differs from previous surface temperature
studies of pavements that were not subjected to
significant traffic-generated air movements and to
the effects of tire wear on surface coatings.

SITE PREPARATION AND INSTRUMENTATION

The test sections are located on Peger Road
between the entrances to the Interior District
offices of the State of Alaska Department of Trans-
portation and Public Facilities (DOT/PF) (Figure
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FIGURE 1 Layout of test sections and instrumentation
at Peger Road test site.
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1). Peger Road in Falrbanks, Alaska, was recon-
structed in the summer of 1981, and in the fall of
1981 and spring of 1982 eight test sections were in-
stalled. The test items were: two sectlions of un—
treated pavement, yellow-painted pavement, white-
painted pavement, “standard” chip seal, fine-grained
"standard" chip seal, chip seal with a dark brown
aggregate, aud a chip seal with white marble ag-
gregate, Prior to placing the 5-cm (2-in.) thick
asphaltic concrete pavement, DOT/PF engineers
installed four 2.5-cm (l-in.) diameter PVC pipes
horizontally near the top of the base course, The
pipes extended beyond the pavement on each side by
about 0.6 m (2 ft). In the late summer, 15-cm
(6-in,) diameter cores were removed from the pave-—
ment over the PVC pipes, and two 6—mm (1/4-1in.)
diameter holes were drilled through the cores from
bottom to top. Two copper and two constantan therm~
ocouple wires were fed through the PVC pipe from
each core hole to the edge of the road. Two copper
coustantan thermocouples were then fabricated

at each core hole and a thermocouple was epoxied
into each hole, with leads extending from the bottom
of the cores. The sensing tip of each thermocouple
was approximately 3 mm (1/8 in.) from the top of the
core. Warm liquid asphalt cement was poured on the
exposed base course, and the core containing the two
thermocouples was pushed into the asphalt cement.
Additional liquid asphalt cement was poured into the
annulus between the core and the undisturbed pave-
ment.

Thermocouple wires were buried beneath the
ground or laid on the ground surface from the edge
of the pavement to the DOT/PF office building
(Figure 1), where a data collection system was
located, Meteorological equipment consisting of
radiometers to measure incldent and reflected short—
wave radiation and incoming and emitted longwave
radiation, equipment to measure wind speed and wind
direction, and hardware to measure precipitation and
air temperature were located within a fenced area to
prevent vehicles from damaging the equipment. The
meteorological equipment is located approximately
100 m (300 £t) from the test sections. Output from
the meteorological equipment was transmitted to the

TABLE 1
chip seals.

data collection system and other recorders through
extension wires mounted on the fence. Measurements
from all of the equipment commenced in March or
April 1982 and will continue through early summer
1983. The data collection system recorded the sur—
face temperatures and radiation totals hourly during
summer 1982. Average wind speed and direction were
also recorded hourly. Between 1100 and 1300 hr each
day from April through September 1982, a hand~held
radiometer was used to make instantaneous measure-
ments of incident and reflected shortwave radiation
over the test sectioms. The albedo of each surface
was computed from these measurements.

The layout of the test sections is showm in
Figure 1. Each test section was approximately 15.2
m (50 ft) long by 5.9 m (16 ft) wide. The average
daily traffic on Peger Road during the 1982 summer
wag approximately 2200 vehicles per day in each
direction. The gpeed limit on Peger Road is ap-
proximately 22 wm/sec (50 mph)., Gradationms and
asphalt application rates for each of the chip seals
are shown in Table 1. Different ligquid asphalt ap—
plication rates were necessary to retain the various
gradations of chips properly.

DATA ANALYSIS

The mean and design air freezing and thawing
indexes from observations at the Fairbauks Inter-
national Airport (period of record 1950 through
1979) are:

Mean air freezing fndex 3200°C-days (5760°F-days)
Design air freezing index 3724°C-days (6704°F-days)
Mean air thawing index 1844°Cc-days (3320°F-days)
Design air thawing index 2104°C-days (3787°F-days)

The design values were calculated as the aver-
age of the three extremes in the 30 years of record.

Thawing indexes from the Peger Road site and
the Fairbanks International Airport for the 1982
thawing season are shown in Table 2. Summer 1982
was considerably warmer than normal and the air
thawing index measured at