
FR
O

M
 T

H
E 

A
R
CH

IV
ES

Find Similar Titles More Information

Visit the National Academies Press online and register for...

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National 
Academies Press.  Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy 
of Sciences. 

To request permission to reprint or otherwise distribute portions of this
publication contact our Customer Service Department at  800-624-6242.

Copyright © National Academy of Sciences. All rights reserved.

Instant access to free PDF downloads of titles from the

10% off print titles

Custom notification of new releases in your field of interest

Special offers and discounts

NATIONAL ACADEMY OF SCIENCES

NATIONAL ACADEMY OF ENGINEERING

INSTITUTE OF MEDICINE

NATIONAL RESEARCH COUNCIL

This PDF is available from The National Academies Press at http://www.nap.edu/catalog.php?record_id=19404

Pages
434

Size
8.5 x 11

ISBN
0309035333

Permafrost:  Fourth International Conference, Final 
Proceedings (1984) 

National Academy of Sciences; University of Alaska 

http://www.nap.edu/catalog.php?record_id=19404
http://www.nap.edu/related.php?record_id=19404
http://www.nap.edu/catalog.php?record_id=19404
http://www.nas.edu/
http://www.nae.edu/
http://www.iom.edu/
http://www.iom.edu/


REF RENCE COPY 

PERMAFROST 
Fourth International Conference 

FINAL PROCEEDINGS 

July 17-22, 1983 

Organized by 
University of Alaska and 
National Academy of Sciences 

NATIONAL ACADEMY PRESS 
Washington, D.C. 1984 

FOR IBRARY USE Otl.Y 

Oraanlzln1 Committee 
T.L. P~w~ 
G.E. Weller 
A.J. Alter 
J. Barton 
J. Brown 
O.J. Ferrians, Jr. 
H.O. Jahns 
J.R. Kiely 
A.H. Lachenbruch 
R.D. Miller 
R.D. Reger 
A.L. Washburn 
J.H. Zumberge 
L.DeGoes 

'AS-NAC: 

0 T 1 8 l~RS 

IBRARY 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


0-B (~JY I 

.T5{ 
I q lS.3'.'.l 
c. I 

_, 

-:-0 r- c " ,,, ? '-'- f (' r 

NATIONAL ACADEMY PRESS 2101 Constitution Avenue NW Washington, DC 20418 

The National Research Council was established by the National Academy 
of Sciences in 1916 to associate the broad community of science and 
technology with the Academy's purposes of furthering knowledge and of 
advising the federal government. 'nle Council operates in accordance 
with general policies determined by the Academy under the authority of 
its congressional charter of 1863, which establishes the Academy as a 
private, nonprofit, self-governing membership corporation. 'nle Council 
has become the principal operating agency of both the National Academy 
of Sciences and the National Academy of Engineering in the conduct of 
their services to the government, the public, and the scientific and 
engineering communities. It is administered jointly by both Academies 
and the Institute of Medicine. 'nle National Academy of Engineering and 
the Institute of Medicine were established in 1964 and 1970, respec
tively, under the charter of the National Academy of Sciences. 

Library of Congress Catalog Card Ntnber 85-60050 

International Standard Book Ntnber 0-309-03533-3 
Permafrost: Fourth International Conference, Final Proceedings 

Printed in the United States of America 

·~J jJattonaf Acadmfy Press 
The National Academy Press wu created by tbe National Academy of 
Sc:ienca to publUh the reports issuecl by tbe Academy and by the 
National Academy of Engineering, the Institute of Medicine, and the 
National Research Council, all operating under the cbaner granted to 

the National Academy of Sciences by tbe Congress of tbe United States. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


Preface 

Perennially frozen ground, or permaf roat, un
derlies an eati .. ted 20 percent of the land sur
face of the earth. It affects .. ny hUlllln activi
ties, causing unique proble• in agriculture, min
ing, water supply, aeirage disposal, and construc
tion of airfields, roads, railroads, urban areas, 
and oil and gas pipelines. Therefore, understand
ing of its distribution and behavior ia essential. 

Although the existence of permafrost has been 
knot111 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 Mid
dendorf .. aaured te11peraturea to a depth of ap
proxi .. tely 107 • in permafrost in the Shargin 
Shaft, an unaucceHful well dug in Yakutsk for the 
governor of the luaaian-Alaakan Trading Company. 
It was eatiuted that the perma·froat there was 215 
• thick. For over a century since then, acien
tiata and engineers in Siberia have been actively 
studying permafrost and applying the results of 
their research in the develop11ent of the region. 
Sillllarly, prospectors and explorers have been 
aware of permafrost in northern North America for 
•ny years, but not until World War II were aya-
t ... tic studies undertaken by acientiata and engi
neers in the United States and Canada. 

All a result of the explosive increase in re
search into the scientific and engineering aspects 
of frosen ground since the late 1940s in Canada, 
the United States, the USSR, and, more recently, 
the People's Republic of Qlina, and Japan, among 
other countries, it bee ... apparent that acien
tiata 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. Thia relatively ... 11 confer
ence was extr ... ly aucceaaful and yielded a publi
cation that ia still used throughout the world. 
In 1973 approximately 400 participants attended 
the Second International Conference on Permafrost 
in Yakutsk, Siberia, USSL By that time it had . 
become apparent that a conference should be held 
eYery S years or ao, to bring together acientiata 
and engineers to bear and diacuH the latest de
velopments in their fields. 'nlua in 1978 Canada 
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hosted the Third International Conference on Per
•froat in Edmonton, Alberta, including field 
tripe to northern Canada. Approximately 450 par
ticipants fro• 14 nations attended, and Cllineae 
acientiata were present for the f irat time. The 
published proceedin111 of all three of these con
f erencea are available (see P• 413). 

In Edmonton it was decided that the United 
States would host the fourth conference, and a 
formal of fer was ll&de by the University of Alas
ka. Subsequently, the Fourth International Con
ference on Permafrost was held at the University 
of Alaska at Fairbanks, July 17-22, 1983. It was 
organised and cosponsored by cOlllll.tteea of the 
Polar Research Board of the National Acadeay of 
Sciences and the State of Alaska. Local and ex
tended field tripe to various parts of the state 
and nort'lweatern Canada, to exaaine permaf roat 
features, were ll&de an integral part of the con
ference. 

Approxi .. tely 900 people participated in the 
n1111eroua activities, and 350 papers and poster 
displays from 25 countries were presented at the 
conference. Many engineering and acientif ic dis
ciplines were represented, including civil and 
.. chanical engineering, soil .. chanica, glacial 
and periglacial geology, geophysics, marine sci
ence, cli .. tology, soil science, hydrology, and 
ecology. The formal progr .. conaiated of panel 
diacuaaiona followed by paper and poster presen
tations. The panels considered the followiQI 
th ... a: pipelines, cli .. tic change and geothermal 
regiM, deep foundations and •bankmenta, perma
frost terrain and enviro1111ental protection, frost 
heave and ice segregation, and aubaea permafrost. 

A total of 276 contributed papers were pub
lished in the first volUllle of the proceedings. 
Reports of panel and plenary aeHiona, additional 
contributed papers and abstracts, &allll8riea of 
field tripe, and lists of participants are includ
ed in this second voluM. 

The U.S. Organising Collld.ttee 1a indebted to 
the .. OJ aponaora for their financial support, to 
the technical and prof eaaional organizations which 
participated in the progr .. , and to the local 
Fairbanks organisers for their efforts, which re
sulted in a highly aucceHful meeting. 
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Opening Plenary Session 
Monday, July 18, 1983 

TROY L. Plfwt - Ladies and gentlelll!n: Welcolll! to 
the formal sessions of the Fourth International 
Conference on Permafrost. I am Troy Pfwf, Clair
.an of the Organizing Collllittee for the Confer
ence. We, the Organizing Committee, subcommit
tees, staff, and .any others, are pleased to have 
you here and invite you to participate in and at
tend the panel, paper, and poster sessions, the 
local field trips, the extended field trips, and 
social events. Today, I will first introduce our 
front-table dignitaries and then offer a few words 
about permafrost research history. 'nlis will be 
followed by words of welcolll! from Alaskan and in
ternational participants. 

It is S'J pleasure to introduce the persona at 
the front table. At S'J far right [not visible in 
photograph) is Dr. Jerry Brown of the Cold Regions 
Research and Engineering Laboratory, who is repre
senting the Polar Research Board of the United 
States National Academy of Sciences and is the 
Clair.an of the Permafrost Committee of the Polar 
Research Board. He is also a lll!mber of our Organ
izing Committee. Next to Dr. Brown is Mr. Li Yu
aheng, Vice Principal of the Chinese Academy of 
Railway Sciences of the Ml.nistry of Railways from 
Beijing, China. He is the co-leader of the dele
gation from the People's Republic of <llina. Next 

is Dr. Jay Barton, President of the University of 
Alaska Statewide System and a 11e11ber of the Organ
izing Collllittee. On S'J i1111ediate right is Acade
mician P.I. Melnikov of the Acade'S'f of Sciences of 
the USSR, Director of the Permafrost Institute of 
Yakutsk, Siberia, and the head of the delegation 
from the USSR. On S'J ialll!diate left (not visible 
in photograph) is Professor Shi Yafeng, Director 
of the Lanzhou Institute of Glaciology and Cryo
pedology, and Deputy <llief, Division of Earth Sci
ences, Academia Sinica. He is the co-leader of 
the delegation from the People's Republic of <llina. 
Next is Mr. Daniel A. Casey, Collllissioner of the 
Departlll!nt of Transportation and Public Facilities 
of the State of Alaska, representing the Governor 
of Alaska. We are pleased to have Dr. Hugh French 
of the University of Ottawa, and Chair.an of the 
Per.afroat Subcommittee of the National Research 
Council of Canada. He is representing the Cana
dian delegation. Next to Dr. French is Mr. Bill 
B. Allen, Mayor of the Fairbanks North Star Bor
ough, Alaska. On S'J far left is Dr. J. Rosa Mac
kay, Professor at the University of British Colum
bia, and foriEr <llairman of the Ground Ice Divi
sion of the International Commission on SnCJlf and 
Ice, International Union of Geodesy and Geophys
ics. 
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Scientists and engineers of the United States, 
and eapecially of Alaaka, have waited .any years 
for thia occasion, a time when the experts in the 
field of the atudy of frozen ground from all over 
the world would be gathered here in central Alaa
ka, an area of perennially frozen ground. Al
though the first invitation to meet here was ia
aued only 10 year• ago, at the Second Internation
al Conference on Permafrost in Yakutak, Siberia, 
earlier workers dealing with frozen ground in 
Alaaka, 70 and 80 years ago -- the gold mlnera -
mat have been thinking that mlnera in other coun
triea aurely had eaaier waya to th., the ground to 
obtain the gold than to use a little wood-burning 
ateaa boiler that waa available at the time. 

Thoae mlnera were not the f irat ones to think 
about pel"llllfroat in Alaaka. The beat-docU11ented 
early account of permafroat is from a viait in 
1816 by the Gel'IMn explorer Lt. Otto von Kotzebue, 
to what is nOlf called Kotzebue Sound in western 
Alaska. He described the fosaila in the frozen 
ground at a place later termed •Elephant Point• by 
the Engliahllan Lt. Beechey in 1836, who alao ex
llllined the pel"llllfroat cropping out in the aea 
cliffa. Other early report• of scientists seeking 
remain• of Pleiatocene vertebrates in the frozen 
ground alao deacribe the pel"llllfroat phenomena. 

But it waa the gold miners in central and 
western Alaska, from the end of the 19th century 
until the 1940'•• who were the 11&in aophiaticated 
and unaophiaticated atudenta of the study of per
mafroat in Alaska, but only as a by-product of ex
tracting the gold from the ground. 

Only 10 ka from here, many a miner became all 
too familiar with the small acale proble .. of fro
zen ground aa he painfully thawed a shaft dOlfn to 
bedrock. Later, large-scale mining operation• 
were invented to remove the gold from the frozen 
ground, creating probably the largeat single arti
ficial expoaure of permafrost in North America, 
the Gold Hill Cut, which was 1.5 km long and 70 • 
deep. It was from auch expoaurea that basic in
fol"lllltion on the origin and age of pel"llllfroat and 
associated ground ice vaa obtained. 

But it was during and after World War II that 
the critical proble1111 were encountered on a large 
acale--proble .. dealing with pel"llllfrost in the 
conatruction of airfields, roads, and buildings in 
this perennially frozen terrain of North America. 
It was in 1944 that the first book in English on 
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construction proble19 in pel"llllfroat terrain ap
peared. It waa compiled from the Soviet litera
ture by Dr. Simon w. Muller. 

With the rapid grOlfth of permafroat knOlfledge 
in the late 40'a, 50'a and early 60'a, in~eatiga
tora from the United State•. Canada, and Siberia 
felt more of a need to exchange information on an 
international scale, and a small international 
conference on pel"llllfroat, with 11&inly the United 
States, Canada, and the USSR participating, was 
held in 1963, 20 yeara ago, at Purdue University. 
Thia has become knOlfn as the First International 
Conference on Pel"llllfroat. It was followed by the 
Second International Conference on Permafroat 10 
yeara later in Yakutsk, Siberia, under the guid
ance of Academician P.I. Melnikov. 

In the laat 10 years, studies on the acience 
and engineering of frozen ground literally explod
ed in all areas, especially in two new major 
fields, one dealing with the production and trans
portation of oil and gas in pel"llllfroat regiona, 
and the other with the study of pel"llllfroat under 
the aea, pel"llllfroat of the Arctic Continental 
Shelf. These efforts, especially construction of 
the Alaska pipeline, have puahed the term •pel"llll
froat• and knOlfledge of ita general importance in
to the minda of the general public, especially 
when it affects the price of the gasoline that 11&n 
lbat put in his automobilea. 

The Third Pel'1118f roat Conference was held in 
Ed110nton in 1978, under the direction of the late 
Dr. R.J.E. BrOlfn. It hosted 500 people, and 150 
papers were presented. Here, the western world 
first learned of the existence and wide distribu
tion of per.afroat in the People's Republic of 
China, and of the research being undertaken on 
frozen ground there. Starting with the Third Con
ference, detail• for the 5 years of planning for 
the Fourth International Conference began to take 
shape. 

Today. the Fourth International Conference on 
Permafrost, in the heart of pel'1118froat country in 
the United States, is finally underway. I have 
been told that, so far, 800 people have registered 
and that 350 contributions are listed on the pro
gram. 

To welcome us here today, as the representa
tive of Bill Sheffield, Governor of the State of 
Alaska, is his Commlaaioner of Transportation and 
Public Facilities. Mr. Daniel A. Casey. 
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DANIEL A. CASEY - Thank you very 1111ch, Dr. PiSwiS. 
Ladies and gentlemen, and distinguished foreign 
visitors: First, let Ill! say that I hope you have 
time to get out and do a little playing and not 
only working and studying. I know that such is 
your primary reason for being here, but Fairbanks 
is one of the best places to be in Alaska in the 
summer. I hope that you have taken the time to 
echedule solll! fishing, sightseeing, or a leisurely 
trip outside the state at the end of your confer
ence. 

On behalf of Governor Sheffield, it gives Ill! 

great pleasure to extend a wlcolll! to the scien
tists and engineers from all over the world who 
have asse•bled here for this conference. As Com-
111 ssioner of the Alaska Department of Transporta
tion and Public Facilities, I can say 1111 depart
ment deals daily with the broad range of pet'llll
frost-related problems, which affect highways, 
bridges, airports, and shortly, I imagine, rail
roads, building foundations and communication
supporting structures. It i• also for thie rea
son that the departlll!nt, on behalf of the State 
of Alaska, is a co-sponsor of this conference. 

Because pet'llllfrost underlies more than four
f ifthe of our state, we are continuously affected 
by the engineering challenges presented to us by 
these phenolll!na, and we m.ist rely on the other po
lar countries to help us solve these challenges. 
Many of these problell8 will be evident to those of 
you who take the local field trips or who have had 
an opportunity to go to Prudhoe Bay or down the 
Richardson Highway. The problems are unique and 
fascinating; and so are some of the solutione. 
They solll!t illl!s prove an embarras Slll!nt to the engi
neers of our department, as the traveling public 
assumes that w have ready solutions in hand. I 
aa proud to note that several employees of the De
partment of Transportation will be presenting solll! 
of theee solutions in papers during this confer
ence. 

Just prior to joining the Governor's cabinet 
earlier this year, it was 1111 pleasure to head the 
Atlantic Richfield Co111pany's construction program 
at Prudhoe Bay. Over the six years that I was 
aesociated with that effort, 1111 understanding of 
permafroet grew tremendously. The project, which 
many of you have had or will have an opportunity 
to eee on the North Slope, began in the classic 
phaees that a project goes through, but compounded 
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by the fact that it was in the Far North. The 
first question that we were challenged with back 
in 1974-1975 in the design phases was: Would it 
work? If w put those big modules on pilings, 
would they sink into the ground or would they stay 
up? And, of course, some of the more subtle ques
tions in tet'llll of long-term creep and road stabil
ity and road clearing were foremost in our llinde. 

As everyone knows, those challenges wre met, 
just as the challenges of road construction and 
building conetruction throughout the state have 
been met. But I share with you one pereonal per
spective, and that is that the challenge today in 
pe1"118frost engineering is not what will work, but 
what will work most efficiently. How can w do 
the same things that we have now becolll! accusto•d 
to doing in the permafrost regions, but do them 
for fewr dollars so that w can get further along 
in the construction of our facilities and so they 
can last a longer time. 

Let me close with a final comment. It ha• 
been stated in the scientific community that a 
global warming trend may be at hand. It would be 
useful, I think, for us practitioner• if you dis
cussed your outlook on the global warming trend. 
And if Alaeka is to be faced in the foreseeable 
future with such a warming trend, as wll as the 
rest of the polar-rim cotmtries, we need to know 
the significance of that trend and the timing of 
it. As a consequence of this threat, our high
ways, airports, bridges, buildings, and pipeline• 
that are built on permafrost may face an increas
ing rate of deterioration a• their foundations, 
potentially, slowly give way. We need to know 
from you how serious this future threat is, and 
how, if at all, we should plan for that possibil
ity in today's designs. 

Again, on behalf of the Governor of Alaska, 
and the Alaska Department of Transportation and 
Public Facilities, welcome to the United States 
and our state. 

TROY L. Plfwt - The next speaker might be described 
as the host of the conference, inasmuch as he is 
Dr. Jay Barton, President of the University of 
Alaska Statewide System. Dr. Barton is not only 
in a position to wlcome us to the University, but 
has been an integral part of the Organizing Com
mittee, involved with the production of the con-
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ference on local and international scales. Ladies 
and gentle11en, the President of the University of 
Alaska, Dr. Jay Barton. 

JAY BAllTON - Dr. Pewe, dlatlngulahed guests, fel
low aclentiata, ladles and gentlemen: It la with 
honor and pride that I welco• you on behalf of 
the Board of Regents of the University of Alaska 
to the Fourth International Conference on Perma
frost. It la a truly significant occasion for the 
Unlveralty of Alaska and one that ia quite appro
priate to lta 111.aaion. You know, some years ago, 
Clark Kerr, ln a facetious aoment of whi .. y, aaid 
that a aodern university ia really little more 
than a collection of conflicting constituencies 
held together mostly by a c011110n heating ayatea 
and a cOllllOn shared grievance over parking. But 
lt ia on an occasion like thla, I think, that we 
recognize the university for what it truly la, a 
coaamity of learners, young and old, each learn
ing fro• the other. 'Ibis la, ln Jacques Barzun'a 
words, the house of intellect. 

Sclentlata are fond, perhaps, of being pic
tured aa solitary thinkers. You all aav the Sigaa 
Xl report the other day that showed a little car
toon of a acientlat in deep thought wearing a T
ahlrt that aald, "I think, therefore I aa paid." 
But, actually, I think we are very gregarious 
people, because lt la ln our interactions with 
each other that we apply the error-correcting 
11echaniaa that la intrinsic ln our acientlflc 
•thod. It ia through the free exchange of ideas 
and knowledge at conferences like this, bringing 
together aclentlata froa throughout the world, 
that we deepen our understanding of nature and 
that we come close to achieving ao• measure of 
aclentiflc truth. It la through the free exchange 
of ldeaa and knowledge at conferences like this, 
which bring together aclentlata froa throughout 
the world, that we come close to achieving true 
peace. 

I hope that you enjoy your aeaalona in the 
next week. Walca.e to the house of intellect, to 
the University of Alaska. 

TROY L. pgwtf - 'lbe University of Alaska and the 
area where we'll be lnveatlgating permafrost on 
local field trlpa, aa well aa the City of Fair-

4 

banks, falls ln an area called the Fairbanks North 
Star Borough. 'lbla la a vital area in central 
Alaska, and here to welco• you for the Borough ia 
the aayor, Hr. Bill B. Allen. 

BILL B. ALLEN - Ladies and gentlemen, and honored 
guests visiting fro• foreign countries: Walca.e 
to our part of the world. Fairbank• North Star 
Borough la certainly proud to have the Unlveralty 
of Alaska at Fairbanks aa a site for your confer
ence. A tr89endoua aaount of energy has been put 
into this conference by the organizers and con-
t ri butora. Fairbanks, the Golden Heart of Alaska, 
la honored that those efforts have culminated ln 
our com111nlty with this conference. 'lbank you for 
coming to our hoae, and I hope that you will aake 
lt your home in the next week. I have seen fro• 
your program that aany of you will be participat
ing ln aoae of our local actlvltlea while you are 
here. I encourage you to take advantage of var
ious attractions in our f lne c011111nlty during the 
next five days. Aa noted in your schedule, our 
Golden Heart City la celebrating lts annual Golden 
Daya, which coaameaorate those pioneers who ca• 
north at the turn of the century, seeking their 
fortunes ln gold. And although ao11e found gold, 
aore found peraafroat. So enjoy the hospitality 
of our ho• as we re-create and reaeaber those who 
struggled ln this land, and who founded our c~ 
amity. 

To give those of you who are visiting us some 
perspective of our coaainity, the local government 
is responsible for an area larger than Northern 
Ireland. We have a population of some 60,000 
people and an abundance of geological features. 
To put that ln the context of this conference, we 
have more permafrost per capita than anywhere else 
in the United States, and I might add that this is 
one reason why this conference should be held here 
ln Alaska. We certainly hope that we have an op
portunity to host you again. We have nuaeroua ex
amples of peraafroat-related phenomena for your 
field trips, especially prepared for you. Also, 
we have nice weather for you, by proclamation of 
the aayor. Strange that we do have those powers, 
but we do. We have plenty of theraokarst pita, 
pingos, and frost heaves. I would suggest that we 
have more frost heaves per road Ill.le than anywhere 
else ln the United States. Just ask Hr. Casey 
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about hie budget for 1111intenance. Or, just drive 
down any one of our roads a year after it has been 
constructed and you will see that this is an ex
cellent laboratory for gathering information on 
so11e of the permafrost problems which are faced by 
urban centers. 

/ta a practical 1111tter, our community is in
terested in pro110ting research with which you are 
involved. We are glad to have you obeerve the 
typical permafrost features of this area, because 
we are searching for solutions to the problems 
that they cause. That was obvious to Ill! on my way 
here this 110rning. I live out on Par11er's Loop 
Road; I hit a permafrost bu11p that was not there a 
week ago, and I al110st broke my neck. I hope that 
you will do so11ething about those types of things, 
and help us vi th our problems in that area. W:I. th 
situations like this all around us, it is easy to 
see that the people of Alaska are interested in 
the reeearch that you are doing. I support using 
local govert1111ent resources in finding answers that 
are essential if we are to understand and live in 
harmony with the permafrost that permeates our ex
istence in so 1111ny obvious ways. And as a local 
gover1111ent representative, I will work to encour
age those at the state, national and international 
levels to 1111ke the necessary financial and 110ral 
comllit11ents to help you find answers to the ques
tions that you will be addressing this week. '11ley 
are questions that impact the people who li'Ve in 
this region of the Borough and who aist continual
ly cope with the idiosyncrasies of permafrost. 

We have been anxiously watching the progrees 
through the United States Congress of the Arctic 
Research Policy Bill, which is sponsored by our 
Senators Stevens and Murkow&ki. This conference 
helps reinforce the needs which legislation ful
fills for the develop11ent in the United States of 
a national policy on arctic research. We are one 
of the few nations with territories in the North 
which is still without such a policy. I am excit
ed about the potential positive i11pact as a result 
of the passage of this legislation. Not only will 
the proposed legislation establish a national arc
tic policy, it will si11Ultaneously provide for a 
clearing house to facilitate better coordination 
and reduce duplication in research. It also pro
poses $25 llillion annually in research funds. 
This focused effort is essential if the United 
States accepts its role in the responsibilities as 
a partner nation of arctic co111a1nitiea. 
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The U.S. should provide epecific support for 
basic research, which is essential in the develop-
11ent and preservation of co111a1nity environments in 
this region. Unique proble11& pose interesting 
challenges to thoee who wish to live, work, or 
play in this part of the world. The true poten
tial of our c01UUnity, our state, and all regions 
of the Arctic and Subarctic cannot be reached un
til our leaders recognize the importance of the 
type of work which this conference 110at aptly rep
resents. We mat all do what we can to prOllOte 
the education of those who will be making those 
decisions which have an impact on the course of 
arctic reeearch. 

In closing, let me thank you again for the 
contributions you have lllllde in permafrost re
search, which have helped 1111ny people of the world 
to cope with the environ11ent they live in. We are 
glad you have COlll! to our cOIUllnity. We look for
ward to the conference and papers which will be 
offered this week and to supporting your efforts 
in the future. Thank you. 

Dr. PEwE, I ha'Ve a Proclamation, if I could 
take a minute to read it [see next page]. 

TROY L. PM - Thank you, Mr. Allen, for the invi
tation to inspect your permafroet. I aa sure that 
in the next few days we will be exllllining expo
sures of frozen ground here and the effects of 
frozen ground on life in the Horth. 

In this opening session, it is our privilege 
to have solll! infor .. tion presented on the nature 
of the latest research and related activities go
ing on in the countries of the world, especially 
in the .. jor areas where permafrost is being stud
ied. First, I would like to call on Acadellician 
Melnikov, who has long been the leading figure in 
the study of perennially frozen ground in the USSR 
and the chief delegate of the USSR to all the In
ternational Permafrost Conferences. Be was hoet 
for the Second Conference in Yakutsk in 1973. 
Acadellician Melnikov. 

P.I. M!LHIKOV - Respected colleagues: On behalf 
of the Soviet delegation, I would like to greet 
all the participants of thi• outstanding geocryo
logical for1111 who have assembled here in the won
drous State of Alaska to bear witness to the 
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Office of the Mayor 

Fairbanks North Star Borough 

Jroclmnntion 
\~, ti.: Fcx.rrth Intf>....rnaticnal Ccrl.fercnL'e en 

Pcnra f roti t i ' be inq hosted by the l>'ru wrsi ty of Alasl<A in Fa1 rbanks 
frun July 18 through 22, 1983, and organized by the State of Al~ska 
and the N<lticnal Ac~ of Sciences1 and 

~. tlus International Conference cri PenMfrost 
cr.r>venes every five years or so to bring together scientific, 
engineen.ng, and user-camuti ties to discuss the state-of-the-art 
in these respective fields I and 

~. this Intermticl\al O:nfennce OD Pealafrnet will 
bring together Oller cne thousand participants repnieenting over 2~ 
natl.CnS to ellChange infCIDllltioo cri pei:mafrti8t1 and 

141ERE'AS, the ""lac:t.irn of Fairl:lanks as the locatial for 
this ccnfere>ee bri.nga qreat pride to our ccnmJni ty and state as we 
are hurol.e:i at the haler of rosting tboee ......, are at the forefrmt 
of such illpxtant and relevant l"e8eilrdl1 and 

IOol ~. I, B.B. Allen, Mmyor of the Fairbanks 
North St= llcc'ouqh, by the aut:n:x i ty vested in '"", and in an effort 
to create a greater ..-reness of the critical activities occurring 
in rel.atial to the Fo.lrth Int:ernatia>a.l CUlference oo Perm!frost, 
do hen!by proc lail1\ the -.>< of July 18 thr<Ju9h 22, 1983 aa: 

!laDOI ~ZATI<li lmJ( Fa! THE 
4'lll ~~~QI PEIMIPKSl' 

IN WrmESS ~, I have hereunto eet frtf hand this 18th 
day of July, 1983. 

.. 
•·. 

·· . 
. • 

'1. •• , 

' ' 
' ' 
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achievements made in fundamental and applied geo
cryology since the third conference. 

It has been five years since the Third Inter
national Conference on Pel'llllfrost vas held in Can
ada. We fondly remember the organizers of that 
conference who did their best to 11ake the sessions 
and field trips as interesting as possible. We 
regret that tvo prominent Canadian geocryologiats, 
Dr. R.J.E. Brown and V. Poppe, who did much to de
velop this science in Canada and to further scien
tific contacts with foreign geocryologists, have 
passed 111t1ay. 

In the course of the past five years, funda
mental and applied geocryological studies have 
progressed together with the industrial and eco
nomic development of northern permafrost regions. 
The principal results of these investigations are 
set forth in the reports. Due to considerable 
scientific and practical effort, 'lie have been able 
to increase the efficiency of the development of 
northern territories which are rich in natural re
sources, including precious llinerala. 

Exploration and extraction of these llinerals, 
however, has proven to be both an expensive and 
difficult undertaking. Science is now faced with 
the task of developing new, more effective re
search methods, which include satellite and geo
physical surveys. We 1a1st increase both the depth 
and the reliability of our data. We 1a1st also 
create more precise instrU11ents and maximize auto
.. tion of research observations and data process
ing. It has become necessary to perfect methods 
for interpreting satellite i11agery and to equip 
these satellites with instrUlllents capable of de
ter11ining not only the presence of permafrost, but 
also its thickness, ice content, discontinuity and 
the depth of seasonal th111t1ing. It is also desir
able to monitor the thel'lllll-phyaical characteris
tics. These data will, to a great extent, facili
tate the study of vast, almost inaccessible terri
tories lying within the permafrost zone. We aist 
learn more about permafrost evolution, coaposi
tion, texture and conditions for distribution. 

The perennially frozen ground in a 11ajor por
t ion of the extre98 north contains considerable 
ground ice underlying the thick, thel'lllll-insulat
ing peat and moss cover. Disturbance of this cov
er results in the fol'lllltion of theraokarats and 
thaw basins. It has therefore become necessary to 
define strict regulations governing econollic de-
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velopment, land use, construction and environmen
tal protection in these territories. 

In order to successfully develop permafrost 
regions, 'lie should extend the training of geocry
ologiats. Both Moscow State University and Ya
kutsk State University have departments of geocry
ology and cryology. There are also speci&l geo
cryological acadellic councils which monitor doc
toral and candidate theses in the technical, geo
logical, and geographical sciences. Geocryolo
gists worldwide should 11ake a greater effort to 
develop this science, while aaintaining close sci
entific contact with their colleagues in other 
countries. 

We wish all of you every success in your sci
entific work and in the activities in this confer
ence. 

noY L. plfwif - Our next speaker, representing the 
delegation of the People's Republic of China, is 
Professor Shi Yafeng, who is Director of the Lan
zhou Institute of Glaciology and Cryopedology of 
the Acadellia Sinica. He has been one of the or
ganizers of permafrost research in China for aany 
years. 

SHI YAFENG - Mr. Chairman, ladies and gentlemen: 
First of all, on behalf of the delegation of the 
People'• Republic of China, I would like to ex
press our heartfelt thanks to the organizers fro• 
the National Acadeay of Sciences, the State of 
Alaska, and also the University of Alaska, and es
pecially to Professor Troy L. Pbri, Professor Gun
ter Weller, Dr. Jerry Brown, and all the meabers 
of the U.S. Organizing Coallittee for the excellent 
and persistent work required to prepare such a 
large conference. Please accept the sincere 
thanks of the Chinese delegation. This conference 
is really well organized, and it will greatly pro
mote research and development in the world. 

As 'lie all know, permafrost prograas have an 
iaportant effect on the economic development of 
cold regions. China is an ancient civilized coun
try with a long history. About 2,000 years ago, 
seasonal freezing processes in China had already 
been decoded in the ancient Chinese classic, the 
Book of Leaves, as follows: In the first events 
of winter, earth and water begin to freeze; in the 
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second, ice becomes hard, and earth cracks; in the 
third, freezing reaches its climax. And in the 
events of spring, thawing ia promoted by an east
erly breeze. 

Pel'llllfroat in China ia eati1111ted to underlie 
about 2 million square kilometers, second only to 
the USSR and Canada. If we include ground that ia 
seasonally frozen to a depth greater than 1/2 me
ter, the frozen ground occupies two-thirda of the 
entire country. Such a wide area of frozen soil 
exerts a great influence on China's economy, but 
it also expedites the study of pel'llllfroat in 
China. Since the founding of the People's Repub
lic of atina in 1949, 2000 kil011etera of rail
roads, several thousand kilometers of highways, 
and many other types of construction, including 
coal mining, irrigation canals, oil pipelines, in
dustry, and civil facilities, have been built in 
pel'llllfroat areas. All these construction projects 
encountered many difficulties; therefore, it was 
necessary for several study groups on frozen 
ground to be successively established in the De
partment of Railways, the Department of Water Con
servancy, the Department of Forestry, and the De
partment of Construction. In the 1960' a, a spe
cial permafrost research institute vaa also estab
lished within the Chinese Academy of Sciences, 
Acadellia Sinica, and also in the Chinese Academy 
of Railway Sciences. During the 10 years of dis
turbance of the so-called Cultural Revolution, in 
1966-1976, permafrost research in China was in
active. 

In 1978 the First National Conference on Per
mafrost was held. Only 68 reports on pel'1111froat 
were presented. Three years later at the Second 
National Conference on Pel'1111froat, held in 1981, 
185 papers were presented. Nov the study of per-
1111froat in China includes pel'1111froat, physical and 
mechanical processes of frozen ground, perfecting 
and testing techniques, and engineering construc
tion proble .. in frozen ground. Pel'1111froat re
search in Q\ina ia still young, and we need to 
learn much from other countries, ao that we can 
attain a higher level for the benefit of China's 
llOdernization. We welcome all types of coopera
tion, including the exchange of data and publica
tions, and the exchange of scholars and graduate 
students to do such cooperation can be developed 
further. The Chinese delegation also supports the 
proposed International Pel'1111froat Association, ao 
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that international cooperation in research on per
mafrost can more effectively be realized. 

The Chinese delegation wishes to express 
warmest congratulations on the successful opening 
of the Fourth International Conference on Per11a
froat. We wish all the members of this conference 
a healthy and happy time. 

TROY L. Piwt - Thank you, Professor Shi. Our next 
speaker ia Dr. Hugh French, who chairs the delega
tion fro• Canada at this meeting. 

HUGH FRENCH - Mr. Chai l'1111n, ladies and gentlemen: 
On behalf of the Canadian delegation, I wish to 
state that we are very pleased to be here at the 
opening of the Fourth International Conference on 
Pel'llllfroat in Fairbanks, Alaska. As 1111ny of you 
may remember, Canada was the boat of the Third In
ternational Conference on Pel'1111froat, held in Ed
monton in 1978. As such, we are very well aware 
of the tremendous amount of planning, time, and 
energy which aaat have gone into the preparation 
of this particular conference. We are sure that 
it will be successful, and we look forward to 
learning new things, renewing old acquaintances, 
and meking new friends. 

Pel'llllfroat ia particularly important to Can
ada, since it underlies approximately 50% of our 
country. The pel'llllfrost regions are •aat and ex
tend within 1200 km of the North Pole. They in
clude extensive areas of polar desert, of tundra, 
and of boreal forest, with a wide diversity of 
geological and topographic conditions. Some of 
these areas are rich in renewable and non-renew
able resources. Their develop11ent, to the aatual 
benefit of northern indigenous people and of the 
Canadians, presents nU11eroua challenges, which are 
technological, scientific, and social in nature. 
In Canada, we are anxious to meet these chal
lenges, and to learn through the experiences of 
other a. 

For these reasons, Hr. Chail'1111n, Canada ia 
especially glad to participate in this Fourth In
ternational Conference on Pel'llllfroat. 

I would nov like to take this opportunity to 
briefly highlight some of the recent events which 
have occurred in Canada since the Third Interna
tional Conference in 1978. 
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First of all. as has already been mentioned. 
the death of Roger J.E. Brown. under whose leader
ship the Third International Conference was organ
ized. and who was a major pioneer of permafroet 
science in Canada. was a great loss. He was well 
known both nationally and internationally. and 
will be difficult to replace. 

Let me turn now to the current state of per
mafrost studies in Canada. An ever-increasing 
number of individuals. agencies. and organizations 
are becoming involved in permafrost proble• in 
Canada. At the same time. these problellB are be
coming more complex and multi-disciplinary in na
ture. One of our strengths. perhaps. in Canada. 
is in the private sector where. in addition to ma
jor industrial and c011111ercial concerns. a number 
of engineering and consulting companies now poe
seee considerable experience with perllllfrost-re
lated proble119. Drilling technology in the search 
for oil and gae tn the Far North ts an important 
area of current concern. Proble• are encountered 
and compounded by the occurrence of substantial 
areas of offshore permafrost in the Beaufort Sea. 
Gas hydrates are now recognized as important. but 
their nature. occurrence. and distribution are 
still little known in Canada. The question of 
pipelining in permafrost is also of current con
cern to us. 'lbe proposed gas pipeline fro• Alaska 
through the Yukon. and the possibility of trans
porting gas from the high Arctic islands to south
ern markets. are central to our concerns. Final
ly. there is the broad area of permafrost engi
neering; in Canada we are continually seeking to 
improve our engineering design and construction 
techniques in the permafrost zones. Linked with 
this is the realization that permafrost science. 
involving the origin. distribution. and nature of 
permafrost. and related fields such as permafrost 
hydrology. are essential to sound engineering de
sign. 

'lbe Govern11ent of Canada. through it• various 
agencies and departments. is very active in perma
frost research. 'lbe Department of Energy. Mines. 
and Resources. the Department of Indian and North
ern Affairs. the Department of the Environment. 
and the National Research Council of Canada are 
all currently undertaking aajor progr8118 designed 
to increase our understanding of both permafrost 
ecience and engineering in Canada. Other depart
ments. such as the Department of Transport and 
Public Works. and the various provincial and ter-
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ritortal agencies are active at the practical lev
el. providing the infrastructure for resource de
velopment in northern Canada. 

A number of universities are developing ex
pertise in permafrost-related problems. 'lbere ts 
also the strong possibility that a major cold re
gions engineering research center supported by the 
National Research Council of Canada will be es
tablished in the next few years in western Canada. 

Many of the recent advances in permafrost re
search in Canada were s1Dmartzed at the Fourth 
Canadian Conference on Perllllfrost. held in Calgary 
in March of 1981. This conference saw the presen
tation of over 100 scientific papers and brought 
together over 250 scientists. including a n1Dber 
from outside of Canada. Ten sessions were organ
ized at that meeting. dealing with such topics as 
laboratory teeting of frozen soils. permafrost hy
drology. climate and permafrost. gas hydrates. and 
engineering applications. Now. just two years 
later. many of these same people are here in Fair
banks and are presenting more of their f indtngs. 
'lbey are evidence of the extremely rapid pace of 
current permafrost research in Canada. 

To conclude these brief re.arks. Hr. Q\air-
11an. I would like to restate our pleasure to be 
here in Alaska at the opening of the Fourth Inter
national Conference on Perllllfrost. Many of us 
have seen. or will see. during the next few days 
on the field excursions. some of the progress that 
has been made here in Alaska. much of it at the 
University of Alaska in Fairbanks. towards the 
solving of permafrost problems. It ts very im
pressive and we look forward to learning a.ch more 
in the next few days. Thank you very much. 

TROY L. P~ - Thank you. Dr. French. I think it 
would be well at this time for the U.S. Organizing 
Committee to acknowledge the great 8110unt of help 
it received from the Canadian colleagues. 'lbeir 
recent experience in organizing an international 
conference was most helpful to us. The effort 
that they put forth in working with our program 
and in running one of the major field trips. as 
well as in the review of many of the contributed 
papers. is greatly appreciated. We wish to par
ticularly announce our thanks to the Canadian 
group. Our next speaker is Dr. J. Ross Mackay. 
leading permafrost researcher and holder of many 
honors. He ts a long-time friend of the late Dr. 
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Roger J.E. Brown of Canada, who has been .. ntioned 
two or three times already. Dr.Brown participated 
in the first three congreaaea and it ia known that 
he vaa, of course, the chairman of the third con
ference. At this time: Dr. Mackay. 

J, ROSS MACKAY - Mr. Chairman, ladies and gentle
men: I have been asked to say a few words in re
membrance of the late Dr. R,J,E, Brown. Aa aany 
of you kn<M, he died in 1980 after a long and 
courageous struggle against cancer. It was just 
five years ago last week that Canada hosted the 
Third International Conference on Permafrost at 
Edmonton, Alberta. Roger was the perfect choice 
for chairman of the Canadian organizing collllit
tee. Much of the aucceaa of the conference was 
due to Roger's unselfish and untiring efforts. 
He was aa llUCh at ho1111 with permafrost acientiata 
from the United States and abroad aa he was with 
his fellow Canadians. He traveled in the Soviet 
Union and the People's Republic of China, always 
with the objective of fostering friendships and 
international collaboration. Roger had the cheer
ful and infectious sllile, a genuine interest in 
people, and a happy facility for .. king friend
ships. Re had looked forward with great anticipa
tion to being able to attend this Fourth Interna
tional Conference on Permafrost which ia beginning 
ao auspiciously today. In tribute to Dr. Brown, 
the proceedings of the Fourth Canadian Permafrost 
Conference were published last year in a memorial 
volume. The Canadian Geotechnical Society has es
tablished a Roger J.E. Brown Memorial Avard, which 
will be presented for outstanding contributions to 
permaf roat at the next and future international 
conferences on permafrost. 

TROY L. PM - Thank you, Dr. Mackay. Our next 
speaker is Dr. Jerry Brown, who la Chairman of the 
Collllittee on Permafrost of the Polar Research 
Board of the United States National Academy of 
Sciences. 

JERRY BROWN - Mr. Chairman, ladies and gentlemen: 
On behalf of the U.S. National Academy of Sci
ences, and its president, Dr. Prank Preas, it la 
my pleaaure to welcOllll the participants to the 
Fourth International Conference on Permafrost. I 
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would like to thank our hoata here in Alaska and 
at the university for providing this opportunity 
to 1111et in Fairbanks. Dr. Gunter Weller, Vice 
Chairman of the U.S. Organizing Comllf.ttee, de
serves particular thanks for undertaking the local 
arrangements. Special acknowledgment is appropri
ate to our Canadian colleagues who have provided 
considerable aaaiatance in the review process for 
the contributed papers and in undertaking the 
post-conference field trip to the Mackenzie River 
Valley. 

In the re .. ining f ev llf.nutea of this opening 
aeaaion, I would like to briefly discuss the sta
tus of peraafroat research in the United States. 
Scientific and engineering investigations on fro
zen ground are conducted by 11any institutions and 
organizations, including universities, federal and 
state organizations, and privately financed indus
trial organizations. Numerous professional organ
izations are involved in organizing meetings, aer
inars, and conferences on the subject of perma
frost and freezing and thawing of soils. Notable 
are the American Society of Civil Engineers and 
the American Society of Mechanical Engineers. The 
geographic and disciplinary diversity of these 
U.S. activities la characterized by the approxi
.. tely 100 U.S. papers which will be presented 
during the next five days. A special conference 
bibliography produced by the World Data Center for 
Glaciology in Boulder, Colorado, identifies 11any 
other U.S. publications which have become avail
able in the last five years. 

Current investigations are underway in three 
11ajor regions: (1) offshore or aubaea permafrost 
(particularly in the Beaufort Sea), (2) land-baaed 
permafrost areas in Alaska, and (3) in the alpine 
regions of the contiguous United States. In the 
past five years, .. jor efforts have been directed 
to the continental shelf in association with pe
troleum exploration. There the occurrence and 
distribution of ice-bonded permafrost has been 
identified by both drilling and geophysical meth
ods off Prudhoe Bay and in Harrison Bay. 

On land in the Arctic, the temperature and 
depth distribution of permafrost have been further 
defined using boreholes drilled for oil explora
tion. The bottom of ice-bearing permafrost baa 
been delineated through the exaaination of bore
hole data from the arctic coast to the Brooks 
Range. The distribution of near-surf ace .. asive 
ice has been further characterized. The occur-
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rence of gas hydrates in both land and subsea per-
11afrost is being exud.ned. Considerable attention 
has been directed to concerns regarding potential 
changes in pel"lllllfrost terrain due to hUlllln activi
ties and carbon-dioxide-induced climatic varaing. 

In the Subarctic, or in the region of discon
tinuous pel"lllllfrost, investigations continue on 
construction and 11aintenance techniques to miti
gate adverse effects of per...frost degradation and 
frost heave. 'nle influence of pel'llllfrost on sur
face and groundwater supplies continues to be in
vestigated. 

In alpine regions, the general distribution 
of pel'llllfroat has been delineated and several 
site-specific studies are underway. In the Ant
arctic, per11afrost research is generally conducted 
in relation to periglacial and geologic investiga
tions. 

In the past year, the U.S. Committee on Per
.. frost undertook and coapleted an assessment of 
future permafrost research requirements for the 
re1111ining years of the twentieth century. Includ
ed in this study are assessments on subjects re
lated to the chemistry and physics of frozen 
ground, subsea per...frost, geophysical techniques, 
soil mechanical behavior, engineering and environ
mental considerations, and hydrology. A series of 
reco..andations include the need for additional 
research on ground ice, its detection and origin, 
monitoring of perfor...nce of existing facilities 
on permafrost, monitoring of active layer and 
ground teiaperatures, and continued international 
cooperation. A second study on ice segregation 
and frost heaving is also to be published. It ia 
obvious that there re .. ins a need for additional 
basic and applied research on per...frost and deep 
seasonally frozen ground. 'nlis conference will 
help to identify what research should be conducted 
in the future. 

In closing, I wish you a successful confer
ence. It is gratifying to me to see such a large 
attendance fro• ao .. ny countries. 'nlank you. 

TROY L. riwt - Thank you, Dr. Brown. One of the 
most pleasing aspects of the opening session is to 
be able to acknowledge the great supporting staff 
that worked virtually for years to produce this 
conference. 'nle unfortunate aspect is that the 
group is so large that all the supporting workers 
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cannot be mentioned here, but their names will ap
pear in the final conference publications. 

The Organizing Committee of the conference 
has worked for five years on this effort, and I 
would especially like to mention the tremendous 
contributions of Jerry Brown, Gunter Weller and 
Lou DeGoes, who were active in all aspects of the 
conference. Also, Richard Reger for overseeing 
the publication of the guidebooks, Robert Miller 
for chairing the review of 11anuscripts for the 
proceedings, Oscar Ferrians for guiding the field 
trip details, and especially Jay Barton for his 
support in .. ny national and local details. 
Thanks are also extended to Hans Jahns, John 
Kiely, Art Lachenbruch, Link Washburn and Jim Zum
berge. 

Special mention 1a1st be 11ade of Will Harrison 
and Bill Sacltinger, of the University of Alaska, 
along with Gunter Weller, for arranging the pro
graa and the host of local details. Also, special 
thanks to Dixie Brown, for organizing the private 
contributions. It is well known that this confer
ence is possible only with the tireless support of 
the office staffs of these individuals, and our 
sincere thanks goes to the 811811 army of secretar
ies, clerks, and aides who have been working on 
this conference for so long here in Alaaka and in 
the contiguous states. Special thanks are extend
ed to the Department of Conferences and Institutes 
of the University of Alaska. 

Financial support for the conference has co .. 
from various sources. Monetary contributions have 
been received from the State of Alaska, Federal 
agencies, and the private sector. A list of tbeae 
benefactors is presented in several of the confer
ence publications (see page 413). In addition, val
uable in-kind support has been received froa a 
host of institutions, especially froa the Cold Re
gions Research and Engineering Laboratory and the 
Geophysical Institute of the University of Alaska. 

Before concluding, I call your attention to 
the banner on the table in front of me. To those 
who are not aware, the circles you see there are 
logos that were used in this and the previous con
ferences. 'nle banner originated with the Canadian 
delegation five years ago and was passed on to the 
U.S. for this conference. 

We again 11elcoae you and appreciate your C()ll

ing; have a auccessf ul conference. Thia concludes 
the opening session. 'nlank you. 
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PROGRAM 

MONDAY TUESDAY WEDNESDAY TllUllSDAY FRIDAY 
TIME lllalJ 191a1J 201a1J 2llalJ 221a1J 

Panel Session: Panel Session: Panel Sesaion: Panel Sesaion: 
8:30 Openina Environmental Deep Foundations Frost Heave Subsea 
to Plenary Protection and and Permafrost 

lO:OOa.m. Sesaion of Embankments Ice Searelation 
Permafrost Terrain 

10:00-10:30 a.m. Coffee Break 

Panel Session: Paper Sesaiom: Paper Sesaions: Paper Sesaions: Paper Sesaions: 
Pipelines •Thermodynamics •Ra.ds and railways- •Frost heave •Excavations, minina 

in •Mechanica of frozen Thermal aspects •EmbHlanenU, roads and municipal 
Northern Reaions soils •Foundations and railways •Cold climate rock 

•Mountain and plateau •Frost mounds and •Patterned around weatherina 
permafrost other periglacial •HydrolOI)' •Groundwater in per-

•Effects of man-made features •Oeophysica mafrost 
disturbance •Effect of man-made Poster Sesaion •Subsea permafrost 

•Planetary permafrost and natural ctistur- •EcolOI)' of natural 
Poster Sesaion bance systems 

12:00noon •Invited Soviet Session 
12:30p.m. Poster Sesaion 

LUNCH 
12:00-1:30 LUNCH 12:30-2:00 p.m. 

1:30 p.m. 
2:00 p.rD." 
----·Thermal desian PanCl Session: Closina 

•Pipelines Climate Chanae Plenary 
•Ice and soil weclaes and Sesaion 
• Invited Chinese Geothermal 
Sesaion Reaime 

3:30-4:00 p.m. Coffee Break Local Coffee Break Local 
Field Field 

•Thermal analysis Trips •Foundations Trips Walkin& 
•Mechanica of fro7.e11 •Oround ice and Tour 

4:00 soils soliftuction of 
to •Pleistocene perma- •HydrolOI)' Local 

6:00 p.m. frost conditions • Invited Soviet Permafrost 
•Invited Chinese Session Features 
Sesaion •Climate 

•Remote sensina 
BARBEQUE BANQUET 

See Appendix A for descriptions of local field trips. See Appendix B for titles of presentations. 
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Reports of Panel Sessions 

During the early planning for the Fourth International Conference on Per
mafrost, there was a consensus that certain topics of high current interest 
would be highlighted, and ln as interesting a f ashlon as possible. nae latter 
requirement seemad to rule out the presentation of invited review papers by in
dividuals as at past conferences, but at the s1111e time the tremendous value of 
the written versions of these reviews was recognized. na1s led to the idea of 
replacing single authors with panels of international experts on each of the 
topics to be highlighted. Bach panel was scheduled for a plenary session dur
ing which no other activities were to take place. In these sessions, each pan
el reviewed its topic and, lf time allowed, provided a discussion with audience 
participation. It was felt froa the beginning that whatever the outcome of the 
panels at the conference, their aost important task, just as with invited 
speakers of paat conferences, would be the production of written reviews of 
each of the topics highlighted. 

naeae reports follow, but not ln the order of the program presentation. 
naey are baaed on the reviews of subfields supplied by each panel member to his 
panel chairman. nae degree to which these components have been integrated by 
the chalraen varlea, but ln most cases they rellllln relatively unmodified de
spite editorial changes. Its such, they are not of unlfora length, style, or 
format. On the other hand, together.with the introduction of the panel chalr
.. n, they bring a depth of perspective and diversity to a topic that would be 
difficult for a single author to duplicate. Recommendations for future re
search and engineering investigations are considered the oplnlona of the panel 
members and do not necessarily reflect the opinion of the publisher. 

A great deal of credit ls due to the panel chalraen and to the panel mem
bers. Bach panel chairman selected and organized his own panel, a task made 
particularly challenging by its international composition and by the uncertain
ty as to whether all the panel members could attend the conference. Some of 
the originally designated chalraen and panelists were indeed unable to attend; 
particular credit ls due to the replacements who assumed responsibility on rel
atively short notice. Both the Soviet and the Chinese panelists subllltted 
their contributions ln English, which greatly aided the panel chalraen, all 
North Americans, ln organizing and presenting the panel reviews. 
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William D. Harrison, Olalraan 
Prograa COllllllttee 
Unlveralty of Alaska 
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Deep Foundations and Embankments 

PANEL MEMBERS 

Norbert R. Morgenstern (Chairman}, University of Alberta, Edmonton, Canada 

S.S. Vyalov, Research Institute of Poundationa and Underground Structures, Moscow, USSR 

Ding Jinkang, Northwest Institute, Academy of Railway Sciences, Lanzhou, People's Republic of China 

David c. Each, Alaska Department of Transportation and Public Pacilitiea, Pairbanka, Alaska, USA 

Francia B. Saylee, Cold Regions Research and Engineering Laboratory, Hanover, New Bampahire, USA 

Branko Ladanyi, Ecole Polytechnique, Montreal, Canada 

INTRODUCTION 

N.R. Morgenstern 

Thia panel presentation combines t'lllO of the 
moat important aapecta of permafrost engineering 
~ deep foundations and embank11enta. The underly
ing theae of the presentation ia to review current 
practice, identify deficiencies, and drmr atten
tion to the major problems that need further at
tention. The validation of current practice fro• 
performance records ia emphasized wherever poaai
ble. 

The preaentationa concerned with deep founda
tions conaiat of three regional reports. The re
port on North American practice diacuaaea develop
ments related to pile installation methods, the 
behavior of piles under load, the improvement of 
bearing capacity using special types of piles, and 
pile design. It conclude• that we now have a rel
atively good idea of how a pile, installed by a 
given method, will behave under an axial load. 
Much leaa ia known, however, about the effect of 
seasonal changes of permafrost temperature on pile 
behavior. The need for more studies of thermo
piles is emphasized. 

Current Soviet practice in pile design and 
construction is reviewed. Emphasis is given to 
ao11e of the special proble• that arise in weaker 
aoila and to 11ethoda for improving and validating 
pile foundations in frozen ground. 

In China, deep foundations in permafrost have 
been teated and used since the early 1960s. The 
types employed are described. To provide a basis 
for rational design, studies have focused on the 
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bearing characteriatica of single reinforced 
piles, the freezeback rate of soil around a pile, 
concrete for use under negative temperatures, the 
resistance of foundations to frost heave, and 
methods for protecting pile foundations from 
frost-heaving. As a result of experience various 
problems have been identified, and they are dis
cussed. 

A distinction is made between road/railway 
embankments on permafrost and water-retaining er 
bank11enta. The review of current practice for the 
design of road and railway embankments distin
guishes between the preliminary investigation 
phase, the design stage, the construction stage, 
and the maintenance and operation stage. A vari
ety of research needs for each of these stages is 
identified. Examples include the need for remote 
detection of subsurface conditions that affect er 
bank11ent performance and the need to quantify the 
thermal effects of alternative embank11ent side
slope surfaces, surface vegetation covers, and the 
role of snow-cover in embank11ent performance. 
Several case histories of embankment performance 
are discussed. 

Both Soviet and North American experience 
with water-retaining embankments in permafrost is 
sU11111Srized. The indications are that the design, 
construction, and maintenance of safe, economical 
earth d8118 and the preservation of natural slopes 
in the Arctic and Subarctic are strongly dependent 
upon such conaiderationa as structural stability, 
seepage control, handling of materials, erosion 
control, and the enviro11111ental effect of the im
pound.ant. Extensive development of both analyti
cal and construction techniques is required to ad
dress the attendant problems. 
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PLACING OF DEEP PILE FOUNDATIONS IN PERMAFROST IN THE USSR 

S.S. Vyalov* 

Research Institute of Foundations and Underground Structures 
Moscow, USSR 

lo the Soviet Union, data on the design and 
place11ent of pile foundations acquired and veri
fied through research and practical experience are 
published in the Building Codes and Regulations 
(BC&R) ·Foundations in Per .. froat, 1977• and •Man
ual for the Designing of Foundations in Peraa
froat, 1980. • 

TYPES OF PILIS AND PILE-DRIVING TECHNIQUES 

The following types of piles are in use: re
inforced concrete, 11etal, 1100d, composite, en
cased, and pillar piles. 

The techniques of driving piles are as fol
lows: 

(a) At sites where no thawing of peraafrost 
is employed, use is .. de of frozen-in (floating) 
piles driven with the aid of steam. Suitable al
ternatives are to lower piles into boreholes and 
then fix th• in place with soil 111>rtar poured in
to the holes, and piles driven into amall-di&111eter 
pilot boreholes. 

(b) At sites where the thawing of per1111froat 
is used, the recourse is to strutted piles and 
deep piles bearing upon ground that displays low 
compreBBibility. 

PRINCIPLES OF PILE DESIGN 

Piles of all types are designed to ensure a 
requisite bearing power (strength). Those used in 
frozen plastic soil and ice-rich ground are de
signed with due regard for the deforaation (aet
tle11ent) of the soil. 

lo proportioning frozen-in piles to obtain 
adequate bearing power, the loog-tera ultimate 
shear strength along the aide surface of the pile 
(the adfreeze strength) is taken into account as 
well as the long-tera ulti•te strength of the 
soil resisting the end bearing of the piling. 
Recoa11ended design values of the strength charac
teristics are given in the BC&R. The aettle11ent 
of soil is aasu11ed to be nonlinear. 

Computer-aided solutions obtained by using 
the finite element 11ethod have been reduced to 
simple formulas that perait calculations to be 
carried out with the aid of aligDlll!nt charts. In 
addition, a formula that incorporates an equation 
of creep for settlement and an equation of long
term strength has been derived that paves the way 
to designing in terl8 of both strength and deform
ation with due allowance for tilll!. 

*Rot present; aua•ry presented by R.R. Morgen
stern. 
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Horizontal loadings are measured, taking into 
account the various restraints on the pile in the 
peraafroat layer (depending on the depth of sea
sonal thawing and the per1111frost temperature). 

The criteria for designing laterally support
ed piles for thawing soils include the strength of 
low-compressible underlying rock that resists in
dentation and the strength of the pile •terial 
with due allowance for its buckling. Extra load
ing due to negative friction is also taken into 
account. 

Strength of Freezing of a Pile to the Soil 

The physical essence of the strength of 
freezing has been examined, noting that a f ila of 
ice forl8 at the interface between the soil and 
the pile. The shear strength of f rozeo soil is 
thought of as a sum of the freezing forces at the 
interface and the frictional forces arising froa 
the radial compaction of the soil. An equation of 
long-tera shear strength of f rozeo soils has been 
derived. A comparison of the shear strength of 
the soil aortar at the interface with the pile af
ter freezing vs the shear strength of the frozen 
soil aortar at the interface with the surrounding 
frozen soil has revealed that in the for.er case 
the shear strength is lower. A 11ethod of design
ing piles for weak soils (saline, ice-rich, clay) 
has been developed baaed on the assumption that 
the strength of the soil mortar at the aide sur-
f ace of the pile and that at the perimeter of the 
borehole are the aaae. 

Design values of the loog-tera ultimate 
strength of several kinda of frozen soils varying 
with temperature have been deteraioed at the sur
faces of reinforced concrete, metal, and wood 
piles; aiailar values of the strength of soil and 
soil 111>rtar at the periphery of the borehole have 
also been deterained. 

An equation of long-tera strength for varying 
temperature and loading has been derived, baaed on 
the kinetic theory of strength. 

laproving the Efficiency of Pile Foundations 

An increase in pile capacity and a decrease 
in coats •Y be achieved by 

- resorting to composite wood/concrete or 
vood/11etal piles; 

- dumping crushed rock into pilot boreholes 
or.using concrete pipes with bulb-shaped bases; 

- pouring soil mortar of an opti811a composi
tion into boreholes; 

- artificially chilling high-temperature per
•froat, including the use of ther111>piles; 

- ensuring the setting of molded-in-place 
concrete piles at the peraafrost interface; 
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- streaalining pile design so that variable 
temperatures and loading are taken into account. 

Allowance for Variable Teaperature and Loading 

The existing method of structural analysis 
relies on the least favorable conditions, piles 
being designed on the assumption that the perma
frost temperature is high and the loading gives 
rise to high forces and moments. In fact, the 
permafrost temperature varies with time, depending 
on the air temperature and the chilling effect of 
basements, channels, and thermopiles. Pile load
ings also vary with ti-, being lOlf during the 
period of construction and susceptible to transi
ent forces, in particular those of climatic origin 
(snow, wind, soil heaving). All in all, •xi11Ua 
loading is never timed to occur aiaJltaneously 
with the soil's mlni11Um bearing capacity. For ex
ample, loads due to snow, wind, and soil heaving 
are at the maxi11U• in autumn and winter, whereas 
the soil has a mini- bearing capacity in summer. 
This fact is of particular importance in designing 
light engineering structures (pipelines, flyovers, 
power lines) and buildings of light-weight materi
al where transient loads account for a significant 
fraction of the total loading sustained. 

Some design methods consider aiaJltaneoualy 
loading, soil temperatures, the long-term strength 
of soil and soil settlement, all varying with 
time. 

Piles for Use in Specific Permafrost Conditions 

Methods have been developed for designing and 
driving piles in ice-rich ground, aubte~ranean 
ice, saline permafrost, and thawing ground. At 
the sites where permafrost-thawing techniques are 
used, preference is coimionly given to staggered 
piles of considerable length and to 1Dlded-in
place piles. Floating piles find application in 
conjunction with local pre-thawing of permafrost, 
which is then compacted as the pile is driven into 
place. 

PILE TESTING PROCEDURES 

Laboratory teats baaed on the kinetic theory 
of strength have revealed the influence of the 
size of the pile 1110del on the adf reeze strength. 
A method of allowing for this scale factor has 
been developed. 
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Field tests of piles are performed at all 
large construction sites, and a standard procedure 
has been established in this connection. 

A novel accelerated teat technique has been 
developed that relies on a "dynamometric" appara
tus as a means of applying load to the pile. An 
initial stress set in the gauge decreases with the 
sinking of the pile into the soil. The stress re
corded when no further settlement of the pile is 
evident is adopted as the long-term ulti•te 
stress. 

IMPROVING DURABILITY OF REINFORCED CONCRETE PILES 

The extreme conditions of temperature and hu
midity in the Arctic, where temperature variations 
and recurrent seasonal freezing and thawing of the 
surface layer cause the high 1110isture content of 
concrete and freeze and thaw water in the voids of 
the concrete, have an adverse effect on reinforced 
concrete piles. Means are available to prevent 
the low-temperature destruction of concrete that 
extend the service life of reinforced concrete 
piles. 

RESEARCH PROGRAM 

The following proble18 require further atten
tion: 

- Improving the techniques of pile driving in 
permafrost (especially coarse fragmental perma
frost); 

- Producing piles of advanced construction; 
- Streamlining the techniques of emplacing 

molded piles; 
- Widening the field of application of piles 

with pre-thawing of permafrost; 
- Improving the durability of reinforced con

crete piles; 
- Streaalining methods for computing the 

bearing power of piles (compiling new tables, con
structing new alignment charts, etc.); 

- Developing a single methodology of pile 
testing to be rec011m11nded for use in all coun
tries; 

- Collecting a wealth of experimental data on 
the strength of freezing and the bearing power of 
piles under various conditions with an eye to pro
viding design criteria for practical use on anal
yzing these data (achievable if researchers from 
all countries pool their efforts). 
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STUDY ARD PRACTICE ON DEEP FOUNDATIONS lH PERMAFllOST .uBA8 OP CHINA 

Ding Jinkang 

Northwest Institute 
Lanzhou, People's Republic of aiina 

In China permafrost occupies an area of about 
2,lS0,000 JEa2, covering almost 22% of the terri
tory of the country. The high mountainous regions 
of the Qinghai-Xizang Plateau, the Tian Shan Mo\Dl
tains, the Great Xing'an Mountains, the Qilian 
Mo\Dltains, and the Altai Mountains are the pri11&ry 
regions where permafrost exists. Among these, 
permafrost in the Qinghai-Xizang Plateau is the 
most highly developed, with the highest elevation, 
the most wide-spread area, the deepest layer, and 
the lOlfest teaperatures, as compared to the lov
latitude regions of the world. The Plateau has an 
area of about 1,490,000 ka2, which is al1110st 70% 
of the total permafrost area of China. 

Since liberation, with the exploitation and 
utilization of the forest resources of the Great 
Xing'an Mountains and the development of such bor
derlands as Qinghai and Xizang, the Ya-Lin, Nen
Lin, and Chao-WU railroads have been constructed 
in the permafrost area of the Great Xing'an Mo\Dl
tains, and highways have spread throughout the 
forests of the region. The highway linking Ge'rai 
in Qinghai Province and Lhasa in Xizang has been 
constructed, crossing a permafrost belt of 1110re 
than 600 ka. To develop the Reshui and Jiangcang 
coal llines in the permafrost region of the Qilian 
Mountains, railroads and highways were built and 
llining and residential areas were established. In 
addition, an oil pipeline 11as constructed froa 
Ge'rai to Lhasa in the 1970s. All these projects 
have accelerated the study and development in 
China of foundations in permafrost areas. 

In early construction projects, conventional 
Mthods used in te11perate regions for surveying 
and designing ground foundations wre used due to 
lack of knowledge about permafrost. As a result, 
deterioration and even destruction frequently oc
curred during operation. The most serious prob
leas occurred in building construction; so• 
buildings had to be built over and over again due 
to frost-heaving and thawing settlement. We were 
forced to consider carefully and thoroughly the 
specific features of foundations in permafrost 
areas and to inquire into suitable for111 of foun
dations. 

In the early 1960s, a series of tests were 
llllde on piles, which at that time wre used as the 
building foundations in permafrost areas. Explo
sion-expanded pile foundations (Figure 1) were 
first tested in the permafrost region of the Great 
Xing'an Mountains (TSDI, 1976a,b) on a 1.4-ka 11at
er supply pipeline built in 1967 and an inhabited 
house. The pipeline 11as an overhead one supported 
bJ 340 explosion-expanded piles, each 40 ca in di-
1111eter and buried to a depth of 2.5 m. Under op
eration, it 11as fO\Dld that the frost table under 
the gravel soil 11as relatively deeper and the bur
ial depth of the explosion-expanded piles 11as a 
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Bear! latfonn 

FIGURB 1 Explosion-expanded pile foundation. 

little shallOlfer; this caused serious frost heav
ing and led to the deformation of the pipeline. 
Within the sector of clayey soil, hOlfever, where 
piles were buried in permafrost to depths of 1-3 
a, no frost heaving took place. The foundation 
of the tested house consisted of seven 25-ca-diaa
eter piles buried to a depth of 2 • in perma
frost. The wide end of each pile 11as 60 ca in di-
1111eter. No significant frost-heaving 11as ob
served. Despite deficiencies and incompleteness, 
the tests did provide valuable experience in de
signing and constructing explosion-expanding pile 
foundations. 

Further experi•nts wre aade on explosion
expanding pile foundations for buildings, bridges, 
and culverts built in the Great Xing'an Mountains 
and on the Qinghai-Xizang Plateau in the early 
1970s (TSDI, 1971; Ma, 1981). The dimensions and 
burial depth of piles as wll as the construction 
technology used were changed and improved. For 
instance, 30-ca-di1111eter explosion-expanded piles, 
buried at depths of 4-5 • with an 80-ardi-ter 
widened end were used in house cOGBtruction, and 
piles of 35 ca di1111eter buried to 4-5.5 a wre 
adopted in culvert engineering. The construction 
method 11as to drill first and then use explosions 
to shape borings and the widened ends to the spec
ifications. All houses and culverts built during 
this time have operated normally so far. 

Inserted and poured piles were used in high
way engineering in permafrost areas (Figures 2 and 
3) in the lliddle of the 1960s. The di-ter and 
burial depth of poured piles ranged froa 50-125 ca 
and 8-10 • respectively. For inserted piles, hol
low reinforced concrete piles with a 70-ca diam
eter and a 5-ca shell were used. After the pile 
was inserted in the borehole, concrete 11as poured 
into the hollow center, and clay mortar was poured 
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Prefabricated plle 

Pennafroet table 

fiGUIB 2 Inaerted pile foundation. 

around the pile. 1be burial depth vaa 8-10 •· 
During this period, these piles wre used in about 
50 large and .S.ddle-a:lsed bridges. Ro obvious de
fol"lllltion baa been found since they wre complet
ed, and they are still in regular operation. 

1be aucceaaful use of bored piles in highway 
bridge engineering vaa foll09ed bf their trial ap
plication to houae building in the early 1970a. 
Tbe loading characteriatica of various kinda of 
bored piles wre studied to acquire data for de
signing foundatioaa with them. Tllo aectora in the 
Qinghai-Xizang Plateau with differing features 
were chosen aa the teat aitea. Vertical and hori
llODtal loading teats of inaerted, driven, and 
poured piles were •de (BICARS, 1977). Baaed on 
the results, a teat houae with an inaerted-pile 
foundation and an engineering production building 
with a driven-pile foundation were conatructed on 
the Plateau (lSDI, 1978). 1be former vaa the 
boiler ro01a and kitchen of the Prost leaearch Sta
tion and the latter vaa the water t09er, boiler 
ro01a and pump house, and electrical •cbinery rooa 
of a pu11p station. Bolla. reinforced concrete 
piles were used at both aitea; they bad a diamter 
of 40 ca, were buried to a depth of 6 •• and wn
tilation vaa applied to keep the ground frozen. 
Tbe building vaa completed in 1977 and no obvious 
defot"lllltion baa yet been diacowred. 

Meamhile, two teat houaea with poured-pile 
foundation• -- the residences of the Prost le
aearcb Station - 1Mre designed bf the Jiagtao 
Prost Station, located in the pel"llllfrost region of 
the Great Xing'an llountai1111 (Be and Xiao, 1981). 
A raiaed foundation vaa not used in this Calle, us
ing tbe thawing diac of ground to keep the bue 
temperature inaide the buildin119 aa conatant aa 
possible. Because of the required •xi ... comput
ed thlllling depth of the disc and the soil bearing 
capacity, the designed pile di-ter and burial 
depth were 26 ca and 7.5 • reapectiwly. 1be two 
buildiDll8 wre completed in 1976, and obaervationa 
and teat• verify that the strength of the concrete 
and the bearing capacity of tbe piles all •et the 
design apecif icationa. 
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Poured plle 

PIGU&I 3 Poured pile foundation. 

Bearing platform 

PIGU&I 4 luried pile foundation. 

While bored-pile foundationa were teated and 
put into uae, ezperiMnta on other types of deep 
foundat101111 wre started in ftrioua permfrost 
areaa. Por instance, buried-pile foundations were 
teated in house conatruction in tbe permafrost re
gion of the Great Xing'an Mountai1111 (Qiqiba'r 
lailway Adml.n., 1975; Wang, 1982). 1be pile foun
dation vaa co11p011ed of prefabricated, reinforced 
concrete pillars (or roc:k pillars with 111>rtar), 
ring-shaped bue (or widened bue), and bearing 
platfora (Pigure 4). 1be conatruction waa carried 
out in sequence aa folla.a: 

1) lscaftte the foundation pit. 
2) lury the bue. 
3) Put the pile• wrtically on the bue. 
4) Refill the pit. 
5) Pour in concrete to caat the bearing plat

form. 
1be teats 1Mre conducted at two separate 

aitea; at one a raised foundation vaa conatructed 
to provide natural ventilation to preftnt the 
ground fr09 thlllling. 1be section of pile vaa 20 s 
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20 ca, that of the base was 110 x 110 ca, and the 
burial depth was 3.35 a. At the other site, the 
foundation was not raised, i.e. ground soil was 
permitted to th•. 'lbe section of pile was 25 x 
25 ca, that of the base was 75 x 75 ca, and the 
burial depth was 5.5 a. 'lbe t'lllO houses were com
pleted in 1974 and 1976, respectively. Observa
tion• showed that the maxim111 thawing depth of the 
foraer was 2.1 a, while that of the latter was 5.6 
a. Cracks and deformation appeared in both houses 
clue to insufficient burial depths. 

Buried-pile foundations with ventilation were 
also used to build the electrical machinery rooa, 
oil pump house, and boiler rooa of an oil puap 
station on the Qinghai-Xizang Plateau in 1976. 
'lbe burial depth of the piles was 5 •· Ro evident 
deformation has occurred since the completion of 
construction, deaonetrating that this type of 
foundation is successful. 

Another type, the so-called ·deep mass foun
dation,· had a dimension of 30.5 x 18 x 1.2 a and 
was buried to a depth of 6 a. It was used in the 
design of the coal storehouse of the leehui coal 
ainee in the Qilian Mountain permafrost region 
(Qinghai Design Inst. of Mines, 1978). Tbe store
house was completed and put into use in 1978 and 
the deformation has not yet exceeded permissible 
values. 

Through these investigations and experience, 
poured, inserted, and buried pile foundations have 
recently coae into general use in China in the en
gineering of railroad and highway bridges, as 111111 
as house construction, in peraefrost areas. The 
use of deep foundations has thoroughly traneforaed 
the unetability of building in these areas, and it 
has greatly improved the confidence of engineer
ing. It can be stated without a doubt that the 
1980s will be years characterized by the general 
use of deep foundations in China'• permafrost 
areas. 

Since the 1970s our researchers have been in
vestigating the proble .. of designing deep founda
tions for permafrost areas. The major proble118 
include: the bearing characteristics of piles in 
permafrost, .. thods for computing the resistant 
frost-heaving stability of piles, ways to protect 
pile foundations froa frost heave, and calculating 
the stability of the thaw disc beneath heated 
buildings. Thie research hes extended the use of 
deep foundations. ihat follows is a brief intro
duction to eoae of our results. 

BEARING CllAIACTERISTICS OP PILI IR PERMAFROST 

'lbe bearing characteristics of a pile in per
.. froet depend upon the nature of the peraafrost 
and the freezing properties of the boundary sur-
f ace between it and the pile. The vertical bear
ing capacity of the pile involve• the boundary ad
freezing force and the reaction force at the pile 
end. Tbe .. jor bearing capacity depends on the 
foraer. Tbe magnitude of the adfreezing force re
lates not only to the soil properties (water con
tent and permafrost temperature), but also to the 
material used, the roughness of the pile surface, 
and the lateral pressure acting on the pile. 
Loading tests have been •de on frequently used 
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TABLE 1 The critical adf reezing strength (T/a2) 
of bored piles. 

Average 
surrounding 

teaperature (°C) 

-1.0 

-0.5 

Type of pile 
Inserted Dri~ 

6.0 

4.1 

8.7 

8.2 

Poured 

12. 2 

piles, such as reinforced concrete inserted piles, 
driven piles, and poured piles; the results are 
listed in Table 1. 

It can be seen froa Table 1 that the adfreez
ing strength of poured piles is the greatest be
cause it bee the roughest surface, that of driven 
piles is aediua, since the lateral pressure that 
acts on it is the greatest, which brin19 it into 
tight contact with the surrounding frost, and that 
of inserted piles is the least of the three (Pile 
Foundation Ree. Gp., 1978). 

Other tests shCNed that while a pile is set
tling under external force, a reaction force ap
pears at its bottoa end, which increases with the 
external load. Tbe aagnitude of the reaction var
ies with the testing aethod, the load, and the 
pile type. Por esaaple, the reaction force under 
critical load appropriates 20% and 10% of the load 
for driven and poured reinforced concrete piles, 
respectively (Qieng et al., 1981). 

The bearing capacity of a single vertical 
pile in frost is calculated by the following equa
tion (RICAB.S, 1977): 

P • t I Ti Pi + •o A [ll] 

where 

P - the permitted bearing force for a single 
pile, T 

~ - coefficient of safety 

Ti - the critical long-tera and freezing 
strength between frost layer i and the 
lateral surface of the pile, T/a 2 

Pi - the freezing area between f roet layer i 
and the lateral surface of the pile, a 

"o - the decreasing coefficient of the bot-
t oa-end supporting capacity of the pile 

A - the top-end supporting area of the pile 

ll - the peraieeible bearing capfcity of the 
frost beneath the pile, T/a 

The value of "o has something to do with 
cleaning up the bottoa of the hole. It is recom
.. nded, under ordinary circu .. tances, that 0.5-0.9 
be adequate. 

'lbe above equation is basically eiailar to 
that being used by the frost engineering circle. 
Both equations suggest thet bearing capacity is 
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FIGUIB 5 leaiatant force of anchor-arm va anchor
ing length. 

directly proportional to the freezing area of the 
pile, i.e. to the length of the pile, provided the 
diameter r ... ina unchanged. 

In 19801 the Northwest Institute of the Qiin
eae Acade111 of Railway Sciences made a aeries of 
teats on the resistance force of anchors in the 
permafrost region of the Qinghai-Xiaang Plateau. 
Reinforced concrete anchors of 10 cm in di ... ter 
11ere adopted with burial depths of 2-4 •· Teat 
results showed that the relationship between the 
resistant force and the length of the anchor tend
ed to be nonlinear aa the anchor reached a certain 
value (Figure 5) (Ding, 198la). That ia to aay 1 
there ia no direct ratio between the resistant 
force of the anchor and ita length. 

'n!.e apecif ic bearing capacity of the anchor 
ia deterained by gradual daaage and the remnant 
adfreezing strength. 'n!.e teats showed that under 
external load the distribution of shear atreaa 
along the freezing boundary surface of the anchor 
waa uneven, attenuating exponentially with in
creasing depth. 'n!.e destruction of adfreeaing 
strength, therefore, does not take place aiasltan
eoualy along the whole boundary, but occurs at a 
certain point in the boundary where shear strength 
baa attained a critical state. 'n!.e maxi1111• shear 
atreaa then aovea downvard1 bringing the freezing 
strength of the neighboring part to a critical 
state. 'n!.ia gradual destruction does not atop un
til the anchor loaea its stability. 

However, a remnant adfreeaing strength will 
act on the freezing boundary of the anchor even if 
the adfreeaing strength aa a whole ia destroyed. 
Continually increasing the length of the anchor 
can only serve to make further uae of the remnant 
adfreezing strength, which ia why the resistant 
force increases slowly, presenting a clearly non
linear property. 

Generally, the nonlinearity, aa mentioned 
above, occurs in the relationship between bearing 
capacity and pile length if the lengtb-to-di ... ter 
ratio of a single pile in permafrost reaches a 
certain value. 'n!.erefore1 a revision factor of 
pile length should be taken into account in the 
formal.a for computing the bearing capacity of a 
single pile (Ding, 198lb). 
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Considering these bearing characteristics, we 
are sure that there 111at be an optiaua length for 
a single pile in permaf roat where the average ad
freeaing strength will be at the maxill\IL tbre
over1 it will be the aoat reasonable, both econom
ically and technically. 

'n!.e elastic foundation be .... thod ia still 
used to calculate the horizontal load of a single 
pile in permafrost. After comparing results cal
culated on the baaia of the aaauaed distribution 
pattern of ground coefficients with the teat data, 
1118 found the distribution pattern achieved by the 
·value K aethod• waa moat aiailar to the teat 
data; in other 1110rda1 ground coefficients above 
the first elastic aero point are distributed in 
the form of a concave parabola and below it the 
distribution pattern with a constant ia in rela
tive conformance with the reality of piles in per
mafrost (Qieng et al. 1 1981). 

RBFREEZING GROUND SOIL StlllOUNDING PILES 

'n!.e ti .. taken to refreeze the soil surround
ing the pile ia of great importance to the design 
and construction of the pile. It ia controlled by 
aucb factors aa the construction .. thod1 the type 
and dimension of the pile, the construction aea
aon1 the temperature of the permafrost, and ao 
forth. 'n!.e refreezing ti .. a of ground soil sur
rounding driven, inserted, and poured reinforced 
concrete piles 11are lll!a&ured in the permafrost 
areas of the Qingbai-Xiaang Plateau. 'nle reaulta 
indicated that heat introduced by driven piles was 
the least, that ia1 refreezing occurred in the 
shortest period of time, froa 5-11 days after the 
pile had been aet. 'n!.e ground temperature vaa 
disturbed the moat by beat introduced by aixed ma
terials along with the beat of liquefaction of 
concrete; aa a result, refreezing took aa long aa 
30-60 days. 'n!.e time taken for refreezing the 
ground soil surrounding the inserted pile lay be
tween the above two, and lasted froa 6 to 15 days 
(lflCAllS1 1977). 

In the pel'llllfroat region of the Great Xing'an 
Mountains, winter ia usually chosen aa the con
struction aeaaon to speed up the refreezing rate 
of the soil around poured piles. In this caae1 
care 111at be taken to prevent the concrete froa 
freezing and to guarantee the necessary strength 
of the concrete. 

In the 1970a1 along with the uae of poured 
piles for highway bridges built in permafrost re
gions, the study of negative-temperature concrete 
was initiated. To reduce the beat effect of con
crete, and increase its freeze-resistant durabili
ty and aildneaa and its hardening rate at low tea
perature1 the researchers devised a way to add 
chemicals to the concrete. Different types and 
aaounta of chemicals are added according to the 
construction aeaaon1 the permafrost temperature, 
and other design specifications ao the concrete 
1110uld aeet the needs mentioned. Trial house 
and bridge conatructiott projects in the Great 
Xing'an Mountains and the Qingbai-Xizang Plateau 
have proved that the strength of concrete with 
chemical additives can attain or aurpaaa the de
sign grade regardless of the di .. naion of the 
poured pile (RCl1 1979; Heilongjiang Microthera 
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TABLB 2 Strength of negative-temperature concrete at different atagea. 

llo. of Kind of Deail!! Eade Degree of 
Compressive ~trength 

(ks/ca ) 
saaple saaple Mlxing ratio slullP (cm) R7 R29 R213 

10 without 200 5 
chemical 0.6:1.24:3.8 38. l 60.2 93 
additives 

26 with 200 10 141.6 207 
chemical 0.6:1.24:3.8 155.6 162 
additives 

80 with 200 17 137.8 225.5 
chemical 0.5:1.24:3.25 102.9 152.5 163" 
additives 

ROT!: Denominators refer to strength of lOxlOxlO ca sample placed in 
permafrost. Numerators are strength of sample taken fr011 test pile by 
drilling. 

•ea. Inst., 1979; He, 1981). In one of the tests, 
in the Great ling'an Mountains, sodium nitrite and 
other chemicals were added to concrete and it vaa 
poured into t'lllO boreholes with diameters of 80 ca 
and 26 ca at burial depths of 2 a and 5.5 a re
spectively. Table 2 lists the strength of the 
concrete after it had been in the foundations at 
temperatures of -2•c to -5°C for 213 days. It can 
be seen that, under negative temperature, the con
cretes with additional chemicals all reached or 
exceeded the design strength. 

USEARCB OR THE FROST-HBAVB-USISTAllT 
STABILITY OP POUND#.TIONS 

In the course of freezing the soil .. as of 
the active layer that surrounds the upper part of 
a deep foundation, tangential f rost-beaving force 
and the reaction forces will develop due to the 
resistance of foundation. 'lbeae forces are equal 
in magnitude but opposite in direction. 'lbe reac
tion force ia of greater iaportance in computing 
foundation stability. 

Testa on the reaction force t11ere .. de at a 
site in the Great ling'an Mountains in 1978. lta 
distribution pattern around the foundation ia 
shown in Pigure 6 (Cui and Zhou, 1981; Beilong
jiang Water Rea. Inst., 1981). It can be seen 
that the reaction force around the foundation ap
pears aa a double huap, t11eaker near the founda
tion. 'Ibis ia because, during the course, part of 
the tangential frost-heaving force and the reac
tion force are relieved aa the frost and the thaw
ing soil move up and dawn the foundation cireu11-
ference. 

According to the theory that tangential 
frost-heaving force is equal to the reaction 
force, the tangential force measured in field 
teats by rigid frame counter-compression and load 
counter-compression m.ast be equivalent to the re
action force shown in Figure 6. Here the 'lllOrk 
dissipated by friction can hardly be measured by 
the methods used. 

Ground surface 
after heaving 

Nov19, 1980 
Nov 15, 1979 
Nov 20, 1971s 

76 106 146 

Distance, cm 

FIGURE 6 Distribution of heaving reaction. 

To COllpute the frost-heaving stability of the 
foundation, the force system of stability aaat be 
added to the reaction force acting on the front 
edge of the foundation, while to compute the ten
sile strength of the foundation, the reaction 
force relieved by friction m.ast be taken into ac
count. 

'lbe distribution of tangential frost-heaving 
forces along the depth of the foundation is unev
en, being distributed mostly within the upper part 
of the active layer at a depth two-thirds of ita 
thickness. 'Ibis can be taken as the base for cal
culating the tangential frost-heaving force when 
computing the frost-heaving stability of the 
foundation. 

'lbe following conversion factors are taken to 
determine the effect of foundation materials on 
tangential frost-heaving force: If the tangential 
frost-heaving pressure acting on the concrete 
foundation ia l, then that of steel ia 1.66, of 
rock foundation with mortar is 1.29, and of 'lllOOd 
is 1.06 (Ding, 1983c). 
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PROTECTING PILI FOUNDATIONS FR<ll FROST-HEAVE 

The design of the burial depth of deep foun
dations in permafrost ia often restricted by the 
requirements of frost-heaving stability. Fre
quently, piles aaat be buried more than 2.5 ti.ea 
deeper than the frost table to prevent pulling by 
frost-heaving. Even ao, in some caaea, deforma
tion or destruction occurs because the foundation 
ladta the strength to reaiat the pulling. 

There are two ways to reduce the tangential 
frost-heaving pressure acting on foundation aur-
f acea. One way ia to reduce the foundation -te
rial 'a susceptibility to water, to weaken ice ce
Mnting between the frost and the foundation; the 
other ia to improve the soil body around the f oun
dation to reduce frost heave. 

A nuaber of teats to reduce the tangential 
frost-heaving force on pile foundations have been 
conducted in the permafrost areas of the Qinghai
Xizang Plateau. In the teats, residuua and anion 
surface active agents were used to treat founda
tions comprehensively to meet the defined require
ments. The process -• carried out in this way: 
Pirat, the foundation surface waa daubed with a 
thin layer of reaidu1111 to change ita hydraulic 
property, then certain parts of the soil surround
ing piles were treated with active agents to re
duce frost heave. Thia method reduced 95% or so 
of tangential frost-heaving pressure. After a 
couple of freeze-thaw c:yclea, no clear rise in 
tangential frost-heaving pressure waa observed, 
and the stability has remained sound (Ding et al., 
1982). Thia achievement waa obtained in both lab
oratory and field model tests. Ita effectiveness 
and durability rellllin to be verified in practical 
project a. 

Proble .. still exist in design, construction, 
and uae of deep foundationa in permafrost regions 
that need further investigation and resolution: 

1. Providing exact adfreezing strength ia the 
key to correctly designing pile foundations: By 
tests, 1111 aee that there is a peak value and a 
remant value of adfreezing strength. The average 
adfreezing strength used to design pile founda
tions relates not only to the constituents of 
soil, -ter content, ground temperature, and pile 
material, but also to the length and diameter of 
the pile. Of these, the f irat four factors influ
ence peak and re .... nt adfreezing strength. There
fore, studying the strengths and 118king use of 
them along with the length and di11111eter of the 
pile to compute average freezing strength will 
give accurate parameters for computing adfreezing 
strength. 

2. The rational distribution pattern of frost 
ground coefficients and the values of ground coef
ficients under different frost conditions. 

3. The relationahip between the bearing 
strength at the pile end and the adfreezing 
strength of the pile circumference: Although var
ious methods of co11puting the bearing capacity of 
piles proposed in the past took into account the 
reaction force at the pile end, the action mechan
isa when both the pile end and the circumference 
are under load at the same time has not been fully 
illustrated. 

4. The reasonable interval between piles, and 
teats and computions of pile groups. 
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5. The reasonable burial depth of buried-pile 
foundations: Buried-pile foundations are co11para
tively popular in China owing to their simple con
struction, the easy treatment to pre11ent froat
heave, and the low coat. It has been observed in 
earlier projects, however, that the annual varia
tion of ground temperature for shallowly buried 
pile foundations ia considerable, yielding frost 
creep as well aa frost heave, which tends to cause 
deformation of the foundation. To prevent or re
duce deformation, an all09able 118xi9lm temperature 
variation in the frost beneath such foundations 
ae8118 to be inevitable. 

6. Loading tests on pile foundations in per-
119frost: The step-by-step loading method current
ly used baa some disadvantages, such as long test
ing time and conaiderable variations of boundary 
conditions. In addition, the criterion taken for 
deformation stability (0.3-0.5 .. /24 hr) ladta 
sufficient scientific support. Therefore, a meth
od that not only reflects the varying characteris
tics of frost but also shortens testing time will 
be the goal of further study. 
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DESIGN AND PERFORMANCE OF ROAD AND RAILWAY EMBANlCMENTS ON PERMAFROST 

D.c. Esch 

Alaska Depart11ent of Transportation and Public Facilities 
Fairbanks, Alaska, USA 

This review presents a SUIBll8ry of current 
practice, research efforts, and major research 
needs relating to road and railway embank11ents ov
er permafrost, with emphasis on North American 
work. The stages of prelillinary investigations, 
design, construction, and operation and mainten
ance of road and rail embank11ents are discussed in 
sequence. Eabank11ents for roads and railroads 
necessarily encounter a wide variety of terrain 
types and permafrost conditions, and routings can 
seldom be selected to avoid all potential perma
frost problem areas, due to origin and destination 
constraints. Because of the great distances cov
ered by these facilities, subsurface information 
on any single per1111frost unit is nor1111lly inade
quate to predict accurately embank11ent perform
ance. Eabank11ents are therefore usually con
structed without use of any intensive permafrost
related design analysis. Most engineering analy
ses are made only in the course of repair or re
conat ruction of the .,st severe post-construction 
probl .. areas. Road and railway embank11ent move
ment proble .. resulting from underlying permafrost 
are almost always of the chronic, long-term type, 
so the true econollic consequences of inadequate 
design and construction practices are seldom if 
ever known. 

CURRENT PRACTICE 

Preliminary Investigations 

Airphoto and geologic interpretations of sub
surface conditions from surface features, with 
borings at intervals, are heavily relied upon in 
the route selection and subsurface investigation 
planning stages for roads and railways, but geo
physical detection 11ethods based on electromagnet
ic and radar soundings are currently under devel
opment. Theory and practice in geophysical detec
tion of subsurface conditions are well developed 
in the llining and petroleum industries, but these 
technologies have not been readily adaptable to 
application by transportation engineers and geolo
gists. There is considerable interest and hope, 
however, that these •thods will provide the geol
ogist with a nev law-coat source of subsurface in
formation on which to base his field boring and 
s .. pling prograa and even the preliminary route 
selection. 

At the Fourth International Conference on 
Per1111froat, 11 papers in the areas of re..,te sens
ing and geophysical sounding for the detection, 
11&pping, and evaluation of permafrost terrain were 
presented. In view of the extreme variability of 
subsurface per1111frost conditions, such as ice con
tents and active layer thicknesses, research is 
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badly needed to speed the develoP11Snt of new •th
oda of remotely detecting subsurface conditions 
that affect embank118nt performance. Information 
on the variability of soils and permafrost is 
needed on a continuous basis along a proposed road 
or rail route to predict the thermal and physical 
stability of alternative embank118nt designs. 

Design of Ellbank•nta 

Current design practice is not developed 
enough to predict distortions, ride roughness, 
travel speed, or 11&intenance costs related to al
ternative embankment designs. Engineers have gen
erally adopted a negative view of such design fea
tures as insulation layers or passive heat-ex
change systems, although the mach higher initial 
coats will result in improved long-term perform
ance. Unfortunately, researchers ha'Ve not yet de
fined the o'Verall life-cycle econoa!.cs of such 
features. Insulation is not c011110nly used or e"Ven 
considered except under extreme arctic conditions, 
where shortages of gravel result in a direct sav
ings in construction coats, such as the Alaska oil 
pipeline workpad (Well11&n et al., 1976) of which 
about 112 km (70 Iii) were designed and constructed 
as insulated .. bank11ents. 

Simple and functional two- and three-di .. n
aional thermal analysis .. thods, which would per-
111 t designers to analyze the long-term stability 
of alternative eabank11ent designs, are not yet 
readily available, although there is considerable 
research activity in the area of thermal modeling. 
The ·.,dified Berggren• calculation 11ethod is moat 
c011110nly used for simple, one-di11enaional, single
year thermal predictions. 

Heat exchange of the •bank•nt surface is 
handled by use of the simplified •n-factor• ap
proach in design calculations. This factor, which 
is the ratio of surf ace to air temperature freez
ing or thawing indices, appears to be quite useful 
for analysis of paved surfaces where evaporative 
or latent heat exchange is a minor factor. N-fac
tora for aany different surfaces have been deter
llined (Lunardini, 1978). Surface albedo, solar 
exposure, and wind effects are priaary considera
tions in selection of an appropriate n-f actor for 
a given site. The importance of traffic-generated 
wind ef fecta and surf ace abrasion on the n-f actor 
have been demonstrated (Berg and Esch, 1983). 

Embankment slopes present a 11UCh .,re diffi
cult surface t .. perature simulation problem than 
level paved surfaces. Ideally the effects of sun 
and slope angles, wind, anaw cover, vegetation 
cover, evapotranspiration, and shading by adjacent 
trees and brush should all be taken into account 
in selection of a proper n-factor. A full energy 
balance approach should perhaps be attempted. 
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BCJWever, errors in the assU11ptions needed for an 
exact energy balance •Y become cumilative and 
lead to a large error in the end result (Goodrich, 
1982). 

Embankaent shape considerations and their ef
fect on -bank•nt perfo~nce on warm per•frost 
have been studied by Esch (1978, 1983). Lateral 
ber•, ter•d •ther•l stabilizing ber•, • have 
been used extensively in Alaska in recent years, 
but their long-term benefits have not yet been 
demonstrated to justify the construction cost, ex
cept when used as waste-disposal areas. Ber.. re
sult in a greater width of terrain disturbance and 
increased slope areas that have higher average 
surface temperatures than undisturbed forest or 
tundra. Therefore, the berm1' benefit of in
creased insulation value over pe~frost mist be 
weighed against the increased heat intake of the 
entire embank•nt structure. For warm permafrost 
areas, so• form of passive cooling system appears 
necessary, such as air or liquid convection pipes 
or two-phase ~eat pipes,• to increase winterti• 
re110val of the heat that accu11Ulates beneath em
bank•nt slopes and is trapped by the snCJlf cover. 

Embankment reinforc-nt, to reduce slope 
movements and to bridge ••ller thermokarst pits, 
is currently a very active embankaent design and 
research work area in Alaska. By installing aslt
iple horizontal layers of selected ·engineering 
fabrics· during construction, a 110re crack- and 
sag-free embankaent •Y be po88ible. The ability 
of different fabrics to span voids of different 
widths under embank•nt and wheel loadings (Kin
ney, 1981) will be evaluated by field tests in 
1984. To date, fabrics appear to shCJlf the most 
promise in eliminating the hazardous longitudinal 
embankaent cracking that results from side-slope 
settleaents and lateral spreading. The use of 
stiffer plastic •sh or steel reinforceaent .. y 
prove even more beneficial as an -bankment rein
forceaent. Design theory and calculation methods 
for predicting and analyzing the performance of 
fabric reinforced sections mist still be developed 
and tested. Answers 1a1st also be developed to 
questions regarding the necessary extent of fabric 
lapping or sewing and the importance of preliai
nary fabric tensioning and fabric stiffness on 
performance. 

Insulation of roadway embankaents with foamed 
plastics to prevent thawing of underlying ice-rich 
pe~frost has essentially re11Sined in the experi
•ntal design stage since the first installations 
in 1969 (Each, 1973). BCJ11ever, several airfield 
insulation projects have been successfully com
pleted. Field studies have demonstrated that 
polyurethanes and sulfur foa .. lack the durability 
and moisture resistance for direct burial uses un
der wheel loadings and high water tables. Extrud
ed expanded polystyrene foam insulations, in con
trast, have generally proven very durable under 
these conditions. Econoaic considerations and 
concerns about differential surf ace frost forma-
t ion on paveaents over insulated areas have both 
acted to retard the use of insulation except for 
certain remote areas where gravel costs and other 
considerations have dictated the use of foam in
sulation. Recent competition in the production of 
1CJ11-cost, high-quality polystyrene foam insulation 
and developments in paveaent surfaces that provide 
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ice control, such as ·verglimit• and ·r1us-llide,· 
should encourage increased use of -bankment in
sulation. 

Pave•nt design practice for roadways on per
mafrost is not significantly different from that 
for roadways in seasonal frost areas. 'l'be Alaska 
Depart•nt of Transportation has recently complet
ed a major research study of pavement structure 
performance that evaluated paveaent failures by 
flexural fatigue and rutting (McBattie et al., 
1980). The presence of pe~frost in the subgrade 
was not found to be a significant factor in per
formance. This is reasonable in view of the fact 
that vehicle wheel load stresses are carried al
most entirely by the uppermost l m (3.3 ft) of the 
embank•nt, whereas the permafrost table is com
..,nly at a depth of 2 to 4 m beneath the paveaent. 
Pavement structures, defined as the load-carrying 
portion of an embankaent, are therefore always in
cluded in the ·seasonal frost• zone. 'l'be only 
special paveaent design consideration applied for 
pe~frost areas involves the use of a shortened 
design life period for paveaents that are expected 
to be distorted severely by thaw settlements with
in s few years of new embankaent construction. 
Thaw-settlement and frost-heaving problem1 are 
recognized and treated separately from paveaent 
design considerations. 

Embanlt•nt Construction 

Embankments on permafrost are only rarely 
constructed in winter, except perhaps on the Arc
tic Slope. 'l'be •jor questions to be resolved re
late to the compaction levels attainable with fro
zen soils and the detrimental effects of reduced 
soil-density levels and possibly trapped snCJlf and 
ice layers on long-term perfor .. nce. Coarse
grained soils are more aaenable to compaction 
while in a frozen state and are less inclined to 
loss of strength upon thawing. Specifications 
that permit placement of certain frozen soil and 
rock types in winter could be developed. 

Some perfo~nce aspects of winter versus 
summer construction of insulated embankaents were 
investigated by constructing two adjacent test 
sections near lnuvik in 1972 (Johnston, 1983). 
Observations through 1978 showed little difference 
in performance due to the timing of construction. 
Construction tlalng specifications have been used 
successfully in Alaska for controlling construc
tion of insulated road sections and for excavating 
frozen soils. Insulation placeaent ls specified 
at the start of the thawing season, follCJlfing sur
face preparation and snCJ11-removal during the prev
ious winter, to assure the lowest possible subsur
face temperature. Benefits may result from con
struction tlalng specifications that require a 4-
month period for prethawing and consolidation of 
ice-rich pe~frost soils before embankaent place
ment. 'l'hese benefits have been analyzed at test 
sites (Esch, 1982) but this approach has not yet 
been used on a construction project. 

An embankment was constructed on top of a 
aechanically placed layer of frozen peat in 1973 
at a roadway site 80 km southeast of Fairbanks, 
Alaska. After an initial thaw stabilization peri
od, the perfo~nce of this -bsnkment has been 
excellent, and the the~l benefits of peat in the 
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acti'ftl layer beneath the roadway have been signif
icant (McBattie, 1983). The great increase in the 
thermal conductivity of the peat upon freezing has 
resulted in lCJll'er average subsurface temperatures 
and preservation of the underlying permafrost. By 
comparison, the permafrost foundation of the adja
cent nor11&l roadway section has experienced annu
ally increasing thmring, aettle .. nta, and degrada
tion. 

Standard construction practice in ice-rich 
permafrost requires preserving the surface vegeta
tion 11&t to serve aa an insulation layer, a filter 
•diua, and a soil-reinforcing layer during and 
after construction. Machine-.ilching or shredding 
of trees and brush with a wheeled 11&chine1 called 
a "hydro-axe,· ia co11111>nly used in preference to 
hand-clearing. However, to avoid surface da11&ge 
this 118chine work aiat be perf or11&d when the 
ground surf ace ia frozen. 

Maintenance of labank•nta 

lrrora in eabankllBnt design and construction 
becoll8 the responsibility of the maintenance engi
neer. Sinkholes, sap in grades, longitudinal 
cracking, shoulder rotation and slumping, and cul
vert distortions and bloc:ltagea are COll9)n 11&nif ea
tationa of eabank .. nt instability caused by thmr
ing permafrost. Sinka, saga, and shoulder slumps 
in paved road surfaces are routinely filled with 
asphalt patching 11&terial1 with repairs required 
several ti .. a a year in the worst problea areas. 
For railroads, the rails aiat be ahiamed periodic
ally and eventually the ties lifted and ballast 
added to maintain grade where thaw-instability and 
aettle .. nt proble118 occur. By comparison, the 
frequent regradinp perforll8d on well travelled 
gravel road surfaces normally obliterate all saga 
and cracks. The extent of permafrost problems on 
gravel roads 1a not normally apparent. 
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Bxperi11Bntal installations of two-phase heat 
pipes to stabilize sinkholes in eabank .. nta have 
been 11&de in Manitoba on the Hudson Bay Railroad 
(Bayley et al., 1983), and in Alaska on Farmers 
Loop Road near Fairbanks and at Bethel Airport. 
Thia nar technology 11&y prove very useful, aa heat 
pipes can be installed by slant drilling to reach 
beneath areas that aiat remain open to traffic. 

Maintaining drainage ia of ten a major problea 
for eabank .. nta on permafrost. Culvert icing or 
aufeia problems may require almost daily efforts 
at ateaa thmring to 11&intain drainage. Methods in 
co11a1>n use include ateaa discharge or hot water 
cycling through culvert th• pipes, and temporary 
welder or permanent pOllerline connection to elec
tric thmr wires located inside the culverts. Teat 
installations of solar collectors and pumps have 
been 11&de in Anchorage and Fairbanks, Alaska 
(Zarling and Miller, 1981) to th• culverts auto
matically. Thia approach ahCJll'e promise only for 
those areas where apringti• ice buildup ia the 
major problea. The construction of inaulated aub
drainage systems to intercept seepage water before 
it can reach the surf ace and freeze has done aich 
to eliminate icing proble118 follCJll'ing nar eabank
•nt construction (Livingston and Johnson, 1978). 

USIWlCB EFFORTS 

Per11&froat area eabank11Bnt aonitoring in 
North America was started in 1953, with the in
atru•ntation of five roadway sections near Glen
allen, Alaska. Observations at these sites con
sisted of continuously recorded air and pave•nt 
temperatures and ..,nthly observations of subsur
face temperatures froa thermistor strings. The 
stability of the early thermistors used cast some 
doubt on the long-tera subsurface temperatures, 
and data reporting froa these aitea was mni11&l• 

Labrador St1a 

FIGURE 1 ExperillBntal embankment ..,nitoring sites on per..froat in North America. Nmbera 
refer to sites listed in Table l. 
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TAIL! 1 !xperi•ntal •benk•nte on perufroet in Korth America. 

Site deecrlptlon 

Glenellen Area, Aleeke 
Peved roedvay •b•nk•nta 

0.ltlna, Alaake 
lneulated 1ravel roed 
•benk•nt, polyatyrene 
fo• 

lleckenale ...,.. , lnuvik, 
1.w.T. Polyetyrene fo• 
lneulated 1revel road 
eebenk•nt 

lllchardeon High_,,, Aleeke 
at Canyon Creek. Peat 
underlay placed beneath 
paved road ln cut area 

Deapeter 1'ry., 1.w.T. 
10 ce foamed eulfur ineu
latlon beneath 1ravel roed 

Parke ...,.. , near Pelrbaake 
Alder Creek ineulated paved 
roed cute and lonanu Creek 
eaperimntal eeba'*-nt 

Yukon liver to Prudhoe lay, 
NI. Pipeline Raul load (Dal
ton ...,.. ) Gravel eurfaced 
roadwy. 

Alaeke lallroad, SO lie wet 
of Pairbenke, inaulated 
•benkmnt 

Rudeon lay laUvay near 
Port leleon, llanltobe 

llackenale ...,.. near 
Wr1gley, 1.v.T., 1ravel 
aurfaced, ••••onal uee, no 
en.., r-val 

Gravel teet road in palea 
field along Great Whale 
hJdro project acceu road 

Coldatre•, ..,oee, and 
Spinach Creek lrldp 
foomdatione in penefroet 
near Palrbenk• 

!qle liver lrldp on 
Deepeter Rl1hwy, Yukon 
Territory 

lot&ebue Alrf leld 
Paved and lnaulatad ru-y 
oftr per..fro•t• 

Prudhoe lay area, airport 
runway and roedvay culvert 
-itorln1 

Deterelne air and eurface 
t•peraturH and therul r•l• 
in nor.el road eebankMnte. 

Compare S and 10 ce thick 
lneulatlon layere with adjacent 
nor•l eebankMnte by air and 
eurface t_,.raturH, tberul 
rest•, and eebankMnt eettl-nt•· 

stx· road tHt ettH with l 
lnaulatlon thlckneuH (S, 9, and 
11. S ce) and winter and •••r 
conetrucUon wre ca.pared by 
1round teeperaturH and eettl-nte. 

Evaluete beneflte of placing O. S -
O. 8 • of peat in active layer 
beneath road, by t..,.raturee and 
Httl-nte. 

Evaluate perfonence of f-d 
eulf ur •• road lneulatlon. -

Compare benefit• of lneuletlon et 
l. 2 and ),0 • depth•, and enaly&e 
beneflte of toe berm, toe lneule
tlon end elr-cooliDI ducte on elope 
etablllty of 7-a high •be'*-nt. 

haluate the tbenel rqi• beneeth 
Hlected nor.el roedway •benltmnt 
eectlona in diecontl-• and 
contlnuoue penefroet er•••· 

lt>nltor end evaluet• the beneflte of 
inatalling polyetyrene fo• 
lneulatlon in a rallwy •benkmnt 
with a bletory of perufroet t.,_
eettl-t probl-. 

lech, 1973 

John• ton, 198) 

lech, 1978 
llcRatUe, 1983 

lay.int, 1978 

Bech, 1978, 1983 

lr.-rn and Ber1, 1980 

Trueblood, 
unpubllehed 

lveluete the benefit• of beat pipe• Hayley, 1983 
inetalled to refr-• and etabUhe 
penefroet and arreet th..-eettl-nt 
probl-. 

lvaluete the tberul perfonenc• of 
a thin (l.2 e) abenltMnt on wre 
perufroet, including t•pereturee 
by data-logpr, tbenel 1111nductlvlty 
by probee, and eettl-nte by level 
eurveya. 

Study probeble perforunce and 
eettl-nt ve prediction• for 
road allenkmnt areae ovarlyins 
paleae, a perufroet feature 
eurrounded by thawd -k•I• 
lneuleted end geotextll• rein
forced eectlone wre included. 

lxalne th• long-tere therul and 
phyelcel eteblllty of etructuree 
and •bent.nu et etre• croeeinge 

Anelyse the therul effecte of brld1e 
foundation pile• and approach -
bankMnt fill• ineulatad with 10 c• 
of polyetyrena ineulatlon. 

lvalueta the tberul perforunce of 
an ineulated runvey and en unlneulet
ed taxiway by uee of a data logier 
to •aeure eurface and eubeurfece 
teaperaturae. 

Compare temperature• around ineulet
ed and unineuleted road culverte and 
beneath Deadhoree Airfield p•ve•nt. 

Goodrich, 1983 

lteyeer and Leforte, 
198) 

Crory, 197S, 1978 

Johna ton, 1980 

Eech and Rhode, 1976 

Broom, 1983 
Seton, unpubllahed 
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However, data did demonstrate that full annual 
subroadway refreezing was occurring beneath these 
paved roadway sections in spite of the wara (-1°C) 
permafrost temperatures. Monitoring of these 
sites was discontinued in 1960. 

The first insulated road embankment on perma
frost, located near Chitina, Alaska, was con
structed and instrumented in 1969, and has been 
monitored continually since that time, providing 
the longest te11perature data base for use in eval
uating ther11Bl models. Since that tiae, addition
al inatru•nted roadway and railway embank•nta 
have been constructed and 111>nitored in Alaska and 
Canada. Details of all such installations cannot 
be given here, but Figure 1 and Table 1 ahCJlf the 
locations and references for significant experi
mental data pertinent to roads and railways over 
permafrost. 

Recently, three roadway sites in interior 
Alaska have been painted white to measure the ef
fects of increased surf ace reflectance or albedo 
in reducing th81f-aettlement proble11B. These sites 
provide a fair data base for predicting the per
for11Bnce benef ita of insulated embankments and 
other experimental features such as berms, air
cooling ducts, and heat pipes, particularly in 
warm peraafrost. Increased field monitoring ef
forts are needed to measure the therll81 effects of 
culverts on embankment performance and the surface 
te11perature ef f ecta of embankment slopes and slope 
vegetative covers, as well as the therll81 stabil
ity of embankments overlying colder permafrost. 

RESEARCH NEEDS 

Because of the long ther•l adjustment period 
that of ten results froa new embankment construc
tion over permafrost, ther•l models are needed 
that will economically analyze alternatives over a 
period of 20 years or more. In fact, in view of 
the forecasts of a 11Bjor climatic warming trend 
expected to occur in the Arctic as a result of the 
•greenhouse effect• due to increasing atmospheric 
carbon dioxide levels, even longer periods of 
thermal analysis are indicated. In areas of dis
continuous permafrost, acceleration of thawing by 
preconstruction or construction operations llBY be
co• the beat design approach. 

Research is needed particularly to quantify 
the ther1Bl effects of alternative embankment 
side-slope surfaces and surface vegetation covers 
and to determine the role of anCJlf-cover in embank
ment performance. Previous embankment research 
studies in discontinuous warm permafrost areas 
have demonstrated that progressive talik develop
•nt beneath snCJlf-covered embankment slopes is a 
11Bjor factor in embankment distress. Snow removal 
from roadway surfaces, by comparison, norllBlly re
sults in sufficient seasonal cooling to assure re
freezing beneath paved roadways, even in warm per
llBfroat areas. Although railway embank•nta have 
not been similarly instrumented and monitored, ex
perience indicates that railways, because they 
lack a snow-free surface, should result in perpet
ual net warming and ongoing th81f-settle•nt prob
lem in warm permafrost. Experience with con
tinued aaintenance on Alaska Railroad embankments 

29 

constructed 60 years ago tends to verify this ob
servation. 

Embankment drainage design considerations re
lating to per11Bfrost have not been studied in suf
ficient detail. Some roadway performance reports 
have criticized designers for channeling flCJlfa in
to culverts where cross-slope embankment routes 
intercept active-layer water drainage. Ho con
struction methods have been developed and tested 
that will assure water percolation through embank
ments without such channelization. 

Drainage culverts aay act as embankment air
cooling ducts or they aay result in net warming, 
depending on seasonal air and water flows, snow 
cover, and so forth. Over a period of years, em
bankment settlements and frost heaving may distort 
or displace culverts and aake them non-functional. 
These ther11Bl aspects of culvert design have re
ceived essentially no research effort. 

A 111>re detailed listing of research needs re
lated to embank•nts on permafrost, recently de
veloped by the U.S. Committee on Permafroet, is 
titled ·Permaf roet Research: An Assessment of Fu
ture Heeds· (1983). According to this report, the 
highest priority in per11Bfrost research should be 
given to developing improved methods of detecting 
per11Bfroet and ground ice and to 118pping of criti
cal permafrost parameters. 'lbe author shares this 
view, because lack of accurate knowledge of sub
surface conditions prior to construction may be 
the 11Bjor problem facing the embankment designer. 
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DESIGN AND PERFORMANCE OF WATER-RETAINING EMBANICMENTS IN PERMAFROST 
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Cold Regions Research and Engineering Laboratory 
Hanover, Nev Hampshire, USA 
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To date, the water-retaining structures con
structed and maintained on permafrost in North 
America have been designed and built using a coar
bination of soil mechanics principles for unfrozen 
soils and unproven per.frost theory. In the 
USSR, at least five sizeable hydroelectric and wa
ter supply eabanltment dame ae well ae several 
..all water supply eabanltment dllllS have been con
structed and maintained on pet"llBfrost. 'lbe larger 
d8ll8 are understood to have perfol'lll!d well, but 
the smeller da1111 have been a mix of successes and 
failures. (See Table 1 for examples of problema 
recorded in the literature.) Specific criteria 
are still lacking for design, operation, and poet
construction monitoring of water-retaining embank
ments founded on permafrost. 'lbe purpose of this 
presentation is to review the current practice, 
point out hOlr it is deficient, and note what major 
proble1111 need attention. 

CURRENT PRACTICE 

General Considerations 

In current practice, the designs of water-re
taining embankllents on per.frost can be divided 
into two general types, frozen and thawed. 'lbe 
frozen type of eabankments and their foundations 
are 11Bintained frozen during the life of the 
structure. 'lbe thawed type of eabanltmente usually 
are designed aSBuming that the permafrost founda
tion will thalf during either the construction or 
the operation of the structure. In some locations 
where water le to be retained intermittently for 
short periods of time, thawed embankments have 
been designed asellld.ng the per.frost le to remain 
frozen throughout the life of the embankment. In 
selecting the type of design for a particular 
site, many factors that are peculiar to cold re
gions aaat be considered, including: 

The anticipated type of service of the em
bankllent; i.e. retain water continuously 
or only intermittently. 
'lbe width, depth, temperature, and chemi
cal composition of the body of water to 
be retained by the e11bankment. 
Regional and local clillllte conditions, es
pecially temperature. 
'lbe temperature of the existing perma
froe t. 
'lbe extent in area and depth of the perma
froe t. 
The availability of the type of earth ma
terials required for construction. 
'lbe accessibility of the construction site 
for logistics involving 11Bn-made construc
tion materials. 
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'lbe consequences to life and property in 
the event of embankment failure. 
'lbe effects of the construction and op
eration of the eabankment on the envi
ronment. 
The orientation of the d01rnetreaa face 
(i.e. the dry face) of the embankment 
with respect to solar radiation. 
Frost action on the dry elopes and crest 
of the embankment. 
'lbe econollics of constructing a selected 
design in the cold region. 

In addition to these rather general factors, 
each type of design has special requirements that 
asst be taken into account in malting the final se
lection of a particular design. 

Unfrozen Embankment on Thawing Permafrost 

'lbe design for an unfrozen eabankment founded 
on thawing permafrost is most suitable for sites 
where the foundation materials are thaw-stable; 
i.e. where the thawing strengths of the earth 118-

terials provide an adequate factor of safety 
against shear failure, and deformations resulting 
from thawing will not endanger the integrity of 
the embankment. 'lbis requirement usually re
strict a the use of the thawing foundation design 
to sites where permafrost soil le ice-poor or 
where reasonably sound bedrock can serve as the 
foundation. At sites where only a portion of the 
foundation contains ice-rich per.frost at shall°"' 
depths, this ice-rich portion le usually thawed 
before placing the embankment, or the frozen soil 
is excavated to a predetermined depth (Gluskin and 
Ziskovich, 1973). MacPherson et al. (1970) sug
gest a method of estimating the depth of excava
tion so that thaw consolidation can be lillited to 
a predetermined amount during the operation of the 
embank.men t. 

Where the permaf roet is not removed and the 
foundation is expected to thaw during the life of 
the structure, the embankment design is sillilar in 
many respects to that of a water retaining e11bank
ment located in a temperate climate. However, 
special consideration is given to certain elements 
of the embankment. One such element le the im
pervious zone, which asst be constructed of self
healing soils (Gupta et al., 1973) so that this 
zone can remain "impervious" even if cracking oc
curs during the settlement of the foundation. 
Solle that become stiff and brittle when compacted 
in the impervious zone are avoided. Other design 
provisions that are often included to accommodate 
the anticipated settlement are: the use of flatter 
embankment slopes; overbuilding the height of the 
embankment by an amount equal to the anticipated 
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settlement; and periodically rebuilding portions 
of the -bank•nts that settle belCJW a tolerable 
limit (Johnston, 1969; MacPherson et al., 1970). 
Prethawing followed by preloadlng to consolidate 
the foundation before placement of the embankments 
has also been suggested as a •ans of reducing 
foundation settlements (Gluskln and Zlskovlch, 
1973). 'l'he concept of utilizing sand drains in a 
thawing foundation to increase the rate of consol
idation and, hence, quickly improve the shear re
sistance and stability of embankments has been 
used successfully (Johnston, 1965, 1969; MacPher
son et al., 1970). In addition, analytical meth
ods have been developed for estimating the rates 
of thaw and settlements of dikes on permafrost 
during operations using simple heat conduction and 
heat balance equations for a one-dimensional 
transient condition that takes into account heat 
fro• water seepage (BrCJWn and Johnston, 1970). 

Grouting has been used successfully in cold 
regions to stabilize thawing foundations and to 
cut off seepage. At sites where the foundation 
material ls expected to be weakened or where ini
tial seepage ls expected to present a problem when 
the lee melts from the voids, the foundation areas 
have been thawed and grouted before the embank
•nts were conatructed (Gluskln et al., 1974). As 
an alternative, the fissures or voids can be 
grouted in steps during the operational life of 
the embankment. In this case, the foundation ls 
thawed by the heat from the impounded reservoir. 
As the thawing front progresses into the founda
tion, the fissures and voids are grouted periodic
ally (Demidov, 1973). This •thod requires care
ful and continuous ..,nitoring of the thawing front 
beneath the impervious zone of the •bankment. 

Essential elementa of any thawed embankment 
are the filters and drainage systems for the safe 
control of seepage through and beneath the •bank
ment. 'l'he design of these elements ls siallar to 
those for eabankments in nonperaafroat areas. 
However, special provisions are required to avoid 
plugging the drainage system with ice, which could 
render it useless at a time when it may be needed 
most. 

Thawed Babankaent on Permafrost 

The use of a thawed embankment on a nonthaw
ing permafrost foundation ls usually limited to 
regions of cold permafrost where the water is to 
be retained by the •bankment for a relatively 
short period of tlae each year or less frequent
ly. At these sites, artificial cooling of the 
foundation may .be required during construction 
(llice and Simoni, 1966; IJ.tze and Simoni, 1972) 
and maybe even during the operation period. As a 
further provision for keeping the foundation fro
zen, it is essential that a positive seepage cut
off be provided (Borisov and Shaashura, 1959; Tru
pak, 1970). Such a cutoff llBY take the form of 
sheet piling, a plastic aembrane (Belikov et al., 
1968), or other waterproof materials that are 
sealed to the frozen foundation and extend up to 
the •bankaent crest. 'l'he .,st economical and ef
fect Ive seepage cutoff often is a zone of frozen 
soil. 'l'his zone can be created from the surfaces 
of the •bankment slopes during the winter season 
by natural freezing when water is not being re-
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tained. Effective temperature and water seepage 
111>nltoring systems are necessary in operating this 
type of water-retaining embankment in order to de
tect thawing that may occur that would initiate a 
seepage path through the embankment or in the 
foundation beneath it. 

Frozen Embankment Design 

A frozen embankment design is usually suit
able for sites where the foundation becomes un
stable upon thawing to a considerable depth and 
for regions where the pel'118frost ls continuous. 
'l'he 111>st essential requirement of this type of de
sign is that the embankment and foundation be c<>11-
pletely impervious to seepage since heat from 
seeping water would eventually thaw the founda
tion. If left unchecked, the combination of ther
mal and mechanical erosion (piping) could breach 
the -bankment. 

Currently, frozen embankments operating with 
pel'118nent reservoirs are located in regions where 
the mean annual temperature is -8•c or colder. 
Even at these temperatures, embankments 10 • or 
111>re in height require supplemental artificial 
freezing for at least part of each year to ensure 
that the embankment and foundation remain frozen. 
In addition to the cli11Bte at the site and the em
bankment height, the lateral dimensions of an im
pounded reservoir 1a1st be considered. With time, 
a deep reservoir develops a talik beneath it simi
lar to that produced by a wide lake. 'l'he larger 
the tallk, the greater the risk of lateral thawing 
under the eabank•nt and of initiating seepage or 
stability difficulties. 

It has been suggested that for a frozen em
bankment design al111>st any type of earth 11Bterlal 
can be used to construct the embank•nts, provided 
the pores of the material are filled with lee and 
mass ls 11Bintained frozen during the life of the 
structure (Johnston and MacPherson, 1981). It has 
also been suggested that lee be used as an imperv
ious core (Tsytovlch, 1973). Although these sug
gestions have merit, they also can cause difficul
ties. A large portion of the upstreaa section of 
an embankment that is required to retain a pel'118D
ent reservoir and the foundation supporting it 
will thaw from the heat of the reservoir. There
fore, the upstreaa slope can become unstable if 
this portion of the embankment ls not constructed 
of thaw-stable materials and if provisions are not 
llllde to accOllml>date the differential settlement 
that can occur between the core and the upstreaa 
shell. 

Spillways and water outlet control structures 
founded in permafrost require special considera
tions with respect to their location and to the 
preservation of permafrost (Tsytovich et al., 
1972; Gluskln and Zlskovich, 1973). When these 
facilities conduct water downstreaa near or 
through the embankment, the heat released into the 
structure by the flowing water can eventually melt 
the supporting permafrost, which may result in 
detrimental settlement of the structure and 
breaching of the seepage barrier. Table 1 reveals 
that aost of the probleas that have been associa
ted with water-retaining embankaents on permafroat 
have been related to seepage around and beneath 
outlet structures. To avoid these probleas, 
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spillways and other outlet structures usually are 
not located within or adjacent to ice-rich perma
frost without special refrigeration or other 11&a
sures to preserve the earth in a frozen state. 
Where possible, the outlet facilities are located 
at a remote site and preferably in competent bed
rock. For small dams the use of siphons and pumps 
have been used to control reservoir levels (Glus
kin and Ziakovich, 1973). A chute spillway ele
vated above the embank11&nt surf ace (Bogoslovskii 
et al., 1966) is one possible solution, but the 
most co..on practice is to locate the spillway in 
one of the abutments on bedrock and to use refrig
eration or grout to control the seepage. 'lbe im
portance of a positive seepage cutoff mist be ea
phasized because of the possible formation and en
largement of a talik that can grOlf laterally f rOll 
the outlet works into and beneath the adjacent e.
bank11&nt. As a result, the entire facility can be 
endangered if it is a frozen-type design. 

Ther•l Analysis 

!aaential to the design of water retaining 
embankments on permafrost is the detend.nation of 
the thermal regi11& throughout the life of the 
structure (Bogoalovskii, 19S8; Tsytovich et al., 
1972). A number of 11&thods have been developed 
and others are being developed for eatiaating the 
theraal regi11&a of these embank11&nta and their 
foundations. Some of the 11&thods currently in use 
include: 

a. One-dimensional analyses that are ap
plied at critical locations within the 
cross-sections of the .. bankment and 
foundation (Taytovich et al., 1972). In 
areas where water does not change phase, 
aiaple heat-conduction equations are 
used in the analyses. 'lbe Stefan-Boltz
Mnn equation or the Neumann solution to 
the Fourier equation is used to estab
lish the position of the freezing and 
thalfi.ng front. 'l'bis one-dimensional 
11&thod can be used to analyze the trans
ient heat flaw condition. 

b. Hydraulic analog computers to analyze 
two-di-nsional siaple heat flaw condi
tion• and to establish the location of 
the freeaing or thalfi.ng front (Taytovich 
et al., 1972). 

c. Huaerical techniques, such as the finite 
differences and finite ele11&nt• 11&thoda, 
to analyze heat flaw, including change 
of phase for two dimensions (Bogoalov
akii, 19S8). 

d. Physical models constructed of soil in 
the laboratory to validate the analyti
cal 11&thods as 111111 as to ai.Uate the 
prototypes for heat flaw. 

e. 'lbe three-di11&naional finite el8118nt 
118thod of analysis, which accounts for 
the heat transferred by the seepage wa
ter; this is still in the developaent 
stage. It is especially useful for ana
lyzing the special conditions at daa 
abutments, areas adjacent to water out
let f acilitiea, and short daas (Bogo
slovakii, 1970). 
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Of these 11&thods, the one-diaensional analy
sis is naw used moat often, although the two-di
mensional finite element 11&thod, which accounts 
for the latent heat of fusion, ia also frequently 
used. 

Meaningful theraal analysis requires realis
tic information for defining the thermal proper
ties of soil, the initial temperature distribution 
within the soil, the geometrical and thermal 
boundary conditions, and, where appropriate, in
formation about the aaount of heat carried by the 
seepage water. 'lbe analysis mist also account for 
the change in the thermal properties of the soil 
due to a change in phase (i.e. frozen or unfrozen 
properties) and the change in density due to con
solidation of the soil upon thawing. At a given 
site, the initial soil temperature distribution 
often ia detend.ned by in situ temperature aea
sur8118nts. 

Where accurate 11&teorological data ia avail
able for several years, reasonable eatiaates of 
the initial temperature distribution of undis
turbed sites have been aade using heat balance 
equations that take into account, directly or in
directly, such heat sources and losses aa solar 
radiation, air temperature, wind velocity, evapo
tranapiration, geothermal gradient, and flawing 
ground and surface water. 'lbe upper boundaries 
for thermal analyse• are usually the interfaces of 
the atmosphere with the surfaces of the .. bankll8nt 
and the natural ground. Soae analyses consider 
the surface of the snaw, if it exists, aa the up
per boundary. In such cases, the depth and ther
aal properties of the anaw are required for the 
analysis. The lawer thermal boundary of ten ia 
considered to be isothermal, or a constant geo
thermal gradient is aaallll8d to exist at this sur
f ace. In two-di11&nsional analyses, the lateral 
boundary surfaces are usually aasllll8d to be adia
batic. 

Although few details are published on the 
thermal analyses for artificially freeaing water
retaining .. bankaenta on permafrost, the necessary 
information is available on 11&thoda of analysis 
developed for freesing shafts, tunnels, and walls 
to exclude water and soil from ezcavations during 
construction in nonpermafroat areas (Khakimov, 
1963; Sanger and Saylee, 1978). 

The efficiency with which heat paaaea between 
the atmosphere and earth aaterials is computed by 
using heat-transfer coefficients or factors. 'l'be 
values of the heat coef f icienta used at the upper 
boundaries depend upon the color and type of sur
f ace ezposed to the atmosphere and sun; that is, 
whether the surface is light or dark and whether 
it ia covered with gravel, stone, anaw, vegeta
tion, or other types of msterials. 

Methods for calculating heat transfer due to 
seepage and the convection of water are still 
quite crude, but numerical •thods are being form
ulated that should eventually illprove this compu
tation (Brown and Johnston, 1970). 'lbe convection 
of air within a rockfill .. bankllent can transfer 
large aaounts of heat under certain conditions 
(Mukhetdinov, 1969; Melnikov and Olovin, 1983). 
Methods for analysing convection in .. bankaenta 
have been developed and are still under develop
ment. 
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Stability 

In evaluating the stability of a water-re
taining •banklEllt on permafrost, the functions of 
each zone within the embankment mist be consid
ered. Embankments designed to remain frozen 
throughout their life consist of an upstreaa 
thawed zone and a dCNnstreaa frozen zone. 'lbe up
streaa zone serves as a thermal insulator (Bogo
sloV111di, 1958) to protect the downstreaa frozen 
zone from the heat of the water being retained as 
well as to protect against mechanical erosion from 
moving water or ice. 'lbe frozen dCJlfllstream zone 
provides the impervious .. ter barrier and resist
ance to the horizontal forces exerted on the ea
bankmen t. 'lbe thawing front within the upstream 
zone and its foundation can be the seat of embank
ment failure when the shear resistance of the soil 
decreases due to development of excess pore water 
pressure. 'lbis excess pressure can occur when the 
thawing front advances faster than the meltwater 
can escape. 'lbe upstreaa shell of the embankment 
is especially susceptible to this type of shear or 
slide failure when the level of the water being 
retained by the embankment is la11ered rapidly. In 
detendning the stability of the upstreaa slope, 
the thawing front is included in the trial failure 
surface a. 

'lbe stability of unfrozen •bankmenta on per
mafrost is evaluated similarly to embankments in 
non-pe1'119frost areas, except that special consid
eration is given to the la11 shear resistance that 
•Y exist in the foundation at the thawing inter
face of the permfroat. A portion or all of this 
interface is included as part of the trial failure 
surfaces that are investigated in the stability 
analyses. 'lbe shearing resistance at this inter
face ia a major consideration in assessing the re
sistance to horizontal forces. To increase the 
shearing resistance at the thawing front, vertical 
sand drains tendnating in an intercepting hori
zontal drainage system have been used successfully 
(Johnston, 1969; Gupta et al., 1973) to accelerate 
the dissipation of excess pore water pressure. 

Maintaining the Frozen State of 
Water-retaining Eabankaenta 

Techniques for maintaining embank•nta in a 
frozen state include both natural and artificial 
cooling. Natural cooling is usually used for 
•-ll embankments with heights of 10 • or leBB 
where the natural cold atmosphere freezes the top 
and the exposed slopes of the embankment. Tech
niques that have been used or proposed to encour
age natural freezing include: removal of sna11 
from the dCJlfllstreaa face, by equipment or by con
structing horizontal wind ·vanes· that direct the 
wind parallel to the surf ace of the daa and bla11-
ing sna11 away from the downatreaa slope; placing a 
shelter over the dCJlfllstreaa slope to keep ana11 and 
rain off the surface and to shade it from the sun; 
creating a thick sna11 cover on the dCJlfllstreaa sur
f ace during the early spring and providing for 
winter ventilation at the embankment surface by 
constructing duct work beneath the ana11 and ice on 
this surface; protecting the dCJlfllstreaa toe from 
the wandng effect of the tail11&ter by using 
berms; and keeping the foundation frozen during 
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construction (Boriaov and Shamahura, 1959; Tsvid, 
1961). Taytovich (1973) has pointed out that the 
natural cooling of soils on the dCJlfllstreaa slope 
of an •bankment daa will reach a maxi- depth of 
about 10 • in a severely cold climate if the sur
face is kept clear of sna11. 'lberefore, auxiliary 
cooling ia required if freezing ia to be acc011p
lished at greater depths. 

Frozen earth dams with heights of up to about 
25 • have been built in the USSR using artificial 
refrigeration. 'lbe refrigeration systems include: 
the circulation of natural chilled air, the circu
lation of artificially chilled liquid brine, and 
the installation of a series of auto•tic thermal 
devices such as thermal piles. 'lbe cooling ele
•nts in each of these syatema consist essentially 
of vertical pipes installed along the axis of the 
embankment. Esch pipe extenda down through the 
embankment into the permafrost foundation. When 
air is used as a coolant, each vertical pipe has a 
smaller pipe located concentrically inside it. 
Air is circulated down the annulus between the two 
pipes to a point near the bottom of the outer pipe 
where the air enters the inner pipe, and is re
turned up to the atmosphere through an exit .. ai
fold (Biyanov and Makarov, 1978). 'lbe air is al
la11ed to flCJlf through the system only when its 
temperature is lower than some predetendned tem
perature, say about -15•c. Cooling by air can be 
used effectively at locations where the mean an
nual air temperature does not exceed -5•c (Trupak, 
1970). In regions of high hUllidity, rust and ice 
can form inside the freezing pipe, resulting in 
reduced heat removal efficiency and even plugging 
the pipes completely (Sereda, 1959; Gluskin and 
Ziakovich, 1973; Biyanov and Makarov, 1978). When 
liquid brine systems are used, they consist of a 
refrigeration unit with a heat exchanger for cool
ing a heat transfer liquid or brine, which ia cir
culated through the cooling elements in the em
bankment. Calcium chloride solution has been used 
aa a brine, and in one instance the system had to 
be converted to an air-cooling ayatea when the 
calci11111 chloride leaked into the frozen soil and 
melted it (Borisov and Shamahura, 1959; Tsvetkova, 
1960). The cooling brine mat not contain i11puri
ties or water that will deposit in the pipes and 
restrict the fla11 of brine or plug the pipes, so 
corrosion inhibitors are incorporated into the 
brine. In addition, the piping systema are llllde 
of materials that resist the attack of the circu
lating brine (Borisov and Sh ... hura, 1959). 'lber
mal devices (e.g. thermal piles) that have been 
used in the USSR to freeze an i11pervioua zone in a 
daa usually are of the single-phase gravity type 
that uses kerosene as a transfer liquid (Gapeev, 
1967; Biyanov and Makarov, 1978), although the 
two-phase therml device that uses amnia as a 
transfer fluid is now used in the USSR. In North 
America, two-phase thermal piles are used to a 
limited extent to maintain river levees in the 
frozen state. Both the single-phase and the two
phase systems can perform satisfactorily. 

Embankment dall8 on per11Bfroat in the USSR 
that are higher than 25 • are usually designed as 
unfrozen rockfill dama on a thaw-stable bedrock 
foundation. 'lbe temperature of the foundation is 
mnitored to folla11 the movement of the thawing 
front in the foundation, and in at least one inst-
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ance cement grout ia periodically injected into 
the thawed zone of the foundation aa the thawing 
front advances in depth (Demidov, 1973). It baa 
been observed that air circulating within the 
dCJ11Datreaa roc:kfill section of an embankment daa 
by natural convection baa resulted in ice deposits 
from ..,iature condensing on the cold rock surf aces 
near the downatre .. surface of the d .. in its up
per reaches, and that the foundation freezes rath
er than thmM near the downatrea toe of the daa 
(X-naldi, 1973). Prelillinary studies (Melniltov 
and Olovin, 1983) indicate that cold winter air 
sinks through the dCJ11Datrea rockf ill zone to the 
base of this zone, where it encounters the rela
tively •rm, moist foundation. 'l'be air ia •rmed 
and picks up ..,iature at this point, then rises 
through the rockfill where the 110iature ia depos
ited on the colder rock surfaces located near the 
surface of the dCJ11Datrea slope. In one case, the 
heat re110ved from the foundation by this convec
tion baa frozen at least part of the talik (Melni
ltov and Olovin, 1983) that existed beneath the 
river bed before the daa •• constructed. 

Experience in Operation and Conatruction 

Experience in the USSR and Horth A11erica baa 
d8110natrated that •ter-retaining .. banltmenta can 
be constructed and successfully operated on per1111-
frost if appropriate precautions are taken. In 
the USSR, at least five intermadiate-aize .. banlt-
11ent clau with heights ranging from 20 to 125 m 
(Biyanov, 1973; Taytovich et al., 1978; Johnson 
and Sayles, 1980; Johnston and MacPheraon, 1981) 
are DOif in operation on permafrost. Several smal
ler eabank.menta have been functioning for •ny 
years. 'l'be oldest kn01lll embankment d .. on per1111-
frost •• built in 1792 at Petrovak-Zabaykalskiy 
and continued in operation until 1929 without in
cident (Tavetltova, 1960; Taytovich, 1973). Many 
of the ... 11er da .. perfor11ed satisfactorily; how
ever, some have had problems, especially in con
trolling the seepage around the water outlet fa
cilities (see Table 1). 

Much experimentation to develop techniques 
for creating and maintaining frozen eabank.menta on 
permafrost baa been conducted in the USSR. One 
pioneer project ia a 10-a-high frozen daa built in 
1942 on the Dolgaia Ri'ftlr at Roril'ak that•• in
itially cooled by circulating a calcium chloride 
brine through vertical freezing pipes installed 
along the centerline of the daa. 'l'beae pipes ex
tended through the talik beneath the river bed. 
Brine leaks •de it necessary to change the circu
lating fluid from brine to air. 'l'he da performed 
satisfactorily; however, only after an ice sheet 
•• created on the downatre .. slope to stabilize 
the ther1111l regime (Boriaov and Sbaaahura, 1959; 
Tavetltova, 1960). 

'l\ro water supply dams located in the Irelyakh 
River near Mlrnyy, Yakutia, USSR, were built on 
permafrost using innovative 11ethode for that 
area. 'l'he older one, a te11POrary d .. built in 
1957, ia a 6-a-high earthfill da with a timber 
crib filled with lo .. serving as an impervious 
core (Lyakanov, 1964). 'l'bis core extende dCJllD to 
the fissured sedimentary bedrock. 'l'he spillway 
consists of a tillber flume with wooden crib wing 
walls. Temperature observations over a 7-yr peri
od of operation ahCJlfed that the foundation thawed 
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to a depth of approximately 50 • clue to the flow 
of water through the spillway (Johnson and Sayles, 
1980). 'l'be average temperature of the permafrost 
in this area was about -2°C. 'l'be second da, com
pleted in 1964, is a 20.7-a-high earthfill .. banlt
ment located about 2 ka upatrea from the te11POr
ary daa (Biyanov, 1966; S...nov, 1967; Sllirnov and 
Vaailiev, 1973). 'l'bia main Irelyakh River da ia 
founded on about 8 m of Quaternary depoaita con
aiati ng of frozen sandy gravel and ailty clays 
having up to 60% ice content. Beneath this depos
it lies fractured dolomitized liaestone and •rl 
with ice content up to 10%. 'l'be .. bankment cross 
section consists of a large silty clay central 
section with zones of sand beneath layers of grav
el on both the upstre .. and domatrea slopes. A 
silty clay cutoff extende through the Quaternary 
deposits to bedrock along the centerline of the 
daa. 

Because thawing of the ice-rich foundation 
soils would cause unacceptable settlements, a line 
of vertical cooling pipes was installed at 1.5-. 
spacing along the axis of the eabank.ment to estab
lish a positive seepage cutoff. 'l'be cooling pipea 
were designed to extend dCJllD through the .. banlt
ment and about 3 • into the foundation; however, 
during construction the permafrost thawed an addi
tional 6 m and the cooling pipes were conaequently 
extended to this depth. 

After operating the cooling systea the first 
winter, the daa foundation and core became al110st 
entirely frozen along a line of aerged ice-soil 
cylinders that froze around each freezing pipe. 
Only two unfrozen aectiona were detected and these 
becaae frozen during the second winter. 

To recluce the velocity of seepage from the 
reservoir in the talik beneath the .. bank.meat dur
ing the initial operation of the cooling system, 
an additional row of cooling pipes was installed 
along the downstre .. toe of the da acroea the old 
river bed. After the central ice-soil cylinders 
had aerged, chilling at the downatrea toe was no 
longer required. Horizontal cooling pipes were 
installed beneath the concrete spillway located on 
the left abutllent. To protect the adjacent em
bankment from thawing aa a result of heat from the 
water discharged over the apilbray, a line of ver
tical cooling pipes was installed along the em
bankment side of the spillway discharge chute, 
which ia paved with concrete slabs on a gravel 
filter. After about 10 years of operation with a 
permanent reservoir, temperature measurements in 
the spillway area showed that the per1111froat was 
thawing beneath the spillway chute toward the em
bankment. Aa a result, not only was the thawing 
front advancing toward the dame, but the concrete 
slabs also becaae lliaaligned and moved from their 
original positions, thus inducing further degrada
tion of the per1111froat. To arrest this thawing, 
additional freezing pipes were installed and the 
spillway crest vaa raised to increase the pool ca
pacity and thereby reduce the aount of water dis
charged during periode of high runoff (.Aniaimov 
and Sorokin, 1975). 

'l'he Irelyakh River dam baa had a permanent 
pool behind it for over 18 years, and although 
degradation of the permafrost in the spillway area 
had to be arrested, the embank11Bnt has performed 
satisfactorily aa a result of proper •intenance. 
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It is interesting to note that no especially 
high nbanlt•nt dam (i.e. 1 higher than about 50 
a) have been built on peraafroat with frozen soils 
as the water seepage barrier. The larger eabank
•nta are founded on inC011Preaaible bedrock in the 
USSR (Taytovich, 1973) and are designed as thawed 
eabank•nta. One such nbankMnt that has ir
pounded a reservoir since 1969 is the d .. for the 
Vilyui Hydroelectric Station located on the Vilyui 
River at the tot111 of aternyahevakiy in Yakutia. 
The site of the dall and reservoir is underlain by 
Palaeoaoic and Meaoaoic aedi•ntary and volcanic 
rocks. Intrusive rocks are froa the lower Trias
sic period. At the d .. site, the rock to a depth 
of 30 a contains small fissures, so• of which 
were open, containing only ice. 

The average air temperature at the site is 
-8.2•c and peraafroat temperatures vary from -2 to 
-6°C depending upon the orientation of the ground 
slope with respect to solar radiation. Permafrost 
thickness varies from 200 to 300 a, but a talik 
extends entirely through the peraafroat beneath 
the river bed at the dam site. The cross section 
consists of a rockfill shell with an inclined clay 
&one protected by two-layer f iltera upstream and 
d011Datre... A concrete pad enclosing a grouting 
gallery foraa the base of the iapervioua &one. 
Initial grouting into 4-a deep holes was performd 
to reinforce the blast-shattered rock and to re
duce seepage beneath the concrete pad. Further 
grouting of the bedrock fissures is accoapliahed 
as the ice •lta froa these fissures. The re
quiremnt for further grouting is indicated by 
temperature sensors and pioeaomtric .. aauremnta 
(Deaidov, 1973). 

During the construction and operation of this 
dam, ice built up in the pores of the downstream 
rockfill (Melnikov and Olovin, 1983). Studies of 
the circulation of air within the rockfill indi
cated that the talik beneath the formr river bed 
was freeaing. Moisture is entering the rockf ill 
pores froa convection, froa precipitation, and 
froa occasional tailvater backup. The ice formd 
froa the tailwater is solid and r ... ina at the 
base of the fill, while that froa precipitation is 
distributed in the rockf ill depending upon its 
temperature distribution. /ta the voids in the 
backfill beco• filled with ice, air currents are 
damped and the f reeaing of the talik ceases (Meln
ikov and Olovin, 1983). The eabankment d .. has 
been operating successfully since its construction 
in 1969. 

Other high water-retaining nbankMnta con
structed on bedrock peraafroat in the USSR are 
those at Uat-«hantayak and the Kolyma hydroelec
tric power station (Bvdokt.ov et al., 1973; Glua
kin et al., 1974; Taytovich et al., 1978). Al
though there is so• inforaation describing the 
construction of these d8ll8 (Gluakin and Ziakovich, 
1973; Taytovich et al., 1974; Gluakin et al., 
1974), the details of their perforaance are not 
available in western literature at this tiae. It 
is aaauaed that they are performing as designed. 

T1llO specific proble• that have been given 
special attention in the USSR literature are frost 
heaving and thermal cracking of nbankMnta. 
Since frost action can occur to depths of a fev 
•tera at the crest of an nbankMnt, non-froat
auaceptible soils, anti-heaving salting, and heat-
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ing have been suggested as •••urea to counteract 
this problem (Kronik, 1973; Taytovich et al., 
1978). Transverse theraal cracking of nbank•nta 
has been observed during and after the winter sea
son. Cracks in one of the irrigation dams on the 
Suola River near Yakutsk were investigated by 
Grechiahchev and Sheahin (1973). They found the 
cracks occur within 1.5 a of the vertical walls of 
the wooden outlet structure. To protect against 
this type of cracking, a layer of gravel 2 a thick 
is being used at the crest of eabankMnta on per
.. froa t in the USSR. Grechiahchev suggested ~ 
bedding horiaontal wooden rods near the crest par
allel to the axis of the eabankaent, to act as re
inforce•nt in the soil and prevent these cracks. 
A •thod of calculating the longitudinal theraal 
deforaation of eabankMnta has been developed 
(Grechiahchev and Sheahin, 1973) and the calcu
lated crack widths are in good agreemnt with 
those observed in the eabankmnt under investiga
tion. 

In Canada, the literature does not record the 
construction of an eabank•nt designed as a frozen 
structure on permafrost but it does reveal that 
several aaall dikes (Johnston and MacPheraon, 
1981) and a waste i11pound•nt (Thornton, 1974) 
were designed and constructed as the thalred type 
of nbankment on permafrost. In these designs, 
the aaount of thaw consolidation that will occur 
in the foundation is eati .. ted, and the nbanltaent 
height is increased to accomaodate the anticipated 
aettle•nt. /ta an alternative to overbuilding the 
dikes, the design heights are .. intained by peri
odically adding nbankMnt .. terial to the crest 
of the dikes as settlement progresses. In some 
instances, vertical sand drains (Johnston, 1969; 
MacPheraon et al., 1970) are installed in the per
.. froat foundation beneath the nbankment to re
duce pore pressures and hence increase the shear
ing resistance of the soil while thawing occurs. 
The differential settlements associated with this 
type of design can lead to transverse cracking of 
the eabankMnta. To accomaodate the cracking, the 
eabankmenta were constructed of soils that are 
self-healing in nature (Johnston and MacPheraon, 
1981). Baaential to this type of design is a con
tinuous observation program throughout the life of 
the structure. 

IU11plea of thawed nbankMnta founded on 
peraafroat in northern Manitoba, Canada, are the 
dikes at Kelsey (MacDonald, 1966) 1 Kettle (Mac
Pheraon et al., 1970) and the Long Spruce (Keil et 
al., 1973) hydroelectric generating stations. To 
date, these eabankmenta appear to have been per
forming as envisioned by their designers. 

In the United States, one 24-r-high water-re
taining eabankMnt, five small eabankMnt dams 
leas than 6 a high, and a few levees have been 
constructed on peraafroat in Alaska and one in 
Thule, Greenland. The emll water-supply da .. at 
reaote villages are of the f roaen type of design 
and are without artificial cooling. Although ao
have been in operation for more than 30 years 
(Davia, 1966; Fulwider, 1973), no serious proble188 
have been reported. The largest eabankMnt dam 
founded on peraafroat in Alaska is located near 
Livengood on Be88 Creek (Rice and Siaoni, 1966; 
Kit&e and Simoni, 1972). Thia coabination hy
draulic fill and rolled earth fill structure was 
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c011pleted in 1946 to a -xi•• height of 24 •· 
the foundation consists of silt and ice to a depth 
of approxi-tely 6 • overlying a 6.5-. thick de
posit of a variable mixture of frozen clay, silt, 
sand, gravel, and fragments of chert rock. Be
neath this deposit and overlying the fractured 
chert bedrock is a 6.5-. layer of frozen coarse 
sands and gravels containing coDBiderable ice. 
After stripping the site, the hydraulic fill was 
placed directly on the frozen silt. Horizontal 
cooling pipes were installed at the surf ace of the 
foundation to provide artificial refrigeration to 
keep the foundation frozen during construction. 
Steel sheet piling a.bedded in pe~froat and pro
jected 2 to 3 • up into the hydraulic fill was 
used to improve the seepage cutoff. Since this 
dm only retained water during the short •••r 
mining period each year, the reservoir vaa lcn111red 
every autUllll to take advantage of winter cooling 
to preserve the pel"llllfroat foundation and refreeze 
the embankment. this dam perfor1111d satisfactorily 
fr011 1946 until 1958, when the mining operations 
were stopped for economic reaaoDB. the •jor op
erating deficiency in the system vaa a water out
let tunnel located remotely f r011 the dam. It com
plete ly collapsed 8098 ti• after the mining oper
ation ceased. 'lben in 1962, the overflow fr011 the 
spring runoff washed out the ti•ber spillway that 
was located on the right abut•nt of the dam. the 
ellbankment itself r ... ina intact today. 

B.Unk•nt Da• on Per•froat: Jlecorded Failures 
and Probl•a 

l•banlulent dllll8 on pel"llllfroat have been built 
and successfully operated in Canada, the USSR, and 
Alaska. A nuaber of failures have been reported 
in the USSR and one in Aluka. Table 1 lists 15 
.. bank9ent dllll8 that encountered difficulties; 
aom of the problem 111ere corrected, but several 
ended in disaster. All examination of the table 
reveals that .oat of the difficulties arose be
cause insufficient attention was given to estab
lishing and -intaining a reliable frozen therml 
regi• and to controlling seepage. It should be 
noted that often the thawing and seepage in a fro
zen .. bank•nt or foundation are initiated adja
cent to the spillway or outlet works. this, of 
course, indicates that inedequate cooling or cut
offs 111ere established at these points. Other 
probl... described in the table can be traced 
to the construction procedures and the control of 
earth placement. In 8098 cues, adequate the~l 
protection was not provided for the foundation and 
adjacent areu during coDBtruction. In other ca
ses, inauf f icient compaction was applied to the 
soil placed in the frozen state. 

Table 1 includes only a portion of the prob-
1 ... that have been referenced in the literature. 
Although several papers on •bank•nt da• on per
mafrost have been collected and translated, it is 
reasonable to usu• that there are •DY either 
unreported or not available in our limited bibli
ography. However, the da• that are listed indi
cate the probl... that mJSt be addressed if safe 
and economical •bankmnt da• are to be built on 
per.efroat. 

37 

USIWlCH llBQUIUD 

the design, construction, and -intenance of 
safe, water retaining •baakmanta in the Arctic 
and sub-Arctic is strongly dependent upon such 
considerations as structural stability, seepage 
control, the handling of -teriala, erosional con
trol, and the enviroDMntal effect of the impouad
•nt. the following is a list of areu that need 
further research: 

a. the development of analytical •thoda 
for determining and predicting the ther
•l regi .. within and beneath water-re
taining •bankmnts on pe~frost when 
ground water seepage occurs and where 
three-di•DBional heat flow is impor
tant. 

b. the development of effective •thods for 
controlling the the~l regi• and seep
age, especially at locations contiguous 
to spillways and outlet works for -
bankmnta on pe~frost. 

c. the development of drainage syst ... that 
will not beco• plugged with ice. 

d. the analysis of existing techniques and 
the development of new ones for con
structing frozen and unfrozen eabankment 
dam on pe~frost during both the s_.. 
•r and winter construction seasons 
while •intaining a frozen foundation. 

e. the development of 111>re accurate ana
lytical procedures for determining the 
stability of .. bank•nt and natural and 
cut slopes in pel"llllfroat during thawing. 

f. the development of accurate -thoda that 
use electro~tic, geophysical, and 
other types of tools for determining the 
extent and depth of pe~frost, -•sive 
ice incluaioDB, and types of soils at 
proposed eabankmnt sites. 

g. the develop.ant of instru..ntation for 
111>nitoring the construction and perfona
ance of e•bank .. nts on pe~frost, with 
special attention to e&Ely detection of 
seepage that occurs iit a •frozen• -
bankMnt or its foundation. 

h. the determination of the effects of ia
pound•nts on water chelll.st ry and pro
ductivi ty in reservoirs and stream8 over 
pe l"llllfros t. 

i. the development of biological procedures 
for restoring reservoir landscapes in 
arctic and subarctic areas. 

j. the determination of the tolerance of 
cold-dominated vegetation to periodic 
inundation. 

1t. the validation of existing •thoda for 
predicting the hydrological characteris
tics of catchllent basins on pe~froat. 

1. the development of effective •thods for 
controlling water and ice erosion of -
baakmanta, cuts, and natural slopes of 
reservoir walls in pe~f roat areas. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


liftr DAM 

Baaa Creek 

Kyla liver 

Location 

Northern USSR 

Zarechnyy legion, 
USH 

Yilyui linr USH 
(Dm II) 

YUyui liver USH 
(Dm Ill) 

Dol&aia li•er Korilak, USSI 

Sredniy 
ll'gen linr 

lolyM liver 
lealn, USSI 
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TAIL! I l•banltment d- on perufroat: Probl- vtth extattng d-

l•banlt•nt 
tue 

Height 

<•> 
Length 
(•) Proble•/deacription 

Tbavln1 and Seeea1e at Spillway and Outlet Work• 

co..,act earth 

Hydro • compact 
earth fill 

Compact froaen Hnd 

Z.bankmnt v/crib 
cutoff, v/aand 
and ailt 

Z.bankmnt with 
core 

21.4 

24 

12 

230 

488 

JOO 

Municipal water aupply d .. 
vu completed in 1967, In 
1970, a breach occurred 
throu1h e•bank•nt at aup
ply intake pipu due to ther
•l eroa lon and •••P•I•• 
Completed in 1946 for water 
aupply in tining operationa. 
In 1962 breached between 
apillway due to therul ero
alon and aeepaae. 

Conat ructed of uncompacted 
frozen Hnd during vtnter. 
Seepage through earth d .. 
and jointa in woden apill
vay cauaed thaving and fail
ure of d .. in 1954. 

Conatructed 1957-1960 on par
Mfroat. During initial op
erating period, large Hep-
age volUM occurred and api 11 
way wa completely daatroyed 
in firat flood. After racon
atructlon in 1969, leakage •• 
obeerved frOll the reaervoir 
through cavern• in foundation 
of the d .. and at contact "1th 
the apU lvay. C.uaea of prob-
1-: (I) apillvay too aull 
for flood, (2) ice-retaining 
atructurea not located far 
enough upatre .. fr011 d .. , ()) 
poor apillvay conatructton, (4) 
fiuuru in foundation• not 
Haled, (5) poorly compacted 
runoff. 

Clay-ice core conat ructed in 
vtnter "1th froaen clay and 
wter. Seepage along apill
vay i contact between it and 
the •bank•nt reaulted in 
de1radation of froaen core, 
which anon beca• non
functional. 

Thermal lg1- of Z.banbent and Foundation not Maintained 

lefrigerated earth 10 uo 

Karth 7.4 )00 

Conatructed in 1942 with 
a "clay-concrete" (probably 
c-nt-atabiliaed clay) core 
vtth t"° rova of freeaing 
pipe• parallel to d .. axh. 
The core vaa to reduce 
aeepage during the freezing 
pariod. C.lci .. chloride 
brine, circulated through 
the freed ng pipe a, wa not 
cooled aufficiently by atmo
aphere. Purtherw>re, th• 
brine leelted into the d .. , 
cauaing Mlting of •banlt
•nt. sn ... depo1it1 iaped-
ed freedng frOll the dOtll'l
atre• face. Dt•a•ter va• 
averted by converting the" 
cooling brine to air and run
ning the circulating 1yat• 
only when air t...,erature• 
wre colder than the ground. 
Only after an ice aheet wa1 
created on the downetre• face 
by water appUcat lone in the 
vtnter •• tharul regi• ate
bilized thrCJUlhout the year. 

Built in 1944. Large defor
•tlona and crack• occurred 
along d.. due to aeepage and 
thavtng. Seepage developed 

Reference 

Ani1t.ov 6 Sorokin, 
1975 

lice • Si•oni, 1966 

Lyounov, 1964 

liyenov, 1966 

liyanov, 1965 

Tavetkova, 1960, 
lorlaov • Sha•hura, 
1959 

Tavetkova, 1960 
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liver na• Location 
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TAIL& 1 (cont'd) labanalr.•nt d- on permfroat: Probl- with exlating ~ 

labank•nt 
type 

Height 
<!} 

t.eaath 
(!) Proble!/deacdption 

vhera tlaber pllllll wa uaad 
aa a cutoff. To prevent fail
ure an upatre• blanket we 
conatructed. 

lefarance 

Kyaundzha 
liver 

loly• laein, 
11551 

lluth fill 
v/core 

8 860 ln 1952, initial attaapta Tavetkova, 1960 

Aaozar liver Near Kogocha 
on the Amar 
lailroad. 

ltwdratnyy llorilak, USSI 

Stake 89 llorilak, 11551 
(Pldr.at CrHk) 

Crib-core 
lodr.-aarth fill 

Coapact earth fill 

Compact earth fill 

4 

6 

5.5 

mda to conatruct da in 
the winter to obtain a fro-
aan nbenkaant, but thawing 
in the .... r required erti-
flclal cooling. 'l'hla we 
accoapllahed by lnatalling 
"fraese" pipe in the •bank-
Mnt and circulating cold air 
dovn the plpea. The abut-
•nta wre not protected by 
freaaa plpea, thaviaa occurred 
et theaa locetiona, end the 
aaap .. e enaued. ('l'hla article, 
in 1957, laplled illpendlng dla-
eater.) 

Palled ... to aeap ... end 
tbmrlng throuah body of the 
•bankaant. (ApparentlJ 
built in 1910-1916.) 

Da uaed for cooling water 
aupply for electric ..-• 
&Cation. Daatroyad v1 thin 
1 yr after conatructlon 
by tbmrlng of foundation& 
and ebut-t aolla. 

Daatroyed within 2 yr after 
conatructlon vban eaepace 
through the unfroaan aoll 
t"-9d the froaen aoil. 

lnad!guate Conatruction Procacluraa 

Pravaye 
Ka1desache 
I her 

llorthern USSI CftllPact earth vlth 7,3 
concrete dlephr ... 

llykyrt liwr City of Patrovak- llertb 9.5 
Ze beykalakly, 0851 

lol' abey Skovorodlno, USSI 
llavar liver 

YUyul liver USSI 
(Ila Y) 

llerth aUt and 
1reve l vi th clay 
core 

lendoa earth fill 
with tlabar 

9.6 

16.8 

530 

332 

Pa Ued after 2 yr of opera
tion. Leri• daformtion of 
d• raaultad in credr.a in 
the dlaphr .. • ell &10111 the 
abenkMnt d• end at the 
junction ·of the wlr. Pinal 
failure occurred durlns heavy 
thunder atora vhen leilkqe 
appeared at the creat. rau
ura occurred 0W1r a 65-. 
length. 

.. llt in 1792. In attaaptlaa 
to repair the ...,oden apUlvey 
of the 137-yr-old d•, proper 
•eaurea wre not taken to pre
aarWI the froaan •bankMnt. 
The da had to be coaplately 
rebuilt in 1945, 

.. Ut in 1932, 'l'he clay-lea 
core bee- aeal.-liquld end 
the ateblllty of the d• wa 
threatened. ln 1934 ballaat 
we applied to the alopea, 
...,oden plUftl •• driven, 
aoU behind the piltaa we 
replaced by mre laperYioua 
•terlal, end a -d 1allery 
vaa conatructed to catch the 
aeep .. a. Deep tbaviaa of 
foundation aoU and bedrock 
in 1936 did not cauae aarlcaaa 
probl-. 

Conatructad on lca-aaturatad 
clayey ailt and dlalnte1reted 
rock ovarlylns flaaured cley
ll••tone. ln the aprlnp of 
1965 end 1966 boll• appeared 
daomatre• of the d•• Seepaca 
we ceuaed by thavlftl of 
lea in rock flaauraa durlns 
conatructlon. 

Tavatkove, 1960 

lorlaov • 
Sh-hura, 1959 

Tavetkova, 1960 

Tavatkove, 1960; 
Sevarenakll, 1950 

TaW1tkove, 1960 

Tavet kova, 1960 

llyenov, 1965 
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DESIGN AND CONSTRUCTION OP DIEP POUlfD&.TIONS IN PUMAPl.OST: NOllTB AMBlllCAH PRACTICE 

B. Laclanyi 

Ecole Polytechnique 
Montreal, Canada 

In the last 20 years, the design and con
struction of deep foundations in permafrost in 
llorth America have seen quite remarkable develop
ments, clue to a combination of perfol'll&nce obser
vations, field testing, and theoretical 'llDrk. In 
particular, during this period, a great D1111ber of 
full-scale pile teats were performed in Alaska and 
northern Canada. 'lbeae teats helped greatly to 
clarify the behavior of different types of deep 
foundations in peraafroat under load and tempera
ture change. Moat of the 'llDrk wa done in the 
areas of pile installation .. thods, the behavior 
of piles and anchors under axial compression and 
tension loads, and the determination of adfreeze 
strength of various types of piles. lia a result, 
we DOif have a relatively good idea of hOlf a pile, 
iostalled by a given .. thod, will behave under an 
axial load. 

Revertheleas, there are still several prob
lems in relation to deep foundations whose aolu
ti on will require further ezperi .. ntal and theo
retical 'llDrk in the coaing years. It is therefore 
useful to review the research areas that have been 
covered in the North American literature on deep 
foundations in pel"llllfroat over the last 20 years, 
to see where it .. y be necessary and justified to 
concentrate future research efforts. 

Por a f aater survey of inforaation, the re
view wa subdivided into five subject groups, each 
covering one large research area. 'lbeae are: 

A. Pile installation 11ethoda 
B. Pile behavior under load 
c. Improve11ent of pile bearing capacity 
D. Design .. thods for piles in pel'll&frost 
L State-of-the-art reviews, literature sur

veys, and general design recommendations 
Each subject group contains several sub

groups, each dealing with a particular subject or 
an investigated effect on pile behavior. 

'lbe subgroups contain a list of all reviewed 
bibliographical references dealing with the sub
ject .. tter. 'lbeae references, listed at the end 
of the report, are subdivided into five groups: 

1. Piles and deep footings (llef. Pl to P48). 
2. Deep anchors (llef. ANl to ANS). 
3. Ad.freeze bond (llef. ADl to ADll). 
4. Prost heave effects on piles (llef. PBl to 

PB6). 
5. Poundation .. terials (MATl to MAT3). 
Under each subheading, there are only some 

brief statements on the state of knowledge on the 
subject, while the areas of needed research are 
listed at the end of the paper. 

While a great effort has been .. de to include 
all published references, this does not 11ean that 
there are no inevitable oaiasiona, such aa unpub
lished internal reports and reports of a proprie-
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tary nature. It 1a hoped that this valuable in
foraation, especially on the perforaance of the 
vertical support -bera of the Alyeska pipeline, 
will beco .. available in the near future. 

LITEllATUllE REVIEW 

A. Pile Installation Methods 

Al. Preezeback of slurry around piles, theory 
and observations (Pl, P32, P33) 

'lbe thermal problem has been solved theoret
ically, and the predictions appear to agree 
with field obeervationa. 'lbe .. chanical 
problea of freezeback pressures needs some 
further 'llDrk, but it is knOllD that 
(a) 'lbe pressures dissipate quickly in wra 

permafrost; 
(b) 'Ibey have a positive effect on pile ca

pacity in dense frictional frozen soil, 
but it 1a safe to neglect thm in de
sign; 

(c) 'lbe pressures are important to consider 
when evaluating results of pile teats. 

A2. Experience with driving piles in peraafroat 
soila (P20, P22, P25, P26, P27, P38, P43, 
P44, P46) 

(a) Steel piles, including H-ahape, rein
forced web, and sheet, can be driven in 
1108t froaen soils (except froaen gravels 
and cobbles) with impact, vibratory, or 
sonic hammers; 

(b) When extremely hard driving 1a encoun
tered, an impact hammer and cast-steel 
pile driving tips are necessary; 

(c) Pile driving using theraally 110dified 
predrilled pilot holes is finding in
creasing use in practice; 

(d) In plastic-frozen soils, driving in 
slightly amaller holes is possible and 
gives high pile capacities. 'lbe 11ethod 
becomes difficult in cold permafrost 
aoila. 

Al. Col!Pariaon of driven and slurried piles (P4, 
Pl4) 

Steel R-piles when driven have 3 to 4 tilles 
higher capacity and llUCh amaller aettle11ent 
than when installed in slurried holes. 

A4. Experience with different types of backfill 
slurries (P2, P46) 
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In order of increasing adf reeae strength of 
slurries ta: clay, silt, sand, sand-vibrat
ed, c-nt grout. 

AS. lltperience with cast-in-place piles in peraa
f roat (P32, Aln to AMS, MAT3) 

(a) Cement-fondu-aand-vater (1:1:1/2) grout 
used in Thompson and Gillam teats 
resulted in a corrugated, ice-free 
interface with the soil. 

(b) A gypa..-baaed cement grout provides -r
ly strength at low temperatures, but 
for .. a layer of saline unfrozen soil at 
the pile interface, reducing adfreeze 
bond. 

B. Pile Behavior Under Load 

Bl. Co!!preaaion teats on piles (P2, P4, PS, PIO, 
P28, P40, P4S, P46) 

(a) The load-aettl-nt curve and pile capa
city depend on the rate of loading. 

(b) There is diaagree11ent on the yield or 
failure criterion for pile teats. 

(c) Driven piles carry 111>re and settle leas 
than those installed in slurried bore
holes. 

(d) There is no standard 11etbod of testing. 
(e) No design 11ethod gives the optimua L/d 

ratio for a pile. 
(f) For long piles, only a ... 11 portion of 

the load is carried by the end bearing 
at service loads. The portion increases 
with u •. 

(g) Attenuating creep is usually observed at 
lov stresses (aettle11enta), and ateady
atate creep at high stresses (post-fail
ure settlements). 

(h) For piles in ice, steady-state creep can 
be attained at all loads. 

(1) In slurried piles, end contact is not 
assured without driving the pile. 

B2. Tenaion teats on piles (AD4, ANl to ANS) 

(a) Failure was observed in tension teats; 
there was no distinct failure in coa
preaaion teats with end-bearing. 

(b) Break of the bond occurs at a given dia
place11ent, probably depending on the 
roughness of the pile surf ace. 

(c) When the bond is intact, there is a pow
er-law relationship between creep rate 
and stress. 

B3. Behavior of anchors and anchor ayate .. (Pl3, 
P33, ANl to AN7) 

(a) The response to the load depends on the 
anchor type and the installation llll!thod. 

(b) Deep plate anchors need 110re diaplace-
11enta for 110biliaing the soil resistance 
than rod anchors, but .. y have higher 
ulti .. te safety factors because they re
ly on the weight of the soil cone 
lifted. 
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B4. Adfreeae bond (effects of soil tYpea pile aa
terial, te!!perature, rate of loading, shear 
diaplaceaent) (P2, P33, P34, P40, P41, P44) 

(a) Tables and graphs of abort- and long-
tera values are available for different 
types of soils and pile .. teriala. 

(b) Sollll!tillea a layer of ice or unfrozen 
(saline) soil fonia on the pile inter
face during refreezing. 

(c) The adfreeae bond increases with ice 
content but decreases again after the 
soil is super saturated with ice. 

(d) Bond creep is governed by a pOller law of 
stress relationship. 

(e) The bond breaks at a given diaplace11ent, 
in a brittle .. nner, falling to a auch 
l011er residual value. 

BS. Stress distribution along the pile and load 
transfer to the pile point (P2, P32, P40, 
P41, ADll) 

(a) Stress distribution depends on installa
tion aethod, pile type, load level, and 
tiae. 

(b) For a given load, the bond stresses, in
itially decreasing with depth, beco11e 
111>re unifora with tilll!, and 111>re load is 
transferred to the end. 

(c) At a aettleaent of S-10% of the pile di
ameter, 2S-40% of the total load aay be 
carried by the base. At service loads, 
the point-bearing load aay be negligi
ble. 

(d) For driven piles, the load tranafer to 
the pile point depends on the aettleaent 
rate under service loads. 

(e) There is a lillit of displacement for 
bond failure, depending on the soil and 
pile roughne88. 

(f) Dynallic loads lead to bond reduction and 
an increase in load transfer to the 
point. 

B6. Theories of stress redistribution for coa
preaaible piles due to soil creep (Pl9, P32) 

Under a constant load, lateral stress is re
diatri buted along a compressible pile in the 
first 24 hours, with a tendency to .. ke the 
distribution aore unifora and to transfer 
110re load to the base. Pile creep curves .. y 
not be representative within that period. 

B7. Effect of seasonal soil te!!perature variation 
on pile settlement (Pl7) 

Seasonal variation of the end-bearing load 
occurs due to freezing and thawing of the ac
tive layer and the temperature variation of 
permafrost within the embedded pile strength. 

B8. Effect of slow load c:ycling on penetration 
.!!!.!, (P30) 

The penetration rate becoaea practically in
dependent of the loading history after the 

-
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penetration resistance is fully 110bilized 
(i.e •• total settlement exceeds about 10% of 
pile diaMter). 

B9. Scale effects in pile loading teats (Pl&. 
P32• P42) 

leaulta obtained with piles of different di
ameters are comparable at the aaM strain 
rate. but not at the .... penetration rate. 

BlO. Prost-heave effects on piles (PBl to PB6) 

(a) Prost uplift atreaaea measured on verti
cal •bedded columia vary matly between 
SO and 100 kPa. with ahort-te111 peaks up 
to 200 kPa. 'Ibey are highest for steel 
columia. followed by concrete and 111DOd. 

(b) Prost uplift atreaaea are proportional 
to the heave rate. 

(c) Peak values of uplift atreaaea occur 
during the early freezing period. when 
heaving rates are high. but .. xtmll• up
lift forces often occur near the t1111! of 
.. ximll• frost penetration. late in the 
winter season. 

(d) For steel colu11na. uplift atreaaea tend 
to decrease with increasing pile di~ 
eter. 

(e) Prost-heave forces increase with pile 
inclination in the active layer. 

Bll. Lateral loading teats on piles (PS. P9. Pl6) 

c. 

(a) By putting the results of teats in the 
fo111 of a power l• of ti• and load. a 
t1111!-dependent mdulua of lateral soil 
reaction and a p-y curve can be deduced 
fr09 the teats. 

(b) 'lbe preaaura..ter teat data have been 
used with good aucceaa to predict theo
retically the behavior of laterally 
loaded piles in permafrost. 

(c) Moat published teat results refer to 
stage-loaded teats with 24 h per stage. 
Behavior under long-te111 sustained loads 
and cyclic loads needs further study. 

I!prove•nt of Pile Bearing Capacity 

Cl. The!!!!pilea (P7. Pl2• Pl7. P21, P46) 

To select the beat ayat ... a careful study of 
ground and t89Perature conditions should be 
.. de. With an appropriate ayat .. , excellent 
results can be obtained. 

C2. Rev pile designs or installation methods for 
increased adfreeze bond and/or end-bearing 
(Pl2, P20, P21. P22, P27. P39, P40, P44• P4S, 
AMS) 

(a) Use of corrugated and helix-type piles 
considerably increases the bond strength 
(SO-lSOl). 'lbe 88118 was found for 
grooved and tapered concrete piles in 
slurried holes. 

(b) Use of lugs around a pile considerably 
increases its bearing capacity. 

4S 

(c) Both end-bearing and adf reeze bond are 
higher if piles are driven into partial
ly slurry-filled oversized boreholes. 
Driving in slightly ••ller holes. with
out slurry. also gives aich higher bond 
strength, but it ta limited to relative
ly va111 plastic frocen soils. 'lbermally 
mdified pre-drilled pilot holes facili
tate driving without decreasing adfreeze 
strength. 

C3. Deterioration of pile .. teriala in per•frost 
(MATl , MAT2) 

(a) Steel piles: no corrosion vaa detected 
after 6-11 years of exposure to active 
layer conditions at three sites in Alas
ka. 

(b) Ti•ber piles: fungus attack was detect
ed. Improved treat111!nt procedures 
should be applied. 

D. Design Methods for Piles in Pe1118froat 

Dl. Design .. thoda baaed on laboratory-determined 
parameters (Pl3. PlS. Pl6. Pl9. P23, P30. 
P31, P32, P33. P34. P36. P37. P41, P44) 

(a) Although baaed on ... 11 strain aaauap
tiona. the theories for creep settlement 
of piles under axial and lateral loads 
seem to give reasonable predictions for 
short- and mediu.-te111 loads. More in
formation and comparison with field data 
is needed for long-tem behavior of 
piles under static and dyn811ic loads. 

(b) Ind-bearing support la negligible for 
piles in all types of h0110geneoua frozen 
soils at service loads. 

(c) It is suggested that pile design in ice
-rich soils is governed .. inly by aet
tle111!nt, while in ice-poor soils the de
sign should satisfy both settlement and 
strength criteria. 

(d) It is also suggested to neglect in de
sign soils with te11peraturea above -1•c. 

D2. Design 111!thods baaed on field teat results 
(P9, Pl6. Pl8, P42. P46) 

B. 

(a) If properly. generalized, the results of 
full-scale teats on axially and lateral
ly loaded piles can be used directly for 
the design of other piles under similar 
conditions. Nevertheless, extrapolating 
such teat results to the very long term 
r ... ina uncertain until further verifi
cation. 

(b) Well-controlled static cone penetration 
teats can be interpreted as ... 11-di..
eter pile teats. 'lbeir results can be 
used for the design of driven piles. ei
ther directly through a strain rate 
scaling l•. or indirectly after deter
llining the frozen soil creep parameters. 

State-of-the-art levieva, Literature Surveys, 
and General Design Reco ... ndstiona (Pl. P3, 
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P6, P7, Pll, P23, P24, P25, P31, P32, P33, 
P34, P35, P36, P37, P38, P40, P41, P43, P44, 
P48) 

Several excellent state-of-the-art reviews of 
experience with piles in permafrost have been 
published in the last 20 years, and a com
plete coverage of current or recommended de
sign procedures was described in special vol
UlleS (P31, P33, P37). Certain papers and 
volumes also contain recommended design pa-
r &meters for piles in typical permafrost 
soils (P6, P23, P31, P32, P33, P34, P37, P41, 
P44). 

RESEARCH ll!QUill!D 

A. On Pile Installation Methods 

(1) Driven piles 

Further develo.,.ent and testing is needed of 
vibratory and sonic hammers, together with 
thermally treated, pre-drilled pilot holes. 

(2) Drill-driven piles (in smaller bore
holes) 

In plastic-frozen soils, cylindrical piles 
driven in slightly 8118ller pre-drilled holes 
have shown increased adfreeze strengths. 
Dissipation of the 90bilized lateral normal 
stress due to frozen soil relaxation should 
be studied. Driving tapered piles in tapered 
pre-drilled holes seem1 prOllf.aing and should 
be tried in the field. 

(3) Slurry-driven piles 

Driving of piles in larger holes, partially 
filled with aand-alurry, was found to give 
high pile capacities. 'nle method should be 
further investigated to find the opti .... de
sign and installation method for such piles 
and to evaluate their long-tera performance. 

(4) Slurried piles (in larger boreholes) 

Preezeback pressure and its dissipation 
should be studied further. If a portion of 
this pressure can be preserved permanently, 
the bearing capacity of a pile in granular 
slurry could be considerably increased. 'nle 
behavior of corrugated and tapered piles in 
slurry-filled boreholes should be studied. 

(5) Cast-in-place piles 

Piles should be aade in such a 11anner that 
the concrete is compacted in the hole to pro
duce a good end-bearing mobilization and a 
corrugated lateral surface for a better 
bond. A method similar to that used in mak
ing Prank! piles se ... promising. 

B. On Pile Behavior Under Load 

(1) There is a need to establish a standard 
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c. 

testing method, especially with regard to 
the length of the loading stages, the 
loading sequence, and the criterion of 
yielding or failure. Possibilities for 
long-tera extrapolation of test results 
should be explored. 

(2) Kost piles in permafrost have a very high 
L/d ratio. Por that reason, even driven 
piles carry very little load in end-bear
ing. 'nle portion of the load carried by 
the end-bearing is a function of the pile 
compressibility, the pile installation 
method, the aspect ratio L/d, and the 
total settlement of the pile. 'nle design 
method should be able to give an optiaia 
L/d ratio for which both the adfreeze 
bond and the end-bearing are properly 
utilized at an acceptable settlement or 
settlement rate of the pile. 

(3) More information is needed about the 
long-tera effects on the behavior of a 
pile under service loads of the seasonal 
temperature variation in the portion of 
permafrost in which the pile is embedded. 

(4) Very little information is available on 
the long-tera behavior of laterally load
ed piles. Additional information is 
needed on the redistribution of lateral 
reaction with time and on the beat method 
for its prediction. 'nle behavior of such 
piles under cyclic loads is also needed. 

(5) 'nlere is little information on pile 
groups in permafrost loaded vertically. 
Since the group action 11ay be affected by 
the rate of penetration in frozen soils 
a1ch more than in unfrozen soils, this 
effect should be investigated. 

On Iaprov-ent of Pile Bearing Capacity 

(1) Straight-shafted piles 

Besides the soil type, ice content, and temp
erature, the bond also depends on the pile 
material and the roughneaa of the shaft. Ad
freeze bond on a 880oth shaft is regularly 
mich 8118ller than the shear strength of fro
zen soil, and becomes still ... 11er if the 
shaft is covered with a thin layer of ice. 
In addition, test results show that after the 
bond fails a large portion of the bond 
strength is permanently lost, because the ad
hesion bond fails in a brittle 11anner. It is 
not clear whether the broken bond heals with 
time. To improve pile performance, which de
pends mainly on the bond, the use of special 
types of piles, as described below, is sug
gested. 

(2) Corrugated piles 

With a surf ace so rough that failure will be 
forced to occur within the frozen soil 11ass 
and not along the pile-soil interface. 

(3) Tapered piles 

By their displacements, tapered piles assure 
a good contact with the soil and a constant 
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normal pressure on the shaft, furnishing 
a constant frictional portion of the tot
al bond resistance if the pile is rough 
and surrounded by a frictional frozen 
soil. Because they are supported by the 
surrounding soil 11Bss, such piles are ex
pected to show an essentially plastic re
sponse without loss of strength. 

(4) In general, the research should be ori
ented toward finding ways to increase the 
bond strength and 11Bke its response less 
brittle after failure. 

(5) Hore R&D is needed on frost uplift reduc
tion devices for piles. 

D. General Design and Perf or11Bnce 

(l) A number of •thods for foundation design 
in permafrost have been proposed, but the 
syste11Btic verification of their predic
tions against the performance of founda
tions under controlled conditions is 
still scarce. In addition, it is not yet 
clear how to determine relevant frozen 
soil parameters that properly represent 
long-term soil behavior without perform
ing very long-tera creep tests. 

(2) Pile design under cyclic and dynaa:lc 
loads needs further illprove•nt. 

(3) Extrapolation of full-scale loading test 
results to long-tera performance should 
be investigated. 

(4) Static cone and push-in pressure•ter de
vices are promising for getting the basic 
information needed for pile design in 
offshore permafrost. They can beco• 
practically useful only if they are used 
more frequently and their predictions are 
compared with actual pile performance. 
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INTllODUCTION 

E. Penner 

The selection of panel 11eabera froa the USA 
a'Dd Canada waa baaed on their involve11Bnt in 
frost-action-related activities. S.E. Grechiah
cbev of the USSR and Olen Xiaobai of the People'• 
Republic of China were asked to describe briefly 
the frost-action research in progress in their 
countries. Unfortunately. the USSR representative 
waa not able to attend the conference. but a &Im'" 

118ry of bia paper waa presented at the panel aea
aion by the panel chairman. 

Miller presents a qualitative rationalization 
for a process of thermally induced relegation. a 
basic ingredient of bia ·rigid ice model• of frost 
heaving. While that aodel purports to explain 
well-kDOlfD cbaracteriatica of the process. includ
ing the role of overburden pressure. ita uae for 
engineering purposes depends upon input functions 
that are not easily 11eaaured with the necessary 
accuracy at tbia ti11e. So far. the aodel baa been 
for9Jlated only for air-free. solute-free incoa
preaaible aoila. Be 11entiona (unpublished) re
sults of a aiailitude analysis of this aodel which 
iaply that aite-apecif ic proble1111 could be scale 
modeled using a geotechnical centrifuge. 

lerg reviews the numerical models available 
in the literature in hia presentation. with par
ticular eapbaais on the difficulties encountered. 
Ria revi- ia particularly •aningful because of 
hia considerable experience in modelling with ap
plied engineering applications in mind. 

Willi ... deals with moisture aigration in 
frozen zones. a subject be baa studied over 118ny 
years. The presentation states both theoretical 
and ezperi11ental support of his approach to the 
subject. It also provides an overall evaluation 
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of current knOlfledge on the subject. 
The USSR and People's Republic of China pan

elists cover current research in their respective 
countries. Grechishchev presents his current con
cept of the theraorheology of cryogenic soils. 
drawing attention in particular to the insepar
ability of heat. moisture. atreaa and strain 
values. and the phase COllPOBition of pore moisture 
in frozen. freezing. and thawing soils. Be atatea 
that tberaopbyaical and 11ecbanical proble .. cannot 
be resolved independently. and gives equations to 
describe the interrelationship. Chen Xiaobai cov
ers current frost-action developments in the PB.C. 
stressing engineering solutions to the frost heave 
problea. While different in detail. the approach 
1a not unlike that followed in seasonally frozen 
and permaf roat regions in North America. Both 
contributions will draw much attention. particu
larly froa those concerned with solutions to frost 
action proble.. in soils. 

The high annual coat of frost d ... ge to en
gineering structures as a result of the freezing 
of foundation soils does not appear to have 
brought about a concerted. coordinated progr .. of 
research in any of the four countries represented 
on the panel. It is clear froa the literature 
that iaportant studies are being carried out. but 
a national foci on the problem appears to be .tea
ing. At present the research on frost action in 
Canada and the USA is initiated priaarily by in
terested individuals. While this certainly re
sults in so• excellent work. much more could be 
achieved if there were an organized approach. In 
both the applied aspects and numerical modelling 
studies. benefits froa a ayat..atic approach would 
accrue. The facilities and the effort ezpended 
would. h011ever. have to be greatly increased to 
have a real influence. Thia aay develop as the 
costs of annual d ... ge increase. 
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THE PRINCIPLES OF THBRMORHEOLOGY OF CRYOGENIC SOILS 

S.E. Grechishchev* 

All-Union Research Institute of Hydrogeology and Engineering Geology 
Moscow, USSR 

In this paper the tera "cryogenic soils" is 
introduced as a shorter term for frozen, freezing, 
and thawing soils. Usually, thermorheology refers 
to a section in the .. chanics of solid deformable 
media that represents the study of an interconnec
tion in ti .. between mechanical stresses, strains, 
and temperature. However, it is necessary to 
broaden the concept of thermorheology when it is 
applied to cryogenic soils, because any lll!chanical 
and thermal impact on these soils affects the 
phase COJIPO&ition of pore 110iature in a COJIPlex 
way, namely, changes in the phase composition of 
pore water lead to variations in temperature and 
.. chanical stresses or strains. 'lbua, the phrase 
thermorheology of cryogenic soils refers to the 
study of the interconnection and interaction in 
ti.lie between .. chanical atreaaea and strains, tea
perature, and the phase composition of pore 110ia
ture in frozen, freezing, and thawing soils. 'lbia 
phrase was first proposed by Grechiahchev (1969). 

'lbe theraorheology of cryogenic soils in
cludes a consideration of the .. chanical processes 
in soils under the iapact of temperature changes, 
both within the range below s•c (theraal strains, 
ef f ecta of an external o~erburden and unfrozen 
moisture content) and with the temperature passing 
through o•c (heaving and llOiature migration with 
freezing, thermal aettlelll!nt and consolidation 
with thawing). With this approach, a combined in
vestigation of the thermodynamic, theraophyaical, 
physicocheaical, and lll!Chanical aspects of the 
cryogenic processes in soils appears necessary. 

'lbe study of physical regularities and the 
development of phyaico-.athematical theories of 
cryogenic processes has been intensive over the 
last 20 years. Phyaico-aathematical 110dela baaed 
on Luikov'a equations of heat-.aaa transfer have 
attained the widest development in geocryology. 
Being theoretically elaborated to aatch the condi
tions of phase transitions in porous media repre
sented by soils, they were considered to be per
spective for the investigation and the description 
of cryogenic processes. 'lbeoretical and experi
.. ntal worlta in this field have been performd by 
Martynov, Tyutyunov, <Jliatotinov, Feldman, Erahov, 
Zheatkova, Takagi, and aany other Soviet and for
eign specialists. 'lbe llBin results and the cha
racteristic feature of this trend involve the ea
tablislaent of a functional interrelationship of a 
thermal field and a moisture content field. Ba
sically, it involves the study of the processes 
related to 110iature migration under the influence 
of thermal gradients; namely, changes in soil tem
perature with moisture migration movelll!nt. 

Although the given thermophyaical trend of 
studying cryogenic processes has obvious merits, 

*Not present; &U1111Bry presented by E. Penner. 
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it also has a number of important liaitations, 
which recently have beco .. more and more evident 
aa new experi .. ntal data are accwaJlated. First, 
the theory of heat-aaas transfer in porous •dia, 
developed by Luikov and his disciples for positive 
temperatures, was leas effective when applied to 
subfreezing soils due to an uncertain interaction 
at inner interphase boundaries where the phase 
transitions of pore 110iature occur. lllmeroua at
tempts to avoid this difficulty by formally defin
ing such an interaction have led to physically ia
probable results. 'lbe moat obvious la shown by 
Feldaan in the example of a boundary condition of 
the first type for describing moisture 110vement. 
Its use can lead to such a physically aenaeleaa 
concept aa a negative moisture content. Second, 
the theory of heat-.aaa transfer does not include 
the mechanical phenomena that occur in soils under 
the ef fecta of moisture migration and temperature 
changes. Finally, it la the lll!chanical process of 
soil defonaation that causes various cryogenic 
structures to fora in soils; these in turn deter
mine the occurrence of cryogenic phenomena in 
aacrovolU11ea of aoila. 

A mechanical trend has developed in the 
theory of cryogenic processes independent of the 
thermophyaical one. Basically it consists of 
studying a atreaaed-atrained state of soils; tem
perature and moisture content are investigated as 
the independent state par&Etera. Thia approach 
la fruitful for a certain range of engineering 
proble... 'lbe first fundamental results in this 
area were obtained by Taytovich, one of the found
ers of geocryology, who investigated the mechani
cal characteristics of frozen soils aa well aa the 
process of their settle•nt when thawing and form
ulated the aain principles of the lll!chanics of 
frozen soil. A significant contribution to this 
approach has been 11Bde by Vyalov, who described 
the principles of soil rheology at negative tea
peraturea. Important studies have been performed 
by Voitkovakii, Zaretskii, Ter-Martiroayan, Orlov, 
Puzakov, Anderson, Anderaland, Ladanyi, Morgen
stern, Chamberlain, Sayles, and others. 

While mentioning the important role and the 
value of investigations in mechanics of frozen 
soils for the developaent of the theory of cryo
genic processes, it should be stated that a large 
part of these processes cannot be described within 
the fralll!work of a .. chanical trend alone. In the 
case of the mechanical approach, the stress-strain 
field depends on temperature and moisture content 
only in a parametric way, but teaperature and 
moisture content the1Belvea are stress-dependent. 

A certain break between the thermophyaical 
and the mechanical approaches to the construction 
of phyaico-.atheaatical 110dela of cryogenic proc
esses has taken place in developing the principles 
of the theory of these processes ao far. General-

-
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ly, however, an interrelationship is evident be
tween the stress-strain fields, temperature, and 
moisture content ln soils at negative tempera
tures. Vyalov noted that mechanical stresses 
might lmpsct the content and migration of unfrozen 
moisture in frozen soils. 'l'he most generalized 
form of the dependence of unfrozen moisture con
tent on environmental effects (temperature, load
ing, etc.) ls given by Tsytovlch (1973) ln his 
well-known principles of frozen soil mechanics: 
the equilibrium state of unfrozen moisture and 
moisture migration when the external parameters 
change. Important studies in this field have been 
perfor11ed recently by Ershov. 

'l'he study of thermal strains in frozen sandy 
and clayey soils, started by Pedosov, who was the 
first to discover that clayey soils,lnstead of ex
panding, shrank while freezing, and by Votyakov, 
who experiaentally established a time lag of ther
mal strains after a temperature change, has played 
a significant role ln developing the experiaental 
principles of the thermorheology of cryogenic 
soils. 'l'he lag phenomenon of thermal strains oc
curring after the temperature change in soils has 
been also established experiaentally. 'l'his group 
of phenomena has been called "time after-effect of 
theraal strains and stresses" (Votyakov and Grech
ishchev, 1969). Further study of thermal strains 
and stresses in frozen soils has been carried on 
by Votyakov, Grechishchev, Shusherina, Sheshin, 
lachevskii, Simagina, and others. 

The results of investigations on unfrozen 
moisture, texture, and state of pore lee obtained 
by Soviet scientists (Nersesova, Tsytovich, Andri
anov, Bozhenova, Sh1.1111Skil, Shvetsov, Saveliev, 
Dostovalov, Ananyan, Vtyurin, Pchelintsev, and 
others) as well as by foreign scientists (Jumlkls, 
Yong, Anderson, WilliallS, Penner, Miller, and oth
ers) are of great importance to the development of 
the thermorheology of cryogenic soils. 

'l'he studies of moisture migration and frost 
heaving started by Taber, Baskow, Goldstein, and 
others are especially significant for developing 
the principles of thermorheology of cryogenic 
soils. Investigations in this field have become 
numerous and they are conventionally characterized 
by t110 approaches: the thermophysical approach 
including thermodynamics (Ananyan, Shvetsov, Qiis
totinov, Ivanov, Ershov, Merzlyakov, Winterkorn, 
Miller, Willl&11S, Penner, Anderson, Hoekstra, and 
others) and the mechanical approach (Sumgin, Tsy
tovich, Pedosov, Pchelintsev, Puzakov, Goldstein, 
Orlov, and others). 

Regardless of the nuaber and the high level 
of the studies mentioned, the basic proble .. of 
frozen soil physics relating to the conditions of 
lee crystal growth and unfrozen moisture lllgration 
in soils at negative temperatures have not yet 
been solved. QJ.rrent ideas of the motive forces 
of moisture migration are rather contradictory. 
Correlations between physical phenomena in frozen 
soils and the mechanical stresses and strains oc
curring in soils remain vague. 'l'hia problea la 
c011pllcated by the use of irreversible thermody
nllllica and thermodynllllic potentials for describing 
aoiature lllgration. A transition from these po
tentials to stresses leads to a physically complex 
conception, such as "negative pore pressure (sue-
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tion)," which la bound to aaount to thousands of 
atmospheres below the ideal vacuum. 

Experiments to verify a new theory that 110uld 
explain many thermorheologlcal phenomena in cryo
genic soils have started recently. It is baaed on 
the study of the phyaicochemical, thermodynaaic, 
and mechanical aspects of interphaae interaction 
at the boundary of phase transitions between fro
zen and unfrozen zones. 'l'he following expreaalona 
deterlllning the correlations between 11888 flow, 
freezing rate, and temperature at the boundary of 
phase tranaltlona were developed by the author 
froa theoret:l.cal study of the kinetics of phase 
interaction in the'vicinlty of the phase transi
tion boundary (Grechlahchev, 1978, 1979): 

where qw, qs - effective rates of flow of pore 
moisture and aineral particles of soil skeleton; 
V1, Vw - specific phase volumes of ice and wa
ter; Vf - advance rate of phase transition 
(freez ng or thawing) boundary; ~k -- the normal 
stress in the soil skeleton, Pn - effective stress 
normal to the freezing boundary; t - pressure in 
the soil skeleton and pore water pressure; L -
latent heat of water freezing; T0 • 273°K, 6T£ • 
Tq-T£; Tt - temperature at phase change transition 
boundary, K; C1, C2 - empirical coefficients 
characterizing both the phase transition kinetics 
and the permeability of the phase transition zone, 
and decreasing with an increase in 6Tti £ -

porosity. 
'l'he following physical backgrounds are ac

cepted, when deriving expressions (1) and (2): 
(a) dispersed soil heteroporoalty provides a dif
ference over time of moisture freezing in pores of 
various sizes; (b) occurrences of fine and coarse 
pores hydraulically connected and the pores in 
which the walls (represented by the surfaces of 
mineral particles and ice crystals) interact 
through a water fila are referred to as fine 
pores; (c) force interaction in fine pores occurs 
through the flla, following the aechanism of dia
joinlng pressure deterained by Deryagln; (d) un
frozen zone strains are subjected to the theory of 
soil consolidation; (e) full stress components in 
dispersed soil can be represented by the sum of 
effective stresses in the mineral skeleton of soil 
and the pore pressure, i.e. Terzaghi's equation 

(3) 

where 1, k - direction of th~ axis, &1k - Krone
ker delta. 

Expression (1) characterizes the klnetlca of 
phase transitions in fine pores and expression (2) 
that in coarse ones. As to the quantity, the pro
posed expressions show that moisture flow la 
formed (qwl O, when freezing), the movement of 
soil skeleton takes place (qw < O, when freez
ing), or both of thea occur at the phase transi
tion (i.e. ice and unfrozen moisture) boundary and 
under the impact of the latter (term with T). Op-
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posed to this 111>vement are an effective pressure 
in the soil skeleton (with coefficient Vi • 1.09 
ca3 g- 1) and the pore moiat1re ~reaaure (with co
efficient Vi - Vw • 0.09 ca g- ) 1 which are 
considered to be positive when compressing. Pro
vided that condition (1) for the occurrence of mi
gration flCJlf qw ia not aatlafied (e.g. when 
pressure gradient ln unfrozen zone ia inauf f icient 
for moisture flCJlf formation with freezing, neces
sary for an increase in the lee band with the giv
en ATt>• freezing occurs along the coarse pores 
at rate Vt• aa determined by expression (2). 

A full system of equations for the ther111>rhe
ology of cryogenic soils can be constructed using 
expressions (1) and (2). For example, for the 
first approximation a phase transition zone can be 
regarded aa a linear friction boundary between 
frozen and unfrozen zones, and expressions (1) and 
(2) can be taken for the boundary conditions at 
this boundary, re-bering that according to Flor
in-Gersevanov's equation 

(4) 

where kt - effective coefficient of permeability 
(analogue of Darcy'• ratio of an imagined boundary 
of freezing t). 

'l'hus1 a c011plete system of equations of ther
morheology of cryogenic soils a.ist consist of the 
thermoconcluctivlty equations and equations of the 
11ecbanics of deformed 11edia for unfrozen and fro
zen zones of soil. 'l'heae equations have turned 
out to be fully coabined with each other through 
enviroD111ents (a) through (d) at the freezing 
(thawing) boundary. Bence, the distribution of 
beat, moisture, stress values, and strains in cry
ogenic soils happen to be closely connected. This 
accounts for the fact that thermophysical and me
chanical proble .. cannot be solved separately in 
this case. 

'l'he proposed theory predicts that te~erature 
and pressure in pore moisture at a freezing bound
ary depend completely upon the freezing conditions 
(i.e. the temperature of the outer boundaries and 
the external overburden), permeability, and COii"" 

pressibility of soils in an unfrozen zone. 'l'here
fore1 they vary constantly in the process of 
freezing. When considering the problem theoretic
ally, they cannot be given in advance and they are 

S4 

determined only as a result of the solution of the 
whole problea. 'l'his conclusion is born out by the 
experimental data, according to which the tempera
ture of freezing soil is approximately proportion
al to the temperature of the cold environment in 
which a soil sample is frozen. 

In conclusion, we can enumerate a number of 
knCJlfD phen011Bna that can be explained with the 
help of the proposed theory in a natural way. 
They include: the discrepancy in phase equilibri
um pressure when freezing and thawing; time-lag 
effect of thermal strains and stresses; hysteresis 
of unfrozen 111>isture and of volumetric strains re
lated to it with cyclic freezing-thawing; discrep
ancy of thermal strains parallel and perpendicular 
to the isotbermi; occurrence of opti1111111 cooling 
rates (causing extreme stress values); frozen soil 
voluaetric strains in time at constant tempera
ture; discrepancy of heaving values, with soil 
freezing froa the surface and froa the bottoa1 and 
so forth. 'l'he theory also answers the fundamental 
question of why heaving does not occur in sands 
and unsaturated clays. 

Further studies in the field of the thermo 
rheology of cryogenic soils a.ist address mechanism 
of formation and grCJ11tb of ice bands, which is one 
of the basic proble .. in the theory of cryolitbo
genesis. 
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aJUBNT DEVELOPMENTS IN CHINA ON PROST-HEAVE PROCESSES IN SOIL 

Chen Xiaobai 

Institute of Glaciology and Cryopedology, Academia Sinica 
Lanzhou, People's Republic of China 

INTRODUCTION 

Up to llCJlf, because frost heave and ice segre
gation are still important problelB in civil engi
neering construction in northeast and northwest 
China, the 11echaniam of frost heave and water mi
gration and how to protect structures from frost 
damage have been studied in the last few years. 

There has been good progress in the froat
auaceptibili ty criterion of coarse-grained soils; 
the effect of penetration rate, surcharge stress, 
and depth to groundwater on frost heave; the basic 
characteristics of tangential, normal, and hori
zontal frost heave forces; the effect of allowable 
deformation of foundation and rheology of frozen 
soil on heaving force, the variation of normal 
heaving force under various foundation areas, and 
the application value of the three heaving forc
es. In the last two years, the energy theory for 
unsaturated soil has been used to establish a 111>d
el of water migration and ice segregation in soil 
during freezing, and research experiments are be
ing perfot'lll!d both in the laboratory and in the 
field. 

Prost heave is one of the 11Bin proble11& for 
civil engineering and road construction in perma
frost and seasonally frozen regions, ~4peclally 
for hydraulic structures, which usually suffer 
frost damage. In recent years, 11Bny investigators 
have studied the cryogenic process, frost heave, 
and the frost heave force, with special attention 
given to field observations. The author has pre
pared a general review of the problem in this pa
per. 

ACTION OP ROST HEAVE 

Because of the needs of engineering construc
tion, the main factors affecting frost-heave pro
cesses, such as particle size, frost penetration 
rate, effective surcharge stress, and groundwater 
table, have been investigated. It la well known 
that, in saturated sand or gravel, water lllgratlon 
la 118lnly in response to a pressure gradient. 
However, for clayey soil, it results froa the 
gradient of soil water potential. The current de
velopments are described below. 

Particle Size and Grading 

According to the current frost susceptibility 
criteria for railway construction, a frozen coarae
gralned soil in which the content of silt-clayey 
particles is leas than 1S% of the total weight ~oea 
GOt consolidate during thawing. It is the author's 
experience, however, that because permafrost was 
fot'lll!d over a geological period, the thawing aet
tle11ent coefficient of a frozen gravel, whose con
tent of silt-clayey particles is leas than 2.S% of 

the total weight, is more than 12%. In an open 
system (Chen et al. 1982), if a saturated sandy 
gravel with uniform grading contains more than 6% 
ailt~clayey particles, its heave ratio will exceed 
1%; if the silt-clayey particle content is more 
than 8-10%, then its heave ratio will be 111>re than 
2%. If the sand or gravel has a non-uniform grad
ing, corresponding with above heave ratio, the 
silt-clayey particle content is 3-4% and 6-7% of 
total, respectively, Wang (1983) indicated that 
if a coarse-grained soil contains S% silt-clayey 
particles in open system, its average heave ratio 
is 1.8%. 

In the current "Norm of Base and Foundation 
Design for Industrial and Civil Engineering Con
struction" (197S), fine sand is included in the 
non- or weakly frost-susceptible soil category. 
According to Wang's (1983) results, however, the 
above criterion is not complete. Compared with 
the content of o.os-o.oos •• (X 2) and o.1-o.2s •• 
(X~), Wang Zhengqiu (1980) indicated that the size 
leas than O.OOS •• (X 1) la the moat important fac
tor influencing the heave ratio n of fine sand. 
The relationship can be expressed by 

n • 4.48 + 0.62X1 + 0.07X2 - o.04X~ 

in which the content of O.OS-0.1 .. particles (X3) 
does not affect the heave ratio. 

The results of field observations by the Low
Teaperature Construction Institute, Reiloagjiang 
Province, show that when a clayey soil contains 
more than SO% clay particles by weight, its perme
ability is very low and it might be claHified as 
a weakly frost-susceptible soil. 

Penetration Rate 

The results of Chen et al. (1981) show that 
the penetration rate strongly affects the heave 
ratio. When the penetration rate is leas than the 
first critical limit Vfl• the ratio of frost 
heave n is very large and ice lenses are strongly 
segregated. After the penetration rate exceeds 
the second critical limit Vf2• however, there is 
almost no water migration during freezing, and on
ly in-situ pore water freezes. The relation might 
be expressed as follows: 

when Vf1 Vu, then n • 'lo • conat.; i.e. no ice 
segregation; 

then n • n' • no+ 6n [O/Nf- l/./ffi.)/(l/./Vfi 

- ll/Vfi>]3; i.e. a little ice segregation; 
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when Vf i Vu• 

then l"I • l"lo + Al"I + C(l/./Vf - l/Kf1>; i.e. a lot 
of ice segregation. 

Effective Surcharge Stress 

As sh01111 by the thermodynamic equation, the 
freezing point of soil decreases with an increase 
of overburden pressure or pore water potential. 
Chen et al. (1983) showed that the relation be
tween freezing point drop AT and effective sur
charge stress p for saturated loess is AT m 0.07 
p. It was indicated that the increase of ef fec
t ive surcharge stress would prevent water from 
flowing toward the frost front, which might be 
shown (for saturated loess) by 

where ~~ is specific volumetric suction water, 
when p • o, t • ~o· 

Because of the above relationship, under a 
surcharge stress the frost heave ratio l"I decreases 
exponentially (Chen et al., 1983), i.e. 

l"I • l"lo exp(-bp) • 

Observations for clayey loma obtained in the field 
by the Low-Temperature Construction Institute, 
Beilongjiang Province, are the sa .. as the auth
or's. Xu (198la) has studied the characteristics 
of frost heave in overconsolidated, consolidated, 
and subconsolidated soil. 

Chen et al. (1983) carried out a frost heave 
test of saturation loess under loading and ob
tained its shut-off pressure of about 4.6 kg/cm2• 

Groundwater Table 

In the "Norm of Base and Foundation Design 
" (1975), the critical limit of the ground

water table is 1.5 m. However, in practice, the 
capillary height of various soils is quite differ-
ent. 

Wang Xiyao (1980, 1982) and Kong (1983) have 
provided some field results on frost heave under 
various groundwater table conditions in seasonal 
frost regions. For coarse sand, fine sand, light 
lo .. , and heavy loam, if the distance from the wa
ter table to the frost front is more than 40, 60, 
120, and 160 cm, respectively, frost heave might 
not occur or it will be very weak. The distance 
is very close to the critical capillary height of 
these soils. 

After analyzing the observed data, Zhu (1983) 
expressed the relation between the frost-heave ra
tio l"I and groundwater table H~ for heavy silt 
lo .. by the following formula: 

l"I • 64,4 - 29.6 H~ (N • 20, r • 0.846) 

Analysis of experimental and field data by Chen et 
al. (1982) has given results that are close to the 
above. 
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FROST-HEAVE FORCE 

In recent years, many investigators have giv
en more attention to doing field observations on 
tangential, normal, and horizontal frost-heaving 
forces. 

Tangential Frost-heave Force 

Chen and Wu (1978) presented a summary of the 
main results of this subject before the mf.d-'70s. 
Based on observations on the Qinghai-Xizang Pla
teau, Tong (1982a,b) provided its distribution 
with depth. After analyzing observed data on the 
Qinghai-Xizang Plateau, Ding Jinkang (1983) indi
cated that, under the same conditions, if the tan
gential frost-heave force for concrete foundation 
is taken as unity, the force for steel, atone, and 
wood foundations would be 1.66, 1.29, and 1.06, 
respectively. Assuaing that a foundation is made 
of concrete and the distribution of the heaving 
force along its depth is uniform, Ding sugfested 
that for coarse-grained soil 1 • 0.5 kg/ca , and 
for clayey soil t • 0.8 kg/cm • After suamarizing 
observations from the Qilian Mountains, Chen 
(1976) divided the development process of the 
heaving force into slow increase, intensive in
crease, and relaxation; for coarse-grained soil 
the last step usually does not occur. Xiao and Be 
(1981) and <hi and Zhou (1983) did a lot of field 
observation 110rk from 1976 to 1978. They found 
that the maximum total tangential heave force was 
almost always measured at the permafrost table, 
and for clayey loam the maximum force was usually 
at a water content of about 50% by weight. 

The Low-Temperature Construction Institute 
and the Fourth Engineering Construction and Assem
bly Co...,any of Heilongjiang Province have investi
gated the frost-heave force in seasonally frozen 
regions since 1972. They found that the distribu
tion of tangential heaving force with depth is 
siailar to that of frost heave. The idea of an 
average tangential heaving force with depth is not 
suitable for designing shallow foundations buried 
within a seasonal frost layer. 

During freezing, if a foundation is allowed 
to move and is subjected to heating, the following 
factors a.ist be considered when determining tan
gential heaving force: foundation depth, allowable 
displacement, foundation material, and the effect 
of heating. 

Normal Frost-heave Force 

It is necessary to check a structure for 
heave stability, if its foundation depth is not 
greater than the active layer thickness, especial
ly for a hydraulic structure with a mat founda
tion. Based on a lot of experimental results, 
Chen et al. (1977, 1980a) have provided a formula 
for describing the relation between normal heaving 
force ai and foundation area Fi(x 10 2 c:m2): 

ai - Oo + a/Fi + b/Ff 
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Guan et al. (198la) have completed a field study 
with a maximum foundation area of 400 x 400 cm. 
Using the above formu\a, they got a normal heaving 
force a0 • 1.75 kg/cm. After collecting the 
results at home and abroad, Tong (1982b) gave a 
relation between the normal force and foundation 
area F as follows: 

a • 8 F-a 

where 8 and a are constants. 
Guo and Han (1982) analyzed their field ob

servation data collected from 1973 to 1978. Pro
vided that the distribution of normal frost-heave 
force with depth is very sillilar to that of frost 
heave, and the heaving force a is proportional to 
the free heave of ground surface Ah, i.e. 

a• kAh 

where k is the coefficient of the frost-heave 
force. k was found to vary with soil types and 
freezing conditions. In 1982, Guo and Han pre
sented the variation of the force at different 
foundation depths. 

The Low-Temperature Construction Institute 
(1981) analyzed their observed results in relation 
to foundation diameters of 10, 20, 40, and 80 cm, 
and provided a relationship between free heave 
Ahi of ground surface and total normal heaving 
force Pi as follows: 

They also showed that the total heaving force N 
depends on diameter Di expressed as 

N • 0.283Dt· 631 

After assulling that the deformation of the 11&t 
foundation is zero, Li and Dai (1981) provided a 
foriaila for calculating the normal force using 
elastic theory. Xu et al. (l98lb.) suggested that 
if a little deformation S of a foundation is al
lowable, then the heaving force a decreases expo
nentially, i.e. 

Zhou (1983) suggested that the force a decreases 
with the increase of foundation area Fi and ex
pressed it as follows: 

Horizontal Frost-heave Force 

In 1966, Chen et al. measured the horizontal 
heaving force against a shaft wall and the side 
surf ace of a foundation and found the maximum to 
be 2.8 kg/cm2 in the Qilian Mountains. Shen Zhon
gyan et al. teated horizontal forces against a re
taining wall in 1972. From 1977 to 1979, Ding 
Jinkang et al. built an L-shaped model retaining 
wall for field observation. They measured the 
displacement and horizontal heaving forces. It 
was found that the maximum force occurred at the 
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lliddle of the wall or a little below for fine
grained soil, and at the base of the wall for 
coarse soil. They suggested a calculation scheme 
for permafrost regions with a value of 1-1.5 and 
0.5-1 kg/cm2 for fine-grained soil and coarse soil 
respectively. 

Guan et al. (198lb) observed a developing 
process of horizontal forces against a 2.8-m-high 
retaining wall. Because a frost crack occurred at 
the top surface between the wall and soil, the 
heaving force was indicated to be at ~he base of 
the wall with a maximum of 1.25 kg/cm • Under 
shallow ground-water table, Yu Rici et al. built a 
teat retaining wall filled with wet soil with over 
40% moisture by weig~t. The maximu• of 2.1, 
1.63, and 1.12 kg/cm occurred at the top, middle, 
and the base respectively. 

Countermeasures for Frost-heave 

In China it is common to prevent frost damage 
to a foundation by using available types of foun
dations, replacf.ng clayey soil with gravel, paving 
insulator protectors, and so forth. After testing 
and applying these for five cycles, Ding et al. 
(1982) provided a comprehensive treatment using 
used oil and a surface active preparation with a 
positive ion. With the help of the treatment, the 
tangential frost-heave force around the foundation 
was reduced to about 5% of the original value. 

Water Migration and lee Segregation 

In the early '60's, because of highway con
struction in cold regions, Rau Hongyen et al. 
(1965) suggested a method for calculating water 
accumulation in the aubgrade during freezing. 
Chen et al. have done some experiments on water 
migration in the seasonal thaw-freezing layer in 
the permafrost regions of the Qilian Mountains 
since 1965, and have also given more attention to 
the continued growth of ice lenses at the perma
frost table. 

Wang Ping et al. (1982) measured water redis
tribution in the seasonally active layer and the 
permafrost in the Qilian Mountains and the Qing
hai-Xizang Plateau by using a neutron moisture me
ter made by Lanzhou University. The results show 
that the water lligration occurred not only in the 
active layer, but also in permafrost. They also 
recommended that this method could be used for de
terllining the freeze-thaw boundary. The Northwest 
Institute of the Academy of Railway Sciences meas
ured the dynallic equilibrium of water in soil dur
ing freezing on the Qinghai-Xizang Plateau with 
Lanzhou University (1976). Their results show 
that the water content, not only under the thawing 
boundary in the active layer but also in perma
frost, usually increases in warm seasons. The ef
fect may extend more than 1.4 m into the perma
frost. 

Studies have proceeded for the following rea
sons: l) because as the active layer above perma
frost freezes, water lligrates in the frost front 
and changes into ice; 2) there is a non-equilibri
um lligration of unfrozen water in soil; 3) there 
is the phenomenon of material expulsion in ice 
lens formation; and 4) because of the deposition 
of ground on the surface, massive ice grows year 
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by year. <lleng (1983) provided a view on the for
mation of massive ground ice produced by rhythmic 
ice segregation. 

Zhou Youwu, <lien et al. (1964) found a new 
pingo that occurred in the spring in permafrost in 
the Da Xian Mountains. With the help of the 
theory of moisture 1110vement in saturated sand un
der pressure gradient, they suggested a successful 
way to protect a railway from frost damage. <lien 
et al. (1979b, 1980a,b) have finished 1110re tests 
on the characteristics of saturated gravel during 
freezing, and have presented the relation between 
pore water pressure, an increase or decrease in 
the gradient of water pressure, and the frost pen
etration rate. At the same time, they suggested a 
satisfactory method of using a gravel bed to pro
tect structures from damage. 

In recent years, many investigators have 
studied the distribution of ice lenses with depth 
in the field. Since 1980, using the theory of wa
ter migration in unsaturated soil, Chen and others 
have started to determine hydraulic conductivity, 
diffusivity, and soil water characteristic curves 
at 2° and 25°C, and measured the redistribution of 
water potential with depth beneath the frost 
front. They point out that there is an intensive 
changing zone of soil water potential or water 
content with a range of 20-30 Ciiio Since 1981, Zhu 
et al. (1983) have established an observation sta
tion for determining water migration during freez
ing in the Zhang Yi seasonally frozen regions. 
Using the theory of water migration in unsaturated 
soil, Zhang and Zhu (1983) provided some formulas 
for calculating the water migration during freez
ing frOll deep and shallow ground-water tables. 

Using ther1110-equilibriU11, moisture-equilib
riU11, frost-heave and state-changing equations, 
and analogous test criteria, Ding Dewen (1983) 
presented fol"lallas for determining the critical 
depth and total thickness of ice lenses. With the 
help of the thermodynamic method, Gao and Ding 
(1980) provided a means of evaluating the amount 
of frost heave in the base course. Using the same 
method, Gao and Guo (1983) have derived a formula 
for evaluating frost heave under loading. 

This review is only a general outline of the 
current research into frost-heave processes in 
soil in China. We will continue to study the me
chanisms of frost heave and ice segregation in de
tail in the search for viable countermeasures for 
frost damage in cold regions. 
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THERMALLY INDUCED REGELATION: A QUALITATIVE DISCUSSION 

R.D. Hiller 

Department of Agronomy, Cornell University 
Ithaca, New York, USA 

A panel discussion before a general audience 
aeem1 to be an appropriate occasion to off er a 
qualitative explanation of one distinguishing fea
ture of one of the proposed models of frost heave 
in soils. 

What has come to be called the rigid ice mod
el of frost heave exploits the aaaU11ption that as 
water in soil freezes, ice form1 as a continuous, 
inherently rigid phase that includes not only ice 
lenses but pore ice between the lenses and, speci
fically in the case of what has been called secon
dary frost heave, ice in pores on the warm aide of 
the warmest ice lens. While the assumptions of 
continuity and inherent rigidity do not appear to 
be controversial, they have neither been accom
modated nor exploited in 111>dela baaed on explana
tions that begin with ideas about ways in which a 
temperature gradient might induce movement of a 
liquid phase relative to soil grains. 

Essential to the rigid ice model is the con
clusion that a temperature gradient tends to in
duce movements of ice and soil grains with respect 
to one another. Specifically, it is concluded 
that when isolated grains or clusters of grains 
are embedded in ice that cannot itself 111>ve, impo
sition of a temperature gradient induces the 
grains to migrate up that gradient by a process 
that has been called thermally induced regela
tion. If that conclusion is correct, then New
ton 'a Third Law implies that if ice largely fills 
interstices between a mass of grains that cannot 
move, the ice will move down the temperature grad
ient if such movement is feasible, thereby causing 
frost heave. 

Since the time when Taber (1930) concluded 
that there aiat be an adsorbed film of mobile wat
er that holds a grOlfing ice lens at a distance 
from adjacent soil grains, few have questioned 
that idea. Acceptance is equivalent to accepting 
the proposition that for some reason, liquid water 
is more strongly attracted by a grain surface than 
is ice; there 1&1at be an "adsorption force," real 
or virtual, that is felt more strongly by liquid 
water than by ice. Thia is evidently a body force 
that acts across distances that are appreciably 
larger than the lengths of cheat.cal bonds that 
would im111>bilize the molecules. 

It may be helpful to call to mind another 
"grain," namely earth, which has a greater affin
ity for liquid water than for an equal volume of 
ice at the Salle elevation. Thus, as the ocean 
freezes, the ice formed is "held at a distance by 
an adsorbed film of mobile water." In the case of 
the earth grain, the attribute of liquid water 
that gives rise to preferential adsorption is the 
.. aa concentration (density) of the liquid phase, 
which is greater than that of ice, and the mechan
lt111 of attraction is gravitation. In the case of 
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grain surfaces, various attributes of the sur
faces, liquid water, and lee can be suggested as 
operative factors in various mechanisms; that mat
ter will be set aside for another occasion. 

Among the consequences of preferential ad
sorption of liquid water, two are important to a 
qualitative understanding of the process of therm
ally induced regelation. The first la that if the 
intensity of the force field felt by liquid water 
diminishes rapidly with distance from a grain sur
face, and if the amount of liquid is not enough to 
"fill" the potential force field, then, in the 
case of a symmetrical grain, mechanical equilibri
um cannot be achieved until the geographic centers 
of volumes of grain and water, respectively, coin
cide. Thia may be accomplished by movement of 
either grain or water with respect to the other, 
or both. 

Thia f irat conclusion implies that given any 
configuration of an interface between water and 
some alien substance (lee, air, or another grain), 
if the alien substance is leas strongly attracted 
than liquid, then whenever the alien substance 
displaces liquid water from the force field, the 
grain and the alien substance will appear to repel 
each other. Thia will be true if movement would 
result in 111>re complete filling of "adsorption 
apace" close to the grain surface by liquid wa
ter. In the case of earth and its ocean, this 
"diajoinlng force" is called the buoyant force ex
perienced by any alien body that displaces water 
from the "adsorbed film." 

The second consequence of the preferential 
adsorption of liquid water relative to lee ls the 
conclusion that when some of the water surrounding 
a grain is induced to freeze, the equilibrium 
thickness of the residual unfrozen liquid film de
creases as the temperature la lowered belOlf o•c. 
Thia conclusion can be juatif led by considering 
the influence of temperature on the conditions for 
equilibrium between water and ice at an interface, 
including the role of the specific surface free 
energy (surface tension) of the interface and the 
lnf luence of the force field on the free energies 
of water and ice. 

If the conclusion with respect to film thick
ness and temperature la accepted, and if there la 
a macroscopic thermal gradient in ice containing 
an occluded grain, one would expect the film to be 
thicker on the warm aide of the grain than on the 
cold aide. While such asymmetry is compatible 
with conditions for phase equilibrium at the film/ 
lee interface, it ls incompatible with the aym-
11et ry that represents the condition for mechanical 
equilibrium of a grain surrounded by adsorbed wat
er. The anomaly ls resolved by continuous move
ment of the grain relative to the rigid lee, the 
process that has been called thermally induced re-
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gelation. Movement will be in a direction that 
tends to restore a)'lllllltry even though aa,..-try 
tends to be continuously maintained by melt'il.ng and 
freezing taking place concurrently on opposite 
aidea of the grain. 

'lbe rate at which thermally induced regela
tion takea place ia governed in part by the rate 
at which the heat that is required to melt ice on 
the warm side and to refreeze it on the cold side 
diffuses toward and away froa thoae interfaces, 
locally extracting and returning aenaible heat to 
the .. instre .. of the flux: of sensible heat in
duced by the overall thermal gradient. 'lbe proc
eaa therefore depends, in part, on the thermal 
conductivities of the substances through which 
heat ia dif fuaing and on the geometries of the 
pathways of diffusion. 'lbese will not change 1a1ch 
as temperature changes. 'lbe rate of migration al
so depends, however, on viscous resistance to the 
flow of water around the grain, and this will be 
highly dependent on fila thickness. Pila thick
ness ia inversely related to temperature. 'lbus, 
one would expect that for a given thermal gradi
ent, migration velocity would increase as a grain 
travels up a temperature gradient toward the o•c 
isotherm. 

A preliminary attempt to detect thermally in
duced migration of isolated grains produced scanty 
results (Hoekstra and Miller, 1967). An apparatus 
was especially designed for prolonged tracking of 
individual grains and was highly successful (161r
kena and Miller, 1973). 

lttJ a moving grain paaaea through the macro
scopic ice/water interface at the o•c surface, 
aayametrical filling of adsorption space by water 
increases dramatically; migration should end with 
a spurt in velocity that drives the grain com
pletely beyond the o•c surface, where the force 
field can be fully occupied by liquid water. 

Mentally, the process described can be reori
ented. Imagine, for example, that grains have 
been poured into a vessel partially filled with 
water. When the grains have settled to the bot
tom, leaving a shallow pond of supernatant water 
on top, freezing can be initiated by cooling the 
surf ace of the pond. lttJ the freezing front de
scends, ice begins to replace water within the ad
sorption force fields of the uppermost grains and, 
as an alien body, that ice begins to feel a repul
sive force. (Opposite voids between the grains, 
the interface begins to develop convexity, an im
portant matter that can be treated in term of the 
surface tension of the ice/water interface. Al
though surf ace tension effects have an important 
role in the rigid ice model, they will not be dis
cussed here.) Continued extraction of heat will 
result in continued froat heave in the mode that 
has been called •primary frost heave· in which the 
ice/water interface does not intrude into pores 
beyond the firat layer of grains. Primary heave 
can only be sustained if the water pressure in the 
porea at the base of the ice lens does not fall 
too far below the pressure induced in the ice at 
the base of the lens by the weight of overburden. 
Primary heave is reainiscent of the final stage of 
expulsion of isolated grains aoving through sta
tionary ice. In primary heave, however, it is the 
grains that remain stationary while the ice 
moves. 'lbis is a paraphrase of the mechanism of 
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frost heave envisioned by moat scientists in West
ern Europe and Horth America from the days of Tab
er (1930) through Everett (1961) and beyond. 

In due course it was realized that if ice in
truded into porea below the uppermost tier of 
grains, heave would not necessarily cease, as had 
been generally supposed. Instead of being an •an
chor• to be dragged through stationary pores below 
an ice lens by pressure-induced regelation, ice in 
this •frozen fringe• would be driven do1111 the 
thermal gradient by thermally induced regelation. 
'lbrust developed in this process can lead to the 
initiation of a new ice lens within the frozen 
fringe. 'lbe lens represents ice driven by therm
ally induced regelation in warmer pores, ice which 
then carries with it grains that migrate too slow
ly in the colder ice to reaain in contact with 
their warmer neighbors. 'lbis is what one would 
expect if all ice were a continuous rigid body, 
constrained to move at uniform velocity whatever 
the local temperature .. Y be. 'lbat velocity will 
be the same aa the velocity of ice in the ice lens 
itself, i.e., equal to the observed rate of frost 
heave. 'lbis is a powerful conclusion that .. de it 
possible to formilate a mathematical model of sec
ondary froat heave in terl8 of otherwise well
known macroscopic equations but limited, for the 
time being, to air-free, colloid-free, non-colloi
dal soils (Miller, 1978). 

Given these equations, strategy and tactics 
for generating computer si1m1lations of heave over 
time for various boundary conditions have been de
veloped (O'Neill and Miller, 1982) and are still 
being improved. Such exercises require four input 
functions characteristic of the soil in question 
but so far, acquisition of reliable data for a 
priori si1111lations seeaa to be quite difficult. 
Bence, it may be some time before it is kno1111 whe
ther the results of computer si1m1lationa will coa
pare well with the results of corresponding exper
imental measurements of frost heave for a given 
soil. Qualitatively, results appear to be very 
encouraging (O'Neill and Miller, 1984). 

Gilpin (1980) paraphrased the rigid ice model 
(Miller, 1978) for a case in which pore ice with 
frozen fringe is evidently taken to be rigid since 
the model uses a concept of lens initiation (Mil
ler, 1977) that would be valid only if that ice 
did indeed sustain "noniaotropic stresses.· Gil
pin asserts, however, that this ice is stationary 
whereas lens ice is obviously moving, a velocity 
discontinuity presumably rationalized by his stat
ed assumption that the ice does not support non
isotropic stresses at scales of time and space 
relevant to the mechanism of frost heaving. De
spite thia inconsistency, his model generates sia
ulationa of heaving that qualitatively resemble 
those generated by the rigid ice model in which 
movement of pore ice is driven by thermally in
duced regulation. 

Finally, in their book on centrifuge model
ing in the construction industry, Pokrovsky and 
Pyodorov (1968) pointed out that, in principle, 
simultaneous processes involving viscous flow and 
thermal diffusion could be modeled in a geotechni
cal centrifuge. Although they specifically men
tioned processes involving freezing and thawing, 
they did not mention frost heaving. A similitude 
analysis (Miller, 1984) of processes of froat 
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heaving baaed on the rigid ice model as well as a 
•capillary sink· mechanism of freezing-induced re
distribution of water in moist soils suggested 
that, of various ache11ea for scale modeling of 
such processes, centrifuge modeling is the moat 
promising whether or not soils are air-free, sol
ute-free, or colloid-free. In North America, the 
first attempt to teat this conclusion was spon
sored by Northwest Alaska Pipeline, Inc. but it 
has not been carried to completion. A new attempt 
is now under way at the California Institute of 
Technology. 
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!l>ISTURE MIGRATION IN FROZEN SOILS 

P.J. Williams 

Geotechnical Science Laboratories, Carleton University 
Ottawa, Canada 

A decade or two ago it was widely a88umed 
that f roat heave occurred because of the accumula
tion of water at the boundary between freezing and 
unfrozen soil. The idea that water might move 
within the frozen material appeared a contradic
tion in te1'118, although vapour move .. nt with ac
cumulation of ice crystals in colder parts of un
saturated soil seemed probable. Hoekstra (1966) 
reported redistribution of moisture in a frozen 
unsaturated soil subject to a temperature gradient 
in excess of that to be expected due to vapour 
movement. Cary and Mayland (1972) observed mois
ture and salt redistribution in frozen unsaturated 
soils over several weeks and explained this as be
ing due to mobile wf'rozen water films. Jame and 
Norum (1974) found little moisture migration in 
frozen sand and ascribed this to lack of unfrozen 
water in such material. Mageau and Morgenstern 
(1980) reported laboratory observations of sub
stantial moisture movement in saturated silts be
tween o• and -2•c. The experiments of Radd and 
Oertle (1973) with saturated soils indicated that 
frost-heave pressure waa related to the tempera
ture of growing ice lenses, and Goodrich and Pen
ner' a (1980) experiments confirmed thia. 

These results imply that water passes through 
saturated frozen soil to freeze on a growing 
lena. They also support the applicability of a 
freezing temperature/pressure relationship baaed 
on the Clausius-Clapeyron equation. The relation
ship takes account of the difference in pressure 
between the ice and water in freezing soil. The 
distribution of stresses in frozen ground is com
plex and it is evident that the pressure of the 
ice in lenses (which equals the heaving pressure) 
ia other than the water pressure (which consti
tutes the freezing "auction"). The relationship 
ia discussed by many authors (notably Edlefaon and 
Anderson, 1943); Koopmans and Miller (1966) and 
Willi ... (1964) used it to explain unfrozen water 
in frozen soil. Usually the equation is given in 
the form 

where 

dT TVw 
dPw • - .. -

dT • freezing temperature, 0°C 
dPw • pressure (auction of water) 

T • absolute temperature 
Vw • specific volume of water 

I. • latent heat of fusion of water 

In this form, the equation requires the as
sumption that the pressure of the ice is atmo
spheric. It tells us that the lCJWer the pressure 
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of the water in the frozen soil (i.e. the greater 
the auction), the lO'llll!r the temperature. More 
widely applicable is the form: 

I. 

where dPi ia the pressure of the ice. These re
lationships demonstrate the gradient of potential 
that occurs along a gradient of temperature in 
frozen soil. Thus, water could be expected to 
flow to colder frozen soil at a rate depending on 
the permeability of the frozen material. The 
equations also facilitate analysis of migrations 
of moisture due to applied atreaaea. Vyalov 
(1959) demonstrated the disappearance of ice lens
es from a zone of high atreaa with enlargement of 
lenses outside the zone. 

Burt and Williams (1976) devised a permeame
ter for isothermal frozen soils, applying pressure 
to cause water movement in and out of samples at 
temperatures down to -0.5°C and in one case to 
-5°C. Between o•c and about -0.5°C, the perme
ability coefficients fall, at first r,%idly, f~~· 
thoaT of unfrozen soils, to about 10- or 10-
m .- Below -0.5°C the coefficients decrease 
only slowly. It is generally agreed that adjacent 
to the boundary of the frozen soil (the "frost 
line") there will be a "frozen fringe" (Penner and 
Walton, 1978) - and perhaps a -0.1 to -0.3°C zone 
of high unfrozen water content interspersed with 
ice, which includes growing ice lenses fed with 
water from adjacent unfrozen soil. Thia is known 
as secondary heaving (Miller, 1972), and the term 
is often used generally to refer to heave within 
frozen soil. Values of hydraulic conductivity for 
the frozen fringe have been derived in various 
ways by several authors (Boriguchi and Miller, 
1980; Loch, 1980) and are fairly alike, although 
generally not precise enough for accurate predic
tion of moisture transfer. 

An intriguing question is that of move.ant of 
the ice within frozen soils. Burt and Willi ... 
(1976) found that complete, transverse layers of 
ice did not block flCJW aa was expected and there
fore preaU11&bly participated in it. Miller (1970) 
has demonstrated the movement of ice as a regela
tion process with accretion of ice to the one aide 
of an ice layer and melting on the other. The 
gradients of potential should be the aame,but whe
ther both ice and water are moving is important 
for the permeability coefficient. It ia often as
sumed that the permeability coefficient ia closely 
dependent upon the amount of unfrozen water, al
though the experimental evidence for this is un
certain. 

Little is known from laboratory experiments 
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about water migration and secondary heaving at 
temperatures of -1° or -2°C. Ratkje et al. (1982) 
calculate pel"lll!abilitiea down to -30°C, these be
ing about two orders of 11111g11itude lower than for 
-o.6°c. 

The ultimate 11111g11itude of heave and of heav
ing pressures (greater at lower temperatures) and 
the phenomenon of continuing heave without further 
frost penetration (Goto and Takahashi, 1982) are 
obviously related to water migration and ice ac
cu11Ulation within the frozen soil. 

Heaving caused by the accullUlation of ice 
within frozen soil occurs slowly, but it can have 
great practical significance where temperature 
gradients persist for long periods. Pipelines and 
other structures causing long-term freezing may 
experience displacements, and very high heaving 
pressure may develop. Over geological time peri
ods there may be aich relocation of ice in perma
frost (Harlan, 1974). Prediction of rates is dif
ficult. The conventional grain size criteria for 
predicting sensitivity to frost heave appear to be 
of little use for secondary frost heave. 

Theoretical analyses of secondary heave rates 
have been made, for example, by Harlan (1973) and 
Miller et al. (1975). A procedure involving lab
oratory freezing teats and a calculation procedure 
baaed on the concept of water migration through 
the frozen fringe has been proposed by Konrad and 
Morgenstern (1981). 

Pield studies of ice accumulation (and thus 
water migration) in already frozen ground suggest, 
in comparison with laboratory studies, remarkably 
large values (Paraizina, 1978). Mackay (1983) re
ported strain rates in already frozen ground 
equivalent to 7% yr- 1 and with measurable effects 
even at -3°C. Many authors, especially in the So
viet Union, have reported increases in ice content 
near the surf ace of already-frozen active layers 
(Mackay, 1983). 

Because of the variation of permeability of 
frozen soils with temperature, moat !Mliature mi
gration in frozen soil aiat involve change of 
moisture content. Thia implies deformation of the 
frozen soil to acc0111110date changes in the amount 
of ice. The resistant strength, or creep, proper
ties of the frozen ground therefore appear impor
tant in all cases. They may well be a controlling 
factor in rates of moisture migration because of 
the effects of confining pressure (arising from 
the soil resistance), as indicated by the melting 
point-pressure relationship when taking ice pres
sure and water pressures into account as discussed 
for the Clausius-Clapeyron equation. 
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STATUS OP NUMERICAL ll>DELS FOR BEAT AND MASS TRANSFER IN PROST-SUSCEPTIBLE SOILS 

Cold legions Research and Engineering Laboratory 
Hanover, New Hampshire, USA 

Taber (1930) stated, •rreezing and thawing 
have caused much damage to road pavements in cold 
climates, but the proceaaea involved have not been 
clearly understood, and therefore 8<>1118 of the pre
ventive measures adopted have proved to be of lit
tle or no value.· Although considerable tiae and 
money have been expended to mitigate and repair 
damage due to freezing and thawing in aoila, rela
tively little money haa been used to develop a 
better underetanding of the complex physical, 
chemical, and aechanical proceaaea that occur dur
ing freezing and thawing. 

In the last decade, moat research efforts 
have concerned the development of mathematical 
aodela coupling si1111ltaneous fluxes of heat and 
water in freezing soil-water ayate... The devel
opment of these models has emphasized the neces
sity of improving our knowledge of the thermal, 
hydraulic, chemical, and mechanical processes in
volved in freezing and thawing of soil-water aya
teaa. 

In moat aodela, the soil-water system ia con
sidered to be a macroscopic continuU.. 'lbis al
lova the modellers to asauae Darcian-type moisture 
flux and to apply equations for conservation of 
aaaa and energy. The general equations describing 
heat and moisture flux and other sillultaneous pro
ceaaea occurring in soil-water ayateaa have been 
available for aoae time, for example, Bird et al. 
(1960) and Luikov (1966). 

The high-speed digital computer becaae widely 
available in the late 1960'• and early 1970'a, and 
Harlan (1972, 1973) and Guymon and Luthin (1974) 
developed the earliest models of simultaneous heat 
and moisture flow in freezing soil-water systems. 
In most models, water pressures and temperatures 
are the dependent variables that are computed at 
several points in time and space. Both finite 
difference methods and finite element methods have 
been used to solve the resulting differential 
equations in space. 'lbe finite difference method 
has been used in time. 

In moat mathematical models, the soil-water 
system is divided into three regions: 

• a frozen zone, 
• a freezing zone, and 
• an unfrozen zone. 

The concepts and mathematics applied to the three 
regions vary within a particular model and from 
one model to another. The remainder of this paper 
discusses n1.11erical methods used in current mod
els; a recent paper by O'Neill (1983a) presents a 
siailar review of frost-heave models. 

INITIAL AND BOUNDARY CONDITIONS 

All of the models for computing frost heave 
in soils are one-dimensional in apace, although 
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mention of two-diaenaional aodels is made in a few 
papers, e.g. Guymon et al. (in prep.) and Crory et 
al. (1982). 'lbe models require a set of initial 
conditions for both temperatures and pore-water 
pressures (or water content) with depth. Only a 
few of the.models have been applied to nonhomogen
eous (layered) soil-water aysteaa (Guymon et al., 
in prep.; Crory et al., 1982). The models gener
ally assume zero moisture flux through the upper 
boundary. A time-dependent heat flux or tiae-de
pendent temperatures aay be applied to the upper 
boundary in aost models, but the temperature con
dition ia usually applied. A time-dependent tem
perature condition baa also normally been applied 
to the lower boundary, and time-dependent pore
water pressures or aoisture fluxes are applied at 
the lower boundary as well. 

THERMAL AND HYDRAULIC PROPERTIES 

The thermal and hydraulic paraaetera are en
tered into the models in a variety of vaya and are 
used in a variety of algorithms. For example, 
constant values for the thermal conductivity of 
frozen and unfrozen soil-water-ice mixtures are 
used in some models (Outcalt, 1976), others use 
the DeVries method (Berg et al., 1980; Guymon and 
Luthin, 1974), and others use different empirical 
relationships (Fukuda, 1982). Table 1 contains 

TABLE 1 Algorithms used in coupled heat and mass 
transfer models. 

Algorithll 
Hydraulic conductivity 

Moisture characteristic 

'lberaal conductivity 

Heat capacity 

Latent heat of fusion 

Prost heave 

Influencing paraaetera 
Moisture content 
Teaperature 
Soil density 

Soil density 

Moisture content 
Soil density 
T-perature 

Moisture content 
Soil density 
Temperature 

Soil density 
Moisture content 
Temperature 

Moisture content 
Overburden 
Temperature 
Temperature gradients 
Pressure gradients 
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several of the algorithms used in the 110dela. The 
table also lists the par1111Btera that influence 
each algorithm. Generally each model uses a dif
ferent equation, or equations, in the algorith11&. 

Frost-heave algorithms varv from very simple to 
extremely complex. O'Neill (1983a) provides a more 
detailed review. Results froa the froat-neave al
gorithm •drive· the entire solution. The simplest 
frost-heave algorithms use pore-water pressure, 
predetermined or computed in one of several ways, 
to cause water movement, and frost heave occurs if 
the soil becomes more than approxi11&tely 90% satu
rated (Berg et al., 1980; Outcalt 1976; Taylor and 
Luthin, 1976, 1978). In the simple models, the 
111tah may or llBY not be deformed. In the ce>11plex 
110dela (e.g. Hopke, 1980, or O'Neill and Miller, 
1982), an extremely fine mesh is needed to repre
sent the phenomena adequately, and a 111tah that 
moves With the freezing zone has been used (Lynch 
and O'Neill, 1981). 

PR.OZEN ZONE 

The exact boundaries of the frozen zone de
pend upon the type of soil, the stress conditions, 
the thermal regime, and the chemical composition 
of the soil water. None of the models includes 
movement of chemicals or changes in the chemical 
composition of the soil water With time or posi
tion. 

In 110dela where the nodal spacing is on the 
order of centimeters (e.g. Berg et al., 1980; Out
calt, 1976; Dudeck and Holden, 1979), the boundar
ies of the frozen zone are defined by tempera
tures. The temperatures llBY be o•c or an estimat
ed or 111taaured freezing point depression of the 
soil water. The primary reason for this simplifi
cation is that the nodal grid is so coarse that 
the apace between two nodes may actually contain 
an unfrozen zone, the entire freezing zone, and 
part of the frozen zone. 

In models where the nodal spacing la on the 
order of a millimeter or leas, the warm-aide 
boundary of the frozen zone is assumed to be at 
the base (warm aide) of the growing ice lens. 
Hopke (1980) and O'Neill and Hiller (1982) use 
this method. 

The developers of moat models assume no mois
ture flux in the frozen zone, but others relate 
the hydraulic conductivity or diffusivity to the 
subfreezing temperature. 

UNFROZEN ZONE 

Of the three zones, the boundaries of the un
frozen zone are the moat readily defined. Unfro
zen soil and water are generally assumed to occur 
at all temperatures greater than the freezing 
point depression of the soil water. The freezing 
point depression is normally eati11&ted to be from 
a few hundredths to a few tenths of a degree below 
the freezing point of bullt water. 

Dempsey'• (1978) model includes moisture flux 
in the vapor phase, but none of the others incor
porates vapor flux. The hydraulic conductivity is 
generally related to the moisture content or pore
water pressure of the soil and is allowed to vary 
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With time and position as pore-water pressures 
change. 

The theraal conductivity may be considered 
constant in time and apace, or it may vary depend
ing on the moisture content of the soil. 

None of the models allows consolidation of 
the unfrozen soil aa the frozen maaa reacts 
against it or as the soil dries due to moisture 
flux to the freezing zone. 

The ef fecta of hysteresis are neglected. 
Nearly all of the models have been used to simu
late only a continuously freezing situation, and 
freezing a soil is assumed to be analogous to dry
ing it. Therefore, the effects of hysteresis have 
not been important. The models that have expelled 
water during the early atagea of freezing, i.e. 
Hopke (1980), O'Neill and Miller (1982), and Gil
pin (1980), all assumed saturated conditions, and 
hysteresis ia not iaportant under conditions of 
saturated flow. 

FREEZING ZONE 

The freezing zone, or frozen fringe, is the 
region between the unfrozen zone and the frozen 
zone. O'Neill (1983b) defined it as •the zone ov
er which the volumetric ice content increases from 
zero at the freezing front to 100% (neglecting 
trapped air) at the location of the warmest lens.· 
Thia definition is adequate for moat situations, 
but implies that a freezing zone does not exist 
unless an ice lens la present. The Width, or 
thickness, of the freezing zone is dependent upon 
the unfrozen moisture content aa a function of 
temperature for the soil and a variety of other 
factors. Large overburden pressures, or large 
loads, and small temperature gradients both tend 
to increase the Width of the freezing zone. 

The moat complex models, Hopke (1980), Gilpin 
(1980), and O'Neill and Miller (1982), use the 
equations proposed by Miller (1978) to model proc
esses in the freezing zone. Very close nodal 
spacing is required: O'Neill and Miller (1982) 
used 0.025 .. to represent the complicated rela
tionships adequately. 

In the leas sophisticated models, where the 
nodal spacing ia on the order of centi111ttera, pro
cesses in the freezing zone are included in the 
frost-heave algorithm or the latent heat of fusion 
algorithm. Generally, the hydraulic conductivity 
of the soils at subfreezing temperatures mist be 
somewhat arbitrarily divided by an •impedance fac
tor• ranging from 1 to 1000 to obtain reasonable 
agreement between ce>11puted and observed frost 
heave fr011 laboratory or field teats. No systema
tic method of estimating the impedance factor haa 
been developed. 

CONCLUSION 

The emphasis of this paper has been the dia
CUBBion of nUll8rical models that use coupled equa
tions of ai1m1ltaneoua heat and moisture flow. At 
least two other 111tthoda have recently been devel
oped to estimate frost heave in soils (Crory et 
al., 1982; Konrad and Morgenstern, 1980). In both 
of these methods a heat conduction model la used 

i 2! Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


to predict the position of the o•c isotherm over 
time. A factor, which is dependent on the stress 
conditions at the o•c isotherm and is developed 
from laboratory tests on the soil, is used to com
pute the amount of frost heave over time. Both of 
these 110dels eliminate the moisture flux equations 
from the nuaerical model and use an empirical pa
ra11eter to estimate frost heave. These approaches 
have some advantages over the more complicated 
coupled heat and mass flow models. 

Many tests aist be conducted and additional 
theories must be developed, tested, and proved be
fore a particular frost heave model is widely ac
cepted. O'Neill (1983) states that "no model is 
coapletely successful in a strict test of frost 
heave prediction, or in the unequivocal verifica
tion of any physics which has been assuaed," and 
Guymon et al. (1983) note, "It is reasonable to 
state that agreement on the complexity of frost 
heave models or the formulation of algorithms rep
resenting processes in the freezing zone is not 
widespread." 
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INTRODOCTION 

D.M. Hopkins and P.V. Sellmann 

Permafrost, in the sense of earth materials 
at temperatures below o•c, is widespread beneath 
the seabed in Arctic continental shelf areas. 
Nevertheless, in some areas the presence of inter
stitial brines and temperatures just below o•c 
causes many seabed materials to be unfrozen or on
ly partially frozen. 'lbus, the extent of areas 
underlain by noticeably ice-bonded material is 
aJCh more restricted than the extent of ice-free 
or partially bonded subeea permafrost. 

'lbe presence of subsea permafrost on the Si
berian arctic shelf was established as early as 
1953 (Are, 1976). In North America the first ob
servations and modeling were based on studies made 
near Barrow, Alaska (Brewer, 1958; Lachenbruch et 
al., 1962; Lachenbruch, 1957) that suggested that 
ice-bearing permafrost would be found only near 
shore. 'lbis, combined with data from holes on
shore but near the beach at Cape 'lbompson, indi
cated that permafrost would be thin to absent over 
aich of the rE!llllinder of the Qiukchi Sea, encour
aging a belief that permafrost was generally lack
ing beneath the Alaskan shelves. 'lbe first evi
dence of ice-bonded material beneath the Canadian 
Beaufort Sea probably came from the offshore 
drilling program conducted by the Arctic Petroleua 
Operators Association (APOA) in the 1960's (Golden 
et al., 1970; Mackay, 1972). 'lbe existence of 
aubsea permafrost beneath westernmost Beaufort Sea 
near Point Barrow was first established in bore
holes drilled by Lewellen (1973, 1975). 
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Petroleum exploration in the Arctic soon pre
cipitated requirements for a better understanding 
of subsea permafrost. During the years 1975-1982, 
an ambitious gover1111ental program of geological, 
geophysical, geochemical, and geotechnical studies 
was mounted in advance of offshore leasing on the 
Alaskan segment of the Beaufort Sea shelf as part 
of the Outer Continental Shelf Envirotllllental As
sessment Program (OCSEAP) (U.S. National Oceano
graphic and Atmospheric Adllinistration/u.s. Bureau 
of Land Management) of the Minerals Management 
Service, then the Conservation Division of the 
U.S. Geological Survey. Aspects of some of these 
studies are s1nmarized by Barnes and Hopkins 
(1978), Barnes (1981), and Miller and Brugger& 
(1980). Since the lease sales, auch more de
tailed, more geotechnically oriented borehole pro
gralM and modelling studies have been conducted by 
various petroleum companies and their consultants. 
In the different regulatory atmosphere of the 
Canadian segment of the Beaufort Sea, offshore 
permafrost studies have been conducted jointly by 
the Canadian government agencies and by the petro
leua companie a. 

'lbe contributions of our panelists reflect 
these regional differences. Sellllllllln and Hopkins, 
geologists, report ideas and concepts developed 
largely during the OCSEAP studies of the Alaskan 
shelf. Blasco, a soils engineer, and Hunter, a 
geophysicist, in their separate contributions de
scribe results that are part of the outcome of 
government-industry cooperation on the Canadian 
segment of the Beaufort Sea shelf. Are's brief 
review of Soviet studies, of course, comes out of 
still another organizational context. Hayley is a 
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geotechnical consultant well acquainted with both 
the Alaskan and Canadian aeg11enta of the Beaufort 
Sea shelf. Jahns, a petroleum engineer, shares 
with us some of the results of his company's ex
tensive in-house field research on the Alaskan 
segment of the Beaufort Sea shelf. 

An exciting aspect of pel'llafroat studies in 
this enviroDlll!nt la that current lnveatlgatlona 
are still producing surprising results. Thia sug
gests that we are still in the process of under
standing the distribution, properties, and proces
ses of pel'llafroat in this geological setting and 
that opportunities remain for stimulating scienti
fic and engineering studies. Specific recommenda
tions for future investigations are in the indi
vidual panelists' sections. 

Preparation of this panel report was support
ed by the Depart11ent of Interior's Mineral Manage
ment Service, through an lnteragency agreement 
with the National Oceanic and Atmospheric Adminis
tration. 
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SUISBA PERMAFROST DISnIBUTION OH THE ALASICAB SHELP 

P.V. Sell•nn 
Cold Regions Research and Engineering Laboratory 

Hanover, Nev Ballpahire, USA 

D. M. Hopkins 
U.S. Geological Survey 

Menlo Park, California, USA 

The aubaea permafrost enviro1111ent ia a unique 
geological setting that baa no real analogue on 
land. Recent inveatigationa in Soviet, Canadian, 
and American coastal 11atera have begun to document 
ita widespread distribution and the great varia
tion in the occurrence and properties of frozen 
ground beneath the aeabed. 

Penafrost on land ia relatively stable, na
tural changes and modifications being associated 
either with slow cli•tic change or with very lo
cal phenomena. Offshore, the permafrost ia more 
dynaaic, particularly in the coastal zone where 
active coastal retreat ia c~n. In the Beaufort 
Sea (Pig. 1), inundation can cause a lO•c increase 
in the mean annual temperature of the coastal per
.. frost (Lachenbruch et al., 1982). Thia wal'lling 
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can influence a block of coastal aubaea permafrost 
up to 600 • thick that may extend up to 30 to 40 
ka frOll the ahore. The aize of this zone ia con
trolled by tranagreaaion rate and shelf slope. 
Along the coast the ice-bonded permafrost near the 
aeabed not only undergoes rapid warming but ia al
so exposed to aalt water, causing noticeable re
duction in strength and possible aettl8118nt due to 
thaw of the shallow ground ice. 

Aa deeper parts of the large coastal perma-
f roat block warm, additional changes occur more 
slowly. These .. y include regional aettl-nt, 
increased per11eability, decomposition of hydrates, 
and redistribution of free gaa. Even though these 
changes are slow, the rates and •gnitudes are 
greater than is normally associated with pena-
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FIGUllE 1 Index map of Alaska showing locations discussed in the text. 
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FIGURE 2 Marine temperature profiles for the 
Prudhoe Bay region from a tentative model proposed 
by Lachenbruch et al. (1982). 'lbe profiles noted 
by time in years indicate anticipated temperature 
modification caused by the sea covering an area 
for the noted period of time. 

frost and nonpermafroat settings. An indication 
of the rate of wal'lling in the Beaufort Sea near 
Prudhoe Bay, Alaska, can be obtained fro• the 110d
el shown in Figure 2. Offshore geological proces
ses and events such aa shoaling, barrier island 
migration, local scouring, and seasonal brine 111-
gration can influence subsea peraaf roat through 
changes in sea-floor temperature, water depth, and 
bottom-water chemistry. It is also now apparent 
that in certain situations, new ice-bonded perma
f roat can fora in the marine environment, even 
though 110at offshore permafrost ia relict and or
iginated aubaerially prior to submergence. 

Another contrast between land and marine per
mafrost settings ia the aaall size of the offshore 
zone in which noticeable seasonal freezing and 
thaw occur. Of fahore an obvious •active layer· 
can only be found in very shallow water areas 
where significant seasonal freezing occurs when 
sea ice freezes to the bed. 'lbeae shallow water 
areas are also subject to substantial wal'lling dur
ing the aum1er. In contrast to land, the offshore 
"active layer• may be separated from deeper, well
bonded material by a layer of cold unbonded saline 
aedi-nt. 

Noticeable seasonal freezing can also occur 
at the seabed in deeper water where seabed sedi
ments are freshened during the sma11er and frozen 
later in the year when cold, 110re saline water 
110vea into an area (Sellmann and Chamberlain, 
1979; Erik Reiaiitz, pers. comm., 1983). However, 
in this zone, where water depth exceeds several 
meters and seabed temperatures often vary leas 
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than a degree Celsius, seasonal variations are 
usually very subtle. If •ice-bearing• •terial 
occurs at the seabed, it will usually be unbonded 
or only partially bonded. In this zone, deep, 
•well-ice-bonded• permafrost, usually relict, will 
be covered with a thick (10-200 m) layer of thawed 
saline sediments that can contain •ice-bearing• 
horizons. In so11e caaea, the •ice-bearing• zones 
can be ·ice-bonded.· 

'lbe properties of aubeea penafroat are more 
variable than those of permafrost found on land, 
since they are controlled not only by grain size, 
temperature, and ice volume, but also by the sa
linity of interstitial ice and pore water. 'lbe 
strength of aubaea permafrost is greatly influ
enced by the increased salinity and higher temper
atures, which weaken included ice and lower bond
ing forces between ice and soil because the bond
ing is affected by the aaall concentrations of un
frozen water that occur on soil particle aurf acea 
even at temperatures several degrees Celsius below 
the freezing point of the material (Ogata et al., 
1983). Pine-grained material containing fresh 
pore water has a higher unfrozen water content and 
correspondingly lower strength than coarse-grained 
•terial. Increased salinity in fine-grained •
terial causes strength reduction similar to that 
caused by warming, the degree of wal'lling being 
comparable to the amount the freezing temperature 
was depressed by salt. Law unfrozen water content 
in coarse-grained materials with fresh pore water 
causes the strength to increase rapidly with de
creasing temperature. However, increased salinity 
greatly changes this pattern, extending strength 
reductions in coarse-grained materials over a asch 
larger temperature range, more similar to what oc
curs in fine-grained material. In coarse-grained 
•teriala with large voids, strength reductions 
may be related not only to unfrozen water but to 
reduction in ice strength caused by increased sa
linity (Edwin Chamberlain, CRll!L, Hanover, H.B., 
pera. coma.). 

HCllBNCLATUU 

'lbe year-round occurrence of aedi-nta colder 
than o•c at the seabed and the unbonded or par
tially bonded nature of parts of this permafrost 
section have created so11e no11enclature proble118. 
'lbe no11enclature issue ia discussed here and cer
tain solutions are proposed, more to call atten
tion to the proble118 than to provide ultimate so
lutions. 

'lbe definition of permafrost is baaed upon 
temperature alone, and requires only that the ma
terial remain at temperatures below o•c from year 
to year (Plwl!, 1974). Permafrost, thus defined, 
occurs beneath a major part of the Beaufort Sea 
shelf, and in some coastal areas it extends froa 
the seabed to depths as great as 600 m. However, 
because of 110derate temperatures and salt in the 
pore water, ice-bonded sediments that can cause 
engineering probl8118 are leas abundant offshore. 
'lbe no11enclature problem ia evident in recent lit
erature, where SOlll! authors quite properly apply 
the term •permafrost• to any material colder than 
o·c. independent of properties, while others apply 
the term only to •terial with noticeable ice con-
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tent and associated bonding of soil particlea. 
New qualifiers have been used to describe 

specific aubaea permafrost properties. 1'1nter 
(this panel) speaks, for example, of aubaea 111te
rials with aeillllic velocities above a specific 
threshold as "acoustic permafrost." "Ice-bonded" 
is a qualifier used by many to describe material 
containing ice that has sufficient bond with soil 
particles to cause a noticeable increase in 
strength properties, compared to otherwise similar 
unfrozen material. "Ice-bearing" has been used by 
aoae as a very general term to indicate that ice 
can be expected to occur or does occur in aubaea 
111terial1 while others have used it 111>re specifi
cally, indicating that ice quantity or bonding is 
not sufficient to influence strength properties. 

Because of the complex nature of aubsea per-
11afroa t1 it appears that the nomenclature will be 
aoat useful if it is simple and self-explanatory. 
Since the use of the term "permafrost" may be very 
aabiguoua and baa led to confusion, it should be 
qualified or, if unqualified, used only to indi
cate that materials are belOlf o•c. More descrip
tive language such as "perennially frozen" would 
be 111>at effective. We propose that "ice bearing" 
be used only in a very general sense, to indicate 
that ice exists in the material in SOiie quantity 
with no inference drawn concerning ice voluae or 
properties. "Ice-bonded," as discussed earlier, 
would then be a special case of "ice-bearing." 
More apecif ic qualif icationa of bonding could in
clude "well bonded" or "partially bonded" where 
adequate inforaation is available. "Ice-bearing" 
•terial that has no apparent bonding might be re
ferred to as "unbonded." 

The bulk of the permafrost qualifiers used on 
land can also be used offshore, with the foll011ing 
representing some good examples: thaw-stable and 
thaw-unstable (Linell and ltaplar, 1966) 1 thaw-sen
sitive and partially frozen (van Everdingen, 
1976), and ice-rich (BrOlfft and Kupach, 1974). 

DISTRIBUTION 

ltnovledge of the distribution of aubsea per
aafroat off North Aaerican coasts is largely re
stricted to the Beaufort and Chukchi Sea shelves. 
Hopkins (1980) and Oaterkaap and Harrison (1982) 
report no evidence for permafrost beneath the Ber
ing Sea shelf and doubt that it will be found ex
cept along the moat rapidly retreating coastal 
segments of Norton Sound and the northwesternmoat 
Bering Sea. No ice-bonded permafrost vaa found 
during drilling for placer gold near Nome or at 
Daniela Creek on the south coast of the Seward 
Peninsula. 

The eastern part of the Chukchi Sea is warmed 
bJ the Alaskan Current, which consists of rela
tively wara Pacific and Yukon River water that 
flOll8 northward through the Bering Strait. Flor
ence Weber (U.S. Geological Survey, written co-. 
to D.M. Hopkins, 1952) noted evidence of collapse 
over thawing ice wedges in shallow water off rap
idly retreating parts of the "88t coast of the 
Baldwin Peninsula in Kotzebue Sound. Subzero tem
peratures were also encountered in Kotzebue Sound 
in nearahore boreholes drilled by Oaterkamp and 
Harrison (1982). 
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Subzero temperatures have been observed in 
the few holes drilled in the coastal waters of the 
Chukchi Sea (Oaterkamp and Harrison, 1982; Lachen
bruch et al., 1962; Lachenbruch, 1957). A study 
of bottom temperatures and the limited borehole 
data fr011 the Chukchi Sea basin indicates that 
ice-bearing aubaea permaf roat is probably thin or 
absent in llO&t of the basin except along the coast 
and beneath the northernmost segment of the Chuk
chi shelf. Even in this northern segment, it is 
believed that ice-bearing permaf roat becomes thin 
or absent approxi111tely a kilometer offshore (Oat
erkamp and Harrison, 1982). No aeillllic evidence 
of peraafroat has yet been recognized on the Chuk
chi Sea shelf (A.A. Grantz, U.S. Geological Sur
vey, pera. COllmo)o 

The situation ia quite different beneath the 
Beaufort Sea. Point BarrOlf 111rka an important 
oceanographic boundary, with bottom waters being 
auch colder to the east. Coastal processes are 
also iaJCh different to the east, since the coast
line ia leas stable (Hopkins and Hartz, 1978; Hop
kins, 1980). The erosion rate of coastal perma
frost often exceeds several meters per year along 
the Beaufort coast where Lewellen (1977) reported 
an average rate of 4.7 a/yr for 68 observation 
points between Harrison Bay and Barrow. Short
term rates as great as 30 a/yr 111Bre observed by 
Leffingwell (1919). 

Ice-bonded sediments have been observed in 
many of the holes drilled in the coastal waters of 
the Beaufort Sea. The distribution varies; in 
aoae areas, ice-bonded sediments occur at depths 
of 10-15 • below the seabed 111ny kiloaetera from 
shore. In other of fahore areas, occurrence of 
ice-bonded aediaenta has been confirmed at depths 
greater than 100 • belOlf the seabed. 

Aside from Lewellen'• (19731 1975) original 
borehole transects east of Point Barrow and Harri
son and Oaterkamp'a (1981) data off Lonely where 
ice-bonded sediments 111Bre observed near the sea
bed, moat ground-truth information on aubsea per
mafrost off the Alaskan segment of the Beaufort 
Sea shelf coaes from the area where petroleia ex
ploration has been moat active. Thia includes the 
250-km stretch of Beaufort Sea coast from Cape 
Halkett through Harrison Bay and Prudhoe Bay to 
Flaxman Island and BrownlOlf Point at the north111Bst 
boundary of the Arctic National Wildlife Refuge. 
The information from widely spaced borehole and 
probe data in this region (Oaterkamp and Harrison, 
19761 1982; Oaterkamp and Payne, 1981; Miller and 
Bruggera, 1980; Blouin et al., 1979; Harrison and 
Oaterkamp1 1981; Sell111nn and Chamberlain, 1979) 
vaa extended considerably by analysis of seismic 
data (Neave and Sell•nn, 19821 19831 in press; 
Rogers and Horack, 1980; Horack and Rogers, 1982). 

The aeillllic studies, borehole and probe data, 
and preliminary information frOll extensive indus
try studies suggest a patchy and irregular distri
bution of ice-bonded permafrost and the important 
roles of geologic history and seabed sediment type 
in determining permafrost properties and distribu
tion. The above information suggests three c~n 
distribution patterns for ice-bonded permafrost in 
the Alaskan segment of the Beaufort Sea (Fig. 3). 
In the first, ahall0111 ice-bonded permafrost near 
the seabed extends many kiloaetera from shore. In 
the second, 111terial with high seismic velocities, 
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PIGIJllE 3 'nlree distribution patterns suggested 
for lee-bonded subsea permafrost based on borehole 
and seismic data: (a) shallow lee-bonded, (b) deep 
lee-bonded, and (c) layered lee-bonded materials 
(froa Neave and Sell .. nn, in press). 

as aich aa 200 • below the seabed of fahore, can be 
traced into shallow, firmly bonded 11aterlal near 
the shore. 'nle third pattern, one that .. y turn 
out to be very common when Ill! have 111>re detailed 
subsurface information, comprises layered situa
tions. 

Shallow high-velocity .. terials are extre11ely 
widespread in at least two areas: Harrison Bay 
and an area off the l80Uth of the Sagavanirlttolt Ri
ver near Prudhoe Bay (Pig. 4 and 5). Neave and 

-South 
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Sell .. nn (1982) first inferred the wide distribu
tion of firmly bonded permafrost in the 11estern 
part of Harrison Bay on the basis of analysis of 
seismic data; this interpretation and an even 
greater distribution of shallow ice-bonded .. te
rial was confirll8d by drilling results reported by 
Walker et al. (1983), who in their oral presenta
tion indicated that firmly ice-bonded material can 
be found at depths of 8 to 10 • below the seabed 
throughout Harrison Bay out to the 20- isobath. 
Drilling has also confirmed that shallow high-vel
ocity material recognized seismically off the 
Sagavanirktolt River delta ls firmly bonded perma
frost (Miller and Brugger&, 1980). 

Figures 6 and 7 show examples of the second 
pattern, in which the depth to strongly bonded 
permafrost increases rapidly with distance from 
shore. Both profiles are from the Prudhoe Bay 
area but are based on different techniques. Pro
file 6 ls from analysis of seismic data presented 
by Neave and Sellmann (1983); the deeper part of 
this profile was confirll8d by offshore borehole 
logs (O.terkamp and Payne, 1981). Profile 7, 
baaed on analysis of the transient electromagnetic 
data discussed by !hrenbard et al. (1983) not only 
shOlf8 comparable depths to the top of bonded per
mafrost but also the great depth to the bottom of 
the ice-bearing .. terial. 

A Siberian exa11ple of a layered case is shown 
by Vigdorchik (1980, Pig. 3.13) and .. y be related 
to vertical differences in material properties. 
In the Canadian Beaufort Sea, ice-bonded coarae
grained material la often found surrounded by un
frozen f lne-grained 11aterial. 

Experience thus far indicates that two parti
cular situations are likely to generate layered 
permafrost. One situation occurs off .. jor river 
deltas, where Holocene sequences of atratif ied 
sand, silt, and clay have accumulated, where the 
overlying seawater .. y be freshened, and where 
fresh groundwater .. y enter the 110at pen18able 
strata and freeze. 'nle Canadian examples dis-

I •) ReverMd Refraction Depth 
Io) Si"'le Ended Refraction Deptll 
(6) Reflection Depth 

~oO 
0 0 0 

0 

(•)Reverted Refraction Velocity 
(o) Si"'le Ended Refraction Velocity 
(6) Reflection Velocity 

0 0 

8 12 16 20 
Distance(km) 

24 28 40 

PIGIJllE 4 Profile shoving the top of shallow high-velocity 11aterial in the wester n part 
of Harrison Bay interpreted to be lee-bonded permafrost (from Neave and Sellmann, 1982). 
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FIGURE 5 Shaded areas A1• B1• and c 1 ahOlf the distribution of ahallOlf high-velocity zones near Harrison 
lay and Prudhoe Bay. interpreted from aeiamic data to be ice-bonded peraafroat (from Neave and Sell11&nn0 

1983). ShallOlf ice-bonded material ia probably also present in area a2• 

Gull II. CIOll Is. 
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i 
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FIGURE 6 Profile of the top of deep high-velocity 
.. terial near Prudhoe Bay interpreted to repreaent 
ice-bonded pet'llllfroat. also including shallow 
high-velocity .. teriala found farther offshore 
along aegmenta of tbia coastline. 

cussed by Hunter and by Blasco (tbia panel) are 
influenced by the Mackenzie River and past delta 
develo11119nt. 'lbe stratified permafrost on the Si
berian shelf illustrated by Vigdorchik (1980 0 Pig. 
3.13) .. y be another example of tbia case. An 
Alaskan exa11ple ia found in Harrison Bay. which 
receives the sediment of the Colville River. the 
largest atreaa that enters the Alaskan segment of 
the Beaufort Sea. 'lbia layered case (shown in 
Pig. 8) waa inferred froa transient electromagnet
ic aounda near the Colville River delta and ia in
terpreted to represent a ahallOlf 0 irregular layer 
of ice-bonded material over a thawed zone. both 
overlying 1mch deeper ice-bonded material. 

100 

'lbe other situation conaiata of migrating 
barrier ialanda and ahoala. which can leave a 
trail of newly formed permefroat to mark their 
paaaage. Profile C in Figure 3 ia a diagr .... tic 
representation of this mechaniaa. Reindeer Island 
(Pig. 9) 11&y be an exa11ple of this case. 

'lbe important role played by material type in 
detenlining depth to ice-bonded material ia demon
strated by borehole results in Prudboe Bay and on 
the shallow shelf immediately to the north (Pig. 
9). 'lbere. areas underlain by overconaolidated 
.. rine clay dating fro• the last interglacial 
period are ice-bonded at depths of leas than 20 •• 
aa seen north of Reindeer Island. Ice-bonded per-
11&froat ia 1111ch deeper south of the island. lying 
at depths greater than 100 • beneath a broad, 
ahallOlf trough that extend& out of Prudhoe Bay and 
then turns westward parallel to the present 
coast. 'Ibis area ia interpreted aa a Pleistocene 
valley carved at times when sea level wee low and 
the shelf waa exposed. It ia filled with alluvial 
gravel overlain by a few meters of soft Holocene 
11&rine silt and clay. Evidently seawater gained 
entry into the gravel during and alnce the drown
ing of the valley, destroying lnteratltial ice to 
depths of more than 100-200 11. Boreholes else
where have encountered older bodies of gravel, 
some frozen and some thawed. burled beneath ice
bonded, overconaolidated clay (Miller and Brug
gera, 1980). 

All of the Alaskan borehole data come from 
the inner shelf. 'lbe only data auggeating the 
presence of lee-bonded peraafroat on the middle 
and outer shelf come from reflection seismic data 
diacusaed by Neave and Sell11&nn (ln preaa). An 
extensive reflector 200 11 below the seabed la 
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FIGURE 7 Cross-section of zone interpreted to be ice-bearing based on transient electro-
1111gnetic soundings (from Ehrenbard et al., 1983). 
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FIGURE 8 Layered ice-bearing material inferred from transient electromagnetic soundings off the Colville 
River delta (illustration part of oral presentation by Ehrenbard et al. (1983), provided by the courtesy of 
the authors). 
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PIGUIE 9 Variable position of top of ice-bonded permafrost controlled by variations in material type and 
geological history. Illustration was baaed on data from a number of sources listed in Sellmann and Cham
berlain (1979). 

tho1Jlht to be traceable shoreward to a reflector 
representing bonded permafrost on the inner shelf. 
However, it .. at be acknowledged that the complex 
stratigraphic ge011etry of the inner shelf gives 
way seaward to an outer shelf sequence of 11110oth 
and widespread reflectors that Dinter (1982) in
terprets aa sandy layers for.ed during aucceaaive 
Pleistocene marine tranagreaaiona; the 200-. re
flector noted by Heave and Sellmann (in preaa) may 
be one of these. 

The increasing literature, only ao11e of which 
la 11entioned, confirma the widespread distribution 
and the Yariable nature of ice-bondad aubaea per
.. froat. Bach new detailed study provides unex
pected results. An example la the recent discov
ery of seasonal seabed freezing in areas well re
moved frOll the coast, and the extensive distribu
tion of shallow ice-bonded materials even at great 
distances frOll shore. 
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A PDSPICTIYB ON THE DISTRIBUTION OP SOBSBA PBllMAPROST ON THE CANADIAN BEAUFORT CONTINENTAL SHELF 

S.K. Blasco 

Geological Survey of Canada. Bedford Institute of Oceanography 
DartllOuth. Canada 

the distribution of perllllfroat in the upper 
100 • below the seabed on part of the Canadian 
Beaufort Sea shelf baa been defined. baaed on in
terpretation of several thousand line kil011etera 
of high-resolution shallow ae1all1c prof ilea. cor
related with data from approxl .. tely 90 boreholes 
that encountered ice-bearing aedl11enta (O'Connor. 
1981) (Pig. 1). 

three types of aubaea permafrost containing 
ice have been identified to date using analog re
flection seismic techniques: h~cky permafrost 
(Pig. 2). with laterally and vertically discontin
uous patches of ice-bearing sediments; atratl
graphlcally controlled permafrost (Pig. 3), where 
the occurrence of ice la controlled by bedding, 
and ice la found only in sOlle layers; and margin
ally ice-bonded perllllfroat (Pig. 4). where the 
distribution of ice within the sediments la ao 
llllited spatially and volU11etrically that regional 
.. pplng of discrete horizons la difficult. 

the patches of h~cky permafrost appear to 
be prl9ar1ly associated with .. salve, coaraer
gralned sediment (fine to medium sand), while 
stratlgraphlcally controlled permafrost la associ
ated with discrete layers of sediment (sands. 

Shallow Sediment~ 
Portia y Ice Bonded 

silts. clayey silts) that exhibit variations in 
ice content and bonding. Marginally ice-bonded 
perllllfrost la associated with the coarser fraction 
of finer-grained sedimentary sequences. In gener
al, the distribution of shallow ice-bearing aubaea 
perllllfroat la quite variable in lateral and verti
cal extent, being controlled by lithology, pore 
water salinity, and the thermal regime (Mackay, 
1972; Bunter et al., 1976; KacAulay and Bunter, 
1982). 

'lbe geological history and properties of the 
aedl11enta in various depositional environments al
so have a major impact on distribution. Sedimen
tologlcal, bloatratlgraphlc, and seismic evidence 
(O'Connor, 1980; Hill et al., 1984) from the Cana
dian Beaufort Sea indicate that the upper 100 • of 
sediment consists of a thin veneer of Holocene 
Mackenzie River -..ds that grade downward into a 
transgressive sequence of lnterlayered sands, 
silts. and clays of varying thickness. these sed
iments lie unconforllllbly upon an older cc>11plex of 
glaciofluvial deltalc sediments (Pig. S). Radio
carbon dates suggest that this entire sequence la 
leas than 2S,OOO years old, and that it records a 
rise in sea level from about 100 • below today's 

PIGUll! 1 Distribution of shallow, acoustically defined perllllfroat (APP). 
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level. 'lbe evidence also suggests major deltaic 
progradation associated with glacial retreat, and 
the forlllltion of ice-bearing permafrost in these 
sediments shortly after deposition. At. present, 
ice-bearing sediments are primarily found within 
the lower glaciofluvial delta COllPlex, some 10 to 
20 •below the unconformity, suggesting possible 
degradation during and after the inundation of 
these sediments. 

Stratigraphy interpreted froa the upper sec
tions of conventional seismic reflection profiles 
suggests that within the study area the shelf baa 
been consistently delta-dominated since the late 
Miocene (WillyiEen and Cote, 1982). Sedimentary 
environments within a delta cc>11plex are many and 
varied, as deposition shifts froa proximal to dis
tal regiaes. In addition, with time, the seaward 
advance of the delta plain over prodelta sequences 
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deposits coarser-grained sediments over fine
grained material. 

Permaf roat in the delta complexes appears to 
have formed shortly after deposition. 'l'herefore, 
the occurrence and properties of ice-bearing sedi
ments should vary spatially and in degree of ice
bonding, depending on the properties of the depo
sitional environment at the ti11e of permafrost 
formation. 'l'hua, subaerially exposed delta plains 
with coarser-grained sediments and fresh water are 
more likely to contain ice and to be well-bonded 
than are fine-grained prodelta sediment• deposited 
contemporaneously under more saline shallow marine 
conditions. As depositional envirollllBnts changed 
in the delta, permafrost distribution acquired ita 
spatial variability. During periods of lower sea 
level, caused by glacial advance (either regional 
or otherwise), the shelf was exposed, permitting 
more extensive regional permafrost aggradation. 
Crustal dowowarping due to the proxilllty of the 
ice f root may alao have left the shelf covered by 
shallow water at various times, lillliting the pos
sibility of extensive or prolonged subaerial expo
sure. However, there is no evidence to support a 
widespread presence of glacier ice over the shelf 
during the late Wisconsin period. If, as see .. 
likely, these conditions persisted through the 
Pleistocene, the distribution of ice-bearing per
mafrost should be complex throughout the entire 
permafrost section. 

'l'his information on permafrost distribution 
and properties can be utilized to evaluate the ia
pact of aubsea permafrost on engineering activi
ties. As a result of the variation in spatial 
distribution, vol1111e of ground ice, and degree of 
ice-bonding within stratigraphic sequences, engi
neering problems bec1>11e site-specific. Proa our 
observations, the permafrost section needs to be 
viewed as aaltilayered and containing ice-bearing 
layers with diverse properties. 'l'hermal degrada
tion of ice-bonded sediments may or 11&y not lead 
to an 1D1acceptable degree of th&lf subsidence, de
pending in part on the history of the substrate. 
Sediments that are deposited slowly and that were 
exposed to repeated freeze-thaw cycles prior to 
deep burial may be th..-atable, while sillllar sed
iments that were rapidly deposited and buried with 
contemporaneous growth of ground ice may not be. 
Perhaps through the integration of geological and 
geotechoical research, specific depositional envi
ro011ents that generate permafrost conditions that 
are potentially hazardous for engineering projects 
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can be identified and evaluated. For example, in 
geological settings where transgressive and relat
ed processes (auch as coastal erosion) lead to the 
regional degradation of ice-bearing pet'llllfroat to 
depths of 20 to 30 • below the seabed, thaw set
tlement may not have to be cooaidered in the engi
neering design of aoae projects near the seabed, 
such as pipelines. 

'l'he incorporation of geological studies into 
geotechoical investigations will assist the engi
neer to differentiate subsea permafrost that will 
have no impact on off sbore developaeot and to rec
ognize the extent and severity of permafrost that 
will influence developaeot projects. 
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SOVIET STUDIES C1I THE SUBSBA CRYOLITHOZOHB 

r.E. Are* 

forllllrly of the Pel'll&froet Institute, Siberian Branch, AcadellJ of Sciences 
Yakutsk, USSR 

'l'he emphasis of studies in the Soviet Union 
bas been on the principles involved in the devel
OJ1118Dt of eubaea per111tfroet. 'l'hie infor111ttion is 
being used to establish method& for predicting 
eubsea per111tfroat distribution and for deterllining 
its significance in relation to resource develop-
111111t on the Arctic shelf. 'l'he geocryological 
studies made on land along the coast and on Soviet 
Arctic islands are baaed on borehole drilling, 
vertical electrical sounding, and geother111tl and 
hydrological observations. Many boreholes have 
also been drilled in the near-shore shallows. 
Data on the aubsea cryolithozone have been ob
tained in Sannikov Strait (Nev Siberian Islands), 
in Dmitri Laptev Strait, and in Van'kina Bay iQ 
the Laptev Sea. Infor111ttion froa the open ocean 
1• obtained through geophysical studies. Consid
erable 911phaaie le being placed on paleogeographic 
considerations and mathematical llOdeling of eubaea 
permafrost develoP119nt. 

During the Pleistocene and Holocene periods, 
part of the Soviet shelf was continually submerged 
while other parts alternately were submerged and 
emerged. During submergence, unfrozen sediment 
and rocks on the ahelf became saturated with sea 
water and frozen materials degraded. During peri
ods of emergence, the saline rocks and sediments 
froze under cold continental conditions. Freezing 
of the saline pore fluids produced weakly llineral
ized ice an~ brines. At temperatures below -s•c, 
llirabilite (Na~O~ • 10 820) precipitates out of 
brines. 'l'he brines can move downward along with 
the advance of the freezing front. Present-day 
ground water on the shelf la aillilar in composi
tion to sea water, but it la slightly 111>re lliner
alized. 

During regreeeione, ayngenetically frozen 
ice-rich deposit• acCU11Ulated on newly exposed 
parts of the shelf. During transgression, these 
deposit• were partly eroded in the littoral zone 
and, with inundation, underwent further erosion 
and thaw. 

'l'he mean annual temperature at the seabed de
pends on the water depth. In shallow water, where 
ice freezes to the bottom, it 1• usually negative; 
in water Z to 7 • deep it may be negative or posi
tive; and in 7 to 200 • of water it la negative on 

*llot present. 
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111>at parts of the shelf but higher than the freez
ing temperature of the botto• sediments. 

'l'he depth of thaw below the seabed at any 
particular point on the continental shelf depends 
in part upon the length of time the overlying 
water column was between 2 and 7 • deep. 'l'he time 
required for the sea level to rise through that 
depth range varied at different time• during the 
post-glacial transgression and amounted to several 
centuries in some areas and one to three llillenia 
in others. During that time, aubaea pel'll&froat 
degraded partially or completely; particularly in
tensive thawing occurred during the Holocene cli
matic optiana. 'l'herefore, the top of frozen mate
rial on the shelf may be at a considerable depth 
below the seabed. However, in zones where ice can 
seasonally freeze to the bottoa and in zones of 
recent thermoabraaion, frozen material can be 
close to the seabed. 

In the Soviet Arctic, the temperature regime 
of materials on the shelf developed in different 
ways. 'l'he Barents Sea shelf and a major part of 
the Kara Sea shelf were never exposed, and conse
quently there la no frozen ground. Part of the 
Kara Sea shelf was exposed out to the present 30-• 
iaobath for two abort periods during the poatgla
cial period; within this part of the shelf, except 
for the zone where ice can freeze to the bottom, 
the existence of relict perennially frozen layers 
is possible but unlikely. 'l'he 111>at favorable con
dition• for preservation of frozen 118teriale exist 
on the shelves of the Laptev and Bast Siberian 
Seas, where they may occur out to about the 140-
iaobath. Per111tf roat i• absent in the southeastern 
part of the Qwkchi Sea, due to the positive water 
temperatures near the bottoa. Along the Soviet 
Arctic coast, frozen seabed 118teriala are wide
spread in zones where ice seasonally f reezea to 
the bottoa and within 10 to 30 km (and locally 50 
km) of shorelines that are rapidly retreating clue 
to theraoabraaion. 

leaearch priorities in future investigation• 
will be the study of the interaction between sea 
water and perennially frozen ground as controlled 
by geocryological, thermophyaical, and physiochem
ical par1111etere. An approach to this study would 
be to investigate these parllllll!lters along a profile 
extending offshore from a rapidly retreating ther
moabraaion coast. 
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GEOPHYSICAL TECBHIQUES POI SOBSEA 
PERMAFROST INVESTIGATIONS 

J.A.H. lllnter 

Geological Survey of Canada 
Ottawa, Canada 

Much of our knowledge of offshore permafrost 
has been acquired froa studies baaed on geophysi
cal techniques. The detection of ice-bearing per
mafrost by geophysical •an• ia of current inter
est and was the subject of both formal and infonr
al diacuaaiona at the Pourth International Confer
ence on Permaf roat. 

During the 1970s one of the .. jor geophysical 
techniques used was aeillllic refraction. Several 
papers have been published by Canadian and US 
workers on this technique for mapping ice-bearing 
permafrost in the Beaufort Sea. Seillllic veloci
ties in unconsolidated sediments in excess of 2400 
a/a were aBBumed, on the basis of laboratory stud
ies in the USA, Canada, and the USSR, to represent 
ice-bonded aedi11ent 0 and this velocity was used aa 
a threshold for aeillllic mapping of permafrost. 
Thia material was termed "acoustic permafrost" 
(APP). Often, materials with velocities leas than 
the threshold value were considered "unfrozen,• 
"non-ice-bonded," "thawed .. terial," aod ao forth. 
Moat tl!Drkera realized that ice-bearing .. terial 
containing a lower percentage of ice than the tot
al pore volu• might exist and, if ao, would have 
velocities leas than 2400 m/a. However, e111>haaia 
was placed on the higher velocity ice-bonded API, 
because geophysicists tend to be conservative in 
their interpretations, and because it was thought 
that high-velocity materials would be of more con
cern initially to geotechnical engineering. Huch 
discussion of ice content and the velocity cutoff 
for ice-bonded material took place at the Third 
International Conference on Permafrost in Edmonton 
in 1978, but at that tiae we had little ground 
truth and lacked an adequate theoretical fr ... work 
for guidance. 

We are now able to extend our interpretations 
to lower aeiald.c velocities, ao that over aach of 
the Beaufort Sea we can substitute "possibly ice
bearing" for the "unfrozen sonea" noted in our 
early papers. We now have more ground truth; ice
bearing material has been recovered frOll strata 
having relatively law velocities. We have also 
been given a possible theoretical fraaetl!Drk for 
the interpretation of velocities in terma of ice 
content (King, 1984). 

'fbe correlation between law velocities and 
material that may contain aoae ice can be illus
trated with aoae recent Geological Survey of Cana
da data froa the Canadian sector of the Beaufort 
Sea. ~r early refraction seismic work demon
strated the presence of high-velocity ice-bonded 
permafrost at depth below the seabed. 'fbe geoae
t ry of the hydrophone array was such that the 
near-aea-bottOll materials were of ten inadequately 
measured, and for interpretation purposes the up-
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per "unfrozen" layer was usually assigned a veloc
ity of 1600 a/a. During the last ttllD seasons we 
·have been .. aauring velocities of near-aea-bottOll 
•teriala using a wide-angle 12-channel reflection 
eel array, specifically designed for engineering 
surveys, in conjunction with·vertical incidence 
reflection surveys to obtain velocity •aaur ... nta 
frOll wide-angle reflections to a depth of 60 • be
low the sea bott011. 

Pigure 1 la a co111>ilation fr011 500 aeiald.c 
records taken over a large part of the Canadian 
Beaufort Sea shelf. It ia in the fora of a tt11D
dillenaional hiatogr11111 plotting depth below sea 
bottoa VB average velocity fr011 the sea bottoa to 
the reflector. 'fbe contours are in frequency of 
occurrence with a contour interval of five obser
vations. The data are presented in this .. nner ao 
that a generalized velocity-depth function (the 
dashed line) can be selected for converting two
way vertical incidence travel tiae to depth. 
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PIGURE 1 A COllpilation of depth VB average vel
ocity between the seabed and a shallow reflector, 
baaed on 500 records fr011 a large area in the Ca
nadian Beaufort Sea. Contours are frequency of 
occurrence. 
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FIGURE 2 'nleoretical curves relating co11prea
aional wave velocities, poroaitiea, and fraction 
of ice in the pores of unconsolidated 11&terial 
(after King, 1984). 

'nlia histogram also indirectly demonstrates 
the occurrence of anomalously high velocities at 
shallow depths. 'nle extremely low velocities at 
very shallow depths come from reflectors at the 
base of a thin layer of fine-grained material that 
blankets the shelf (unit A of s. Blasco, pera. 
coma.). 'nlere are a large number of reflectors at 
the depth of 17 a with an average velocity of 1600 
a/a; this means that the interval velocity between 
the base of unit A and the reflectors at 17 a la 
aoaewhat higher than 1600 a/a. 

A large number of reflectors can also be 
found centered at a depth of 37 a with an average 
velocity of 1800 a/a to that depth. 'nle actual 
interval velocities between the upper reflectors 
and this reflector zone are often aJCh higher: 
2000-a/a interval velocities are not uncoaaon. 
'nlia lower reflector grouping can be correlated 
with the top of the upper diacontinuoua ice-bonded 
layer recognized in our refraction surveying; it 
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is also the reflector from the various forms of 
APF recognized in our earlier reflection survey
ing. 'DI.us, aurficial deposits with relatively 
high seismic velocities occur from shallow depths 
downward to the top of the APF. 

'DI.is raises the question aa to whether this 
relatively high-velocity material represents ice
bearing sediments. Figure 2 is a aet of theoreti
cal curves fro• King (1984). 'nl.eae curves relate 
co11preaaional wave velocities, poroaitiea, and the 
fraction of ice in the pores of unconsolidated 11&
terials. Notice that for the range of porosities 
given, the "non-ice-bearing" condition is less 
than 1650 a/s. Notice also that the threshold ve
locity of 2400 a/s used in early refraction inter
pretations to indicate ice-bonded DBterial can 
be related to 21 to 33% ice-filling of-pare spaces 
and that, according to King (1984), ice-bearing 
materials can exist between these velocities. 

King notes that this model should be exten
sively teated, but employs experimental data to 
show a possible linear correlation between veloc-
1 ty and the remaining water-filled porosity. 'DI.la 
la independent of original porosity in the unfro
zen state, fraction of clay particles, or tempera
ture below o•c. King's tlOrk brings us a long way 
toward eatabliahing a fira framework to interpret 
aeisaic velocities in terllB of the index proper
ties of perennially frozen 11&terials. 

'nle aeasurement of seiallic velocities from 
aarine or sea-bottom refraction or reflection, or 
by borehole seiallic methods, should be an integral 
part of future site surveying in the Beaufort Sea 
and in other shelf areas where permafrost condi
tions prevail. An ideal site survey would combine 
11Dlt1d1sc1pl1nary geophysical techniques with 
electromagnetic and electrical surveys and a com
plete suite of geophysical logs on all geotechnl
cal boreholes aa a complement to the seisllic data. 

It is obvious from preaentstiona at this 
Fourth International Conference on Permafrost that 
great strides have been made in the application 
and development of geophysical techniques for uae 
in detecting and describing 11&rine permafrost for 
uae in geotechnical site evaluations. 'nl.e burden 
la now on the geotechnical engineer to make effec
tive uae of them. 
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SUBSBA PERMAFROST AND PBTROLEIM DBVBLOPMENT 

H.O. Jahns 

Exxon Production Research Company 
Houston, Texas, USA 

'lbe following c011U11ents constitute a petroleum 
engineer's view of the significance of aubsea per
mafrost in relation to two c0111110n heat sources in
troduced during offshore petroleum development: 
production wells and pipelines. 

'lbe question is often asked -- "Since we've 
solved production well problems on shore, what's 
different about offshore permafrost?" On land at 
Prudhoe Bay we are in fact producing through per
mafrost in a satisfactory manner using well cas
ings designed to resist the stresses and strains 
that occur when the surrounding permafrost thaws. 
But there are some important differences between 
the onshore and offshore permafrost environments 
and how they are developed. Offshore, well• will 
have to be placed closer together, since apace la 
at a prelllium on a man-made island. 'lbe resulting 
bundle of wellbores will constitute a greater heat 
source than the more widely spaced well• on an on
shore drilling pad. Consequently, there will be 
more thaw offshore, and the thaw front will aove 
farther out fro• the wells. A second difference 
ia that offshore permafrost is war11er, on average, 
than onshore permafrost. In general, the entire 
colUISl of offshore permafrost ia relatively wara, 
and it can be near the freezing point of the over
lying sea water. 'lberefore, with a given heat in
put there will be aore thaw in the upper portion 
of the offshore permafrost zone than under other
wise comparable onshore conditions. A third dif
ference ia that offshore permafrost may have a 
higher salt content. 'lberefore, a aaaller frac
tion of the pore water will be frozen at a given 
initial temperature. 'lbia means that leas heat is 
required to melt the pore lee. 

As stated, the thaw bulb around the wellborea 
will tend to be larger in the upper portion of the 
aubaea permafrost section than for typical onshore 
wells. 'lberefore, surf ace subsidence i• expected 
to extend farther froa the wells into areas on an 
island where one would like to place production 
facilities. Another consideration is the volume 
change and thaw strain that will occur within the 
thaw bulb. Some of the same factors that cause 
the thaw bulb to be larger offshore can tend to 
reduce the thaw strain. In areas with high perma
frost temperatures and salt contents, a smaller 
fraction of the pore water may be frozen, result
ing in a .. 11er volume change and less soil defor
mation when a given volu.e of permaf roat thaws. 
However, if relict permafrost with fresh pore wa
ter la present, thaw strain may not be reduced. 

In summary, the special characteristic• of 
offshore permafrost can be detrimental in so.e re
spects and beneficial in others. 'lberefore, the 
properties of subaea permafrost need to be under
stood when predictions are being made of thaw rad-

90 

ius and thaw subsidence for an offshore production 
island. 

I will cover the next topic, offshore pipe
lines, in a little aore detail. I briefly dis
cussed this subject as a aeaber of the panel on 
pipeline construction. 'lbe result of placing a 
warm pipeline in the thawed layer above ice-bonded 
subaea permafrost is shown in Figure 1. As indi
cated, it is assumed that the thawed zone has sa
line pore water. U the pore water were fresh, 
the zone would be frozen because the mean annual 
seabed temperatures are usually below o•c in the 
Beaufort Sea. 'lbe rate of salt migration seems to 
control the natural degradation of of fahore ice
bonded permafrost (Swift et al., 1983). It la as
sumed, therefore, that saline water replaces the 
original pore water in the sediments. 

'lbe natural process of salt migration and 
degradation of ice-bonded permafrost la altered 
when we introduce a wara offshore pipeline. As 
ahom in Figure 1, permafrost degradation la ac
celerated below the pipeline. Permafrost degrada
tion can now occur without involving salt migra
tion. However, the thaw rate will still be influ
enced by the rate of salt migration within the 
thaw bulb. U salt migration 1a too slow to keep 
up with the advancing melt front below the pipe
line, then the te.perature at the .elt front will 
be determined by the salinity of the original pore 
water. If the permafrost is essentially f reah, 
then the .eltlng temperature will be near o•c. 
If, on the other hand, salt migration is fast 
enough to keep up with the melt front below the 
pipeline, then we will have sea water in contact 
with the permafrost, and the effective melting 

0 _,..••m 
MEAT HD SALT TWSF£1 

FIGURE 1 'lbav aasociated with plac-nt of a wara 
pipeline in the thawed layer abow ice-bonded sub
aea permafrost. 
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PIGURB 2 Influence of allowable pipe temperature on the required na
tural depth to top of ice-bonded perllllfrost for different salt trans
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PIGUB.E 3 Example of the influence of allowable pipe temperature on 
required insulation thickness for different salt transfer rates, in 
an area of given depth to the top of ice-bonded per1111frost (from 
Reuer et al., 1983). 

temperature will be depressed to the freezing 
point of sea water. 

'l'hese two cases will result in different 
rates and extents of perllllfrost thaw under the 
pipeline (Heuer et al., 1983). Pigures 2 and 3 
demonstrate the i11portance of salt migration in 
per1111frost thaw predictions for offshore pipe
lines. Pigure 2 shows the allowable pipe tempera
ture, assuaing certain soil properties and pipe 
deforlllltion criteria, as a function of depth to 
the top of the permafrost before pipeline startup. 
'1'he two curves t111re obtained by assumlng ·s1ow· 
salt transfer in one case and •fast• salt transfer 
in the other. In the calculations, this differ
ence is expressed simply by the temperature speci
fied at the melt front: o•c and -l.9°C (corre
sponding to 35 O/oo salinity), respectively. 

Except for this difference, the calculations are 
carried out in exactly the same way for both cas
es, i.e. similating only heat transfer by conduc
tion. 'lbia simplification is perml.Hible for the 
limiting case of either very rapid or very slow 
salt migration. InteI'llediate cases are m>re dif
ficult to calculate, since both heat and mass 
transfer have to be siaulated nU11erically. 

Por example, consider a case where the pipe
line is at 50°C and salt transfer is slow relative 
to melting of permafrost below the pipe. 'l'he cal
culations indicate that the pipeline will not be 
over-stressed if the top of permafrost is initial
ly 14 • or m>re below the sea floor. If, on the 
other hand, salt transfer is sufficiently fast to 
keep up with permafrost degradation below the 
pipeline, the required initial permafrost depth is 
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shown to be about 18 • below the sea floor. 
In situations where permfroat is ahallowr 

than the required depth indicated by this diagram, 
the pipeline may have to be insulated or the pipe 
temperature may have to be controlled in order to 
lillit permafrost thaw. 

Figure 3 shows the results of calculations 
for shallow permafrost (9 • below the sea floor) 
for a situation where an insulated line my have 
to be used. 1be thickness of insulation required, 
and the allowable pipeline temperature, depend 
again on the assumed rate of salt transfer. For 
example, with 10 ca of insulation, the allowable 
pipe temperature is shown to be 60°C in the case 
of slow salt transfer, but only 20°C for fast salt 
transfer. 

It could be argued that the sediments aist be 
of the type that only allOlfl relatively slow salt 
transfer in those situations where the top of ice
bonded permfroat is found close to the sea floor. 
Therefore, the more optilliatic right-hand curve on 
this diagram may be applicable for moat situa
tions. 1bia point deserves further investigation. 

In conclusion, it appears that mechanis .. of 
salt transport in sea floor sediments can play a 
significant role in the thermal design of offshore 
pipelines. However, I aist also emphasize that, 
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as Reuer et al. (1983) and Walker et al. (1983) 
show, engineering design solutions are available 
to handle moat, if not all, anticipated permfroet 
conditions in the Alaskan Beaufort Sea. 
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GEOTBCHNICAL AND ENGINBERING SIGNIFICANCE 
OP SUBSBA PEIHAPROST 

D.W. Hayley 

BBA Engineering Consultants, Ltd. 
Bd110nton, Canada 
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SHEAR STRENGTH lkPll My role on the panel is to buffer the state
of-the-art science being discussed with 110re prag
.. tic engineering considerations. I plan to do 
this by reviewing some of the implications of sub
aea per1111frost in the exploration and production 
of offshore resources. 'Ibis will be based on ex
posure to current standards of practice in both 
the Canadian and Alaskan sectors of the Beaufort 
Sea. I will discuss several concerns that have 
had little or no coverage at the Fourth Interna
tional Conference on Per1111frost, and I also wish 
to suggest bow we can improve our approach to site 
investigation and data assimilation. Pinally, in
stead of discussing how well we can deal with cer
tain problems, I will highlight some deficiencies 
in our approach to offshore engineering when per
.. frost is present. 

Q 10 - - - __,,,,,,,,,,."-'- Q.•• 

First, let us look at the SOBIO Arctic Mobile 
Structure (SAMS) that has been proposed for use in 
Harrison Bay, Alaska (Pig. 1). 'Ibis self-con
tained structure would be floated into place and 
ballasted onto the seabed, and then large piles, 
or spuds, would be driven into the bed. 'lbe spuds 
will not carry a vertical load but are required to 
develop sliding resistance under an applied ice 
load. Thia innovative design evolved fra11 a de
sire for a universal structure applicable for moat 
seabed soils in Harrison Bay. 

'lbe soil profile shown in Figure 2 is from 
one of the more troublesome aitea in Harrison Bay. 
Stiff, overconaolidated clay or silt is present at 
the aeabed, and ice-bonded per1111frost is present 
at a depth of about 10 •• 'lbe shear strength of 
the clay decreases with depth, and a distinct zone 
of soft clay with a shear strength of only about 
25 kPa ia present just above the ice-bonded per1111-

FIGURE 1 Mobile exploration structure (SAMS), 
froa Gerwick et al. (1983). 
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FIGURE 2 Shear strength of unfrozen soils, Site 
A, Harrison Bay, fro• Bea et al. (1983). 
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FIGURB 3 Stability evaluation. 
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frost. 'nle significance of this soft zone in re
lation to the SAMS ia shown in Figure 3. An over
all stability evaluation for this structure aug
geata that the critical failure plane could extend 
dOllO to the soft zone, with the obvious i111>lica
tion that much of the eliding resistance ia picked 
up by the portion of the epuda embedded in the 
bonded permafrost. Punda11ental soil parameters 
required for analysis of this structure include 
the shear strength of the ice-bonded permafrost aa 
well as its 110dulua and creep characterietica. 

'nle question of pile driveability or resist
ance to penetration also surf aces for a structure 
of this type and baa not been 8dequately ad
dressed. We have had some aucceaa with field 
methods for evaluating the bearing capacity of 
subsea pen1&froat by static cone penetration teats 
(CPT) u1ing procedures similar to those described 
by Ladanyi (1976). But although the engineering 
properties of permafrost can be measured in the 
laboratory, acquiring, handling, and testing of 
frozen saline soil can be a problem. 'nle proper
ties of these 11Steriala are very sensitive to var
iations in temperature, 110ve.ent, and drainage of 
saline pore water and deformation that 118Y occur 
during sampling and handling. 'nlerefore, there ii 
a place for techniques that can be uaed to •aaure 
material properties in situ, such aa the use of 
the preaaure.eter di1cu11ed by Briaud et al. 
(1983). 

I would like to address briefly the i11Plica
tlona of thawing aubaea pen1&froat aa it affects 
production structures. Offshore production will 
require 1Ultlple wells in clo1e proxiaity to each 
other (Pig. 4). In some caaea, well deviations or 
slant hole drilling within the permafrost 118Y be 
required to develop shallow reservoirs. Deviated 
wells will be subjected to complex casing lo8dlng; 
to 111 knowledge thil problem baa not been ae-
1eaaed. Soil 110ve11enta at depth, furthermore, 
will be reflected by 1urface aettle.ent1. In some 
caaea, it llSY be possible to locate foundations 
for production wells outside the BOne of influ
ence. However, thi1 ia probably not feasible for 
deep-water structures, and therefore foundation 
design will have to take surface subsidence into 

RESERVOIR 
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TABLE 1 Observed pen1&froat featuree unique to 
off1hore locations 

l. Freshwater ice in nonbonded saline silt or 
clay (crystal• and segregated lenses) 

2. Alternating bonded sand and nonbonded 1ilt or 
clay (identical t911Peraturea) 

3. Excess lee in sand above a contact with un
derlying nonbonded clay 

4. Byperaaline conditions below bonded interval• 
in sands and clays (salt exclusion by f reez
ing?) 

5. Significant difference• in degree of bonding 
with subtle textural change (1ilt/cla1) 

TABLE 2 lmprove .. nta needed in arctic off1hore 
site investigation practice. 

l. Look beyond iamediate requirements when plan
ning progr .... 

2. Improve wireline coring technique• in perma
frost. 

3. Log geologic details. 

4. Adopt on-1ite testing of froaen soil• 

- Time-domain reflectometry for unfrozen wa
ter content 
- Refractometer for salinity content meuur
•nt1 

5. Expand in situ testing 118thodology 

- Cone penetration te1ting in permafrost 
- Pre11ur ... ter testing in peraafro1t 

PRODUCTION 
SEQUENCE 

PIGUllE 4 Some concerns arising from thaw around production wellborea. 
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c01U1ideration. 'lbe use of pad foundation• with 
provision for re-leveling is not n• for northern 
structures, although application of such drastic 
procedures in design of large production 110dules 
i• not readily accepted. A prerequisite to ra
tional de•ign will be a proven capability to pre
dict •ettl811ellt wsgnitude and distribution, to
gether with a lmCJWleclge of hCJW the Httl-nts 
aight deftlop during the life of the structure. 

A key el-nt that ha• been m1Hing in llOSt 
analyses conducted to date has been a geotechnical 
knCJWledge of soil properties throughout the perm
frost zone. Technology currently exists to obtain 
continuous cores to the bottoa of permfrost and 
to characterize fully the engineering properties 
of this .. terial through laboratory te•ting. llaw
ever, surprisingly little has been reported in the 
literature on the properties of deep •ubsea perm
fro• t· 

Clearly, subsea permfrost presents an• set 
of engineering challenge•• 'lbe requireaents for 
careful determnation of site conditions cannot be 
oftrstressed. Some of our observations resulting 
froa the past decade of data collection in the 
Beaufort Sea are sh01lll in Table 1. Routine site 
investigation practice is not adequate to deal 
with the•• conditions and to provide parameters of 
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the type needed for design. So• of the improve
•nts that 1111 need to see in site investigation 
practice are li•ted in Table 2, in hope of stimu
lating applied ·research directed toward their un
derstanding. 
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Pipelines in Northern Regions 
PANEL MBMIERS 

Oscar J. Ferrians, Jr. (Qaair1111n)*, U.S. Geological Survey, Menlo Park, California, USA 

A•s c. Mathews, Office of the Federal Inapector, Alaska Natural Gae Transportation Syat-, Anchorage, 
Alaaka, USA 

Hana o. Jahns, Exxon Production lesearch Co. , Houston, Teua, USA 

Michael c. Mats, GeoTec Services Inc. , Golden, Colorado, USA 

Elden R. Johnson, Alyeaka Pipeline Service Co., Anchorage, Alaska, USA 

INTRODUCTION 

O.J. Ferriana, Jr. 

Because of the critical need to develop nar 
sources of oil and gas, several .. jor pipelines 
and related facilities ha'ftl been conatructed in 
the arctic and subarctic region• of the world dur
ing the last two decades, and undoubtedly •re 
will be constructed in the future. 'lbeae region• 
pose apecial engineering proble.. and are environ
mentally •aensitive.· Consequently, they require 
careful consideration to ensure the integrity of 
pipeline• and related facilitiea and to llinillize 
adverse environmental iapacta. One of the ••t 
important factors to be considered ia permafroat. 

Permafrost ia a widespread natural pheno•non 
in northern regions, and it underlies approximate
ly 20% of the land area of the world. 'lbe perma
frost region of Alaaka includes 85% of the state 
(Ferriana et al., 1969), the permafrost regions of 
Canada and the u.s.s.a. co'ftlr about 50% of each 
country, and the permafrost region of Qaina covera 

*'lbe panel chair1111n wishes to acknowledge the 
aaaiatance of Fred Crory, Cold legions leaearch 
and Engineering Laboratory, in organizing the 
panel. Unfortunately, Mr. Crory was unable to 
attend the conference. 
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about 20% of that country (see Frontispiece). 
'lbe moat aerioua permafrost-related engineer

ing probl... generally are caused by the thawing 
of ice-rich permafroat, which results in a loaa of 
bearing strength and a change in volu .. of ice
rich aoil. Under extreme conditions that perllit 
very rapid thawing, ice-rich, fine-grained soil 
can liquefy and lose essentially all of ita 
strength. A •re common occurrence ia dif f eren
tial aettlelM!nt of the ground surface. 

Propoaala to chill the natural gas in buried 
pipelines aa a means of llitigating the proble .. 
caused by the thawing of permafroat poae a differ
ent probl---na•ly frost heaving, due to the 
freezing of pore water in soils surrounding the 
pipe and to the freezing of additional water at
tracted to the freezing front. 

There are numerous topics that could have 
been treated in a diacuaaion of pipelines in 
northern regions; howe'ftlr, for this report the 
following important and tillely subjects ha'ftl been 
aelected: 

Pipelines in the northern u.s.s.R. 
Bot oil and chilled gaa pipeline interac
tion with permafroat 
Pipeline therlllll conaiderations 
Pipeline workpada in Alaska 
Performance of the trans-Alaaka oil pipe
line 
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PIPELINES IN THE NORTHERN u.s.s.R. 

O.J. Ferrians, Jr.* 

U.S. Geological Survey 
Menlo Park, California, USA 

'nle factual 11Sterial in the following de
scription of pipelines in the northern u.s.s.R. 
was obtained primarily from Ivantsov et al. 
(1983). 

The northern regions of the U.S.S.R. contain 
huge oil and gas deposits, especially in western 
Siberia. The development of these resources re
quires the construction of pipelines, pump and 
compressor stations, roads, railroads, temporary 
and permanent settlements, and other facilities. 
Permafrost exists in the oil and gas fields, along 

*'nlis summary was prepared in the absence of O.M. 
Ivantsov, Ministry for Construction for Oil and 
Gas Industries, Moscow. 

the pipeline, and along other transportation cor
ridors of western Siberia and in other northern 
regions of the u.s.s.R. Consequently, solutions 
to a variety of complex permafrost-related sclen
t ific and engineering problell8 are necessary to 
accomplish this development effort successfully 
with a minimum of adverse environmental impacts. 

Western Siberia between the Ural Mountains 
and the Yenisey River is an extensive, poorly 
drained lowland. It is underlain for the aost 
part by fine sand, silt, and clay. Sand deposits 
are restricted to the flood plains of medium-size 
and large rivers. Bedrock and gravel deposits are 
absent throughout aost of the region. Since theae 
materials are generally needed for roads, worlt 

FIGURE l Index aap showing the location of important pipelines in northern USSR: (A) the small-dia11eter 
gas pipeline serving Yakutsk, (B) the small-diameter gas pipeline serving Norilak, (C) the large-diameter 
mainline gas pipelines originating in the vicinity of Urengoy, and (D) the large-dia11eter oil pipeline 
originating near Ust-Balyk. The southern boundary of the permafrost region is shown by the hachured line. 
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pads, bedding and padding of the pipe, riprap, and 
concrete aggregate, conatruction is difficult and 
ezpeneive. 

Perennially frozen ground, or per11afroet 1 is 
widespread in the northernmoet coastal lowlands, 
tundra, and forest tundra zones of western Siber
ia. In these areas, the thickness of the perma
frost ranges fr011 500 • in the north to 50 a in 
the south. Permafrost is discontinuous south of 
the Arctic Circle, and it occurs only in peat bogs 
south of the 63rd parallel. Tbe temperature of 
the permafrost in these more southerly areas gen
erally ranges fra11 o•c to -1•c or -2•c and, conse
quently, it is very sensitive to disturbances. If 
the thermal regime at the ground surface la al
tered, th81ing quickly takes place. 

Pipeline construction in permafrost regions 
can cause thawing of per11afrost 1 thaw settle•nt, 
and ther .. 1 erosion. These detrimental ef fecte 
generally result fra11 removal of the vegetation 
cover, placement of backfills or thin wodtpade, 
modification of surface and subeurf ace drainage, 
or changing the albedo due to the accumulation of 
duet. During conetruction, •ny of these mn
induced changes can be severe; but they can be 
controlled by proper design, scheduling, and tille
ly •intenance, including revegetation coapatible 
with the new environment. It is necessary to be 
able to predict the potential environ11ental chang
es, since they can directly influence the success
ful operation of a pipeline syat... Tbe measures 
taken to protect the envirollllll!nt are equally ap
plicable to safeguarding the integrity and relia
bility of the pipeline system. Tberefore, the 
beet engineering solutions and the beet measures 
to protect the envirollllll!nt and the pipeline are 
closely interrelated and interdependent. Obvious
ly, the ther11al effects of warm oil or gas or of 
chilled gas must be considered in order to design, 
conetruct, and .. 1ntain pipelines properly in 
northern regions. 

The first .. jor pipeline conetructed in the 
Par Rorth was the 529,.-diameter, 600-lm-long na
tural gas pipeline serving Yakutsk (Pig. 1). Tbie 
pipeline, which includes 250 ta of aboveground 
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line, has been operating successfully for more 
than 15 years. A eyst .. of gas pipelines serving 
the city of Norilsk was constructed entirely above 
ground except for river crossings. One line is 
more than 600 ta long and 720 .. in diameter, an
other iB 300 Im long but has a ... 11er diallll!ter. 
Construction of these pipelines started in 1968, 
and the first line was co11111leted in 1969. Tbese 
early gas pipelines in per11af roet areas were built 
largely above ground to eliminate the possibility 
of adverse impacts on permafrost. As more experi
ence is gained in pipeline construction in north
ern areas, underground place .. nt baa gained favor. 

Large transcontinental gas pipeline eyste .. 
were constructed in the 1970s. These pipelines 
hale a diameter of 1420 .. and pressure of 75 kg/ 
ca • Tbe first giant pipeline, with a length of 
3000 ta, originated in the northern part of the 
TyUll8n region near the Medvezhye gas field. Dur
ing 1981-1985, a aultiline system of five parallel 
pipelines will be constructed, each with a diame
ter of 1420 -. Three of these lines, the Uren
goy~ryazovec-Moscow, Urengoy-Petrovsk, and Uren
goy-lllovopekov, have already been constructed. 
During this period, the Urengoy-Pomary-Uzbgorod 
gas pipeline for exporting gas also will be put 
into operation. The length of this pipeline is 
4500 Im. Oil pipelines fra11 the northern regions 
also are under construction. One of the largest 
oil pipeline eyete.. is the •in pipeline Uat
Balyk~rgan-Ufa-Almetyevsk, having a diameter of 
1220 .. and a length of more than 1800 ta. 

The conatruction of pipelines is most advan
tageously done in winter, when daaage to the 
ground surface can be held to a lliniaua and the 
frozen ground ensures that hea~ equipment can 
110ve about easily on the tundra and in swaapy 
areas. Underwater crossings are built in the win
ter using the ice cover as a platform. To reduce 
the impact of gas pipelines on permafrost, a .. th
od of cooling the gas to a temperature of -2 to 
-3°C has been developed, and cooling facilities 
are currently being constructed at the Urengoy gas 
fields. 
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HOT-OIL AND CHILLED-GAS PIPELINE INTERACTION WITH PERMAFROST 

A.c. Mathews 

Office of the Federal Inspector, Alaska Natural Gas Transportation System 
Anchorage, Alaska, USA 

'nle complications arising from the interac-
t ion of pipelines and permafrost generally can be 
categorized as: (1) surface deterioration, (2) 
erosion, (3) drainage interruption, (4) thaw aet
tle11ent1 (5) frost heave, and (6) effects associ
ated directly with the construction effort. In 
dealing with these coaplicationa, there ia no 
clear-cut distinction between cause and effect-
drainage interruption can cause aufeia, which can 
cause surface deterioration, which causes drainage 
interruption, etc. It ia this circular, exacer
bating chain of events that can cause such chaos 
if permafrost proble118 are not anticipated and de
signed for, or if mitigative 11eaaurea are not tak
en im11ediately when a problem is identified. 'nlaw 
settlement occurs to a structure when heat is in
troduced causing ice-rich soils under its founda
tion to thaw. Frost heave is a complementary 
problem that occurs when subfreezing cold ia in
troduced into non-frozen, froat-auaceptible soil. 
Moisture, at~racted to the cold, percolates 
through the soil and freezes at the cold front in 
quantities excess to the pore capacity of the 
soil. Over a period of time, a large frost bulb 
can build up, causing heaving in a structure above 
it. Finally, there are a number of complications 
arising directly from construction, such aa exca
vation, the dor1111nt period (when the pipe is com
pleted and buried but not yet carrying product), 
the gravel work pada used in auaJEr, anCN/ice pada 
used in winter, and the .. asive requir8111!nts for 
gravel to 8118liorate permafrost complications. 

Por reasons of both security and economy, 
pipelines generally are beat kept belCN ground. 
Therefore, the trans-Alaska oil pipeline was bur
ied wherever possible, in unfrozen soil and in 
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th...-atable permafrost. In areas of thaw-unstable 
soils, refrigerated piles were used to elevate the 
line and to preclude settlement of the piles due 
to per1111f roat thawing. At those few locations 
where it was necessary to bury the line in thaw
atable soil, the trench was refrigerated and/or 
the line was heavily insulated to provide stabili
ty. Refrigerated piles were used to elevate the 
line in high te11P9rature permafrost to preclude 
thaw settl ... nt of the piles due to permafrost 
thawing caused by the construction disturbance. 
Finally, all piles had to be designed against an
nual frost jacking. Designers of the proposed 
Alaska Highway natural gas pipeline plan to bury 
the line everywhere, with the exception of a few 
stream crossings. Because the gas is chilled, 
this should wrk well in permafrost areas, provid
ed that thawing problems do not arise during the 
dormant period prior to startup. But in thawed 
froat-auaceptible soils, the designers face a 
frost-heave problem whose lllllt\itude ia just nCN 
beginning to be fully understood. They plan to 
solve this problem by identifying the areas that 
contain these frost-susceptible aoila and then em
ploying suitable mitigative measures in construc
tion. Underground atreaa crossings are apt to be 
a problem because the cold pipe could cause slCN
llOVing groundwater to freeze and, in turn, affect 
surface drainage; faster flCN rates seem to dissi
pate the effects of cold pipes. In any event, the 
pipe could be insulated to reduce the cold sink to 
a level that will not cause significant frost 
growth or, aa a last resort, the pipe could be el
evated over small stre ... where the effects are in 
question. 
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PIPELINE THERMAL CONSIDERATIONS 

B.O. Jahns 

Exxon Production Research Company 
Houston, Texas, USA 

lbe ther .. 1 aspects of pipelines in pel'll8-
froat terrain are of paramount iaportance. In 
fact, it is difficult to talk about arctic pipe
lines without mentioning theraal interactions with 
the surrounding soil or, specifically, the conse
quences of a phase change in the soil's aoisture 
content. In essence, this is what .. 1ces arctic 
pipelines different fro• conventional pipelines. 

Figure 1 shows four sche .. tic cross sections 
of a buried pipeline with different thermal re
gimes. A warm pipeline in permafrost is shown in 
Figure la, a warm pipeline in thawed soil in Fig
ure lb, a cold pipeline in permafrost in Figure 
le, and a cold pipeline in thawed soil in Figure 
ld. It also illustrates the two basic mechanisms 
that give rise to engineering concerns: thaw aet
tleaent (Pig. la) and frost heave (Fig. ld). lbe 
warm pipe in pel'll8frost will cause a thaw bulb to 
grow around it. If the soil is ice-rich there 
would be subsidence, as indicated by the sag in 
the soil layers in Figure la. If the resulting 
settleaent over-stresses the pipe, mitigative aea
surea will be called for. Figure ld, a mirror ia
age of Figure la, shows a freeze bulb growing 
around the cold pipe in thawed soil. If the soil 
is frost-susceptible, it .. y heave, deforaing the 
pipe. If the heaving is sufficient to overstress 
the pipe, mitigative aeasures would be needed. 
lbe two re11Bining cases (Figs. lb and le) are tri
vial--not llllCh happens with a cold pipe in frozen 
ground or with a warm pipe in thawed soil, except 
for soae thinning of the active layer above the 
pipe. However, there are aoae complications at 
peraaf roat boundaries. 

•• b. 
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FIGURE 1 Scheaatic cross sections of a buried 
pipeline with different thermal regiaes: (a) wara 
pipeline in peraafrost, (b) vara pipeline in 
thawed soil, (c) cold pipeline in permafrost, and 
(d) cold pipeline in thawed soil. lbaw subsidence 
i• showt in (a) and frost heave in (d). 

ior 

For both the thaw settleaent (Fig. la) and 
frost heave (Pig. ld) cases, the allowable thaw or 
freeze bulb size depends on the aechanical inter
action between the pipeline and the soil. Two de
sign approaches are possible. First, the design 
could be based priaarily on theraal considera
tions, and pipe deformation would be avoided by 
minimizing the size of the thaw or freeze bulb. 
Alternatively, pipe deformation could be allowed 
up to some operational limit. lbis second ap
proach would have a leas stringent ther .. 1 design, 
but aore would have to be known about the aechani
cal behavior of pipes and soils. 

lbe first method of theraal control that 
comes to aind is to insulate the pipeline. lbe 
effect can be dr ... tic. In fact, with good insul
ation, such as 10 to 15 ca of "jacketed" urethane, 
it is possible in many cases to prevent the foraa
tion of a thaw or freeze bulb, or to limit its 
size to only a few deciaeters below the pipe, as 
shown in Figure 2. Design of the insulation sys
tea 11Ust consider the long-tera effects of 110ia
ture absorption. If necessary, the natural soil 
below the pipe could be excavated half a aeter or 
so and replaced with select aaterial such as grav
el that would undergo little thaw strain or frost 
heave. lbe tera "overexcavation" is used for this 
construction aode. 

lbere is a serious problem, however, with the 
construction aode shown in Figure 2a. lbis thaw 
bulb will grow slightly in size during the suamer 
and will link up with the active layer above the 
pipeline. During the winter, the active layer 
freezes and the thaw bulb becoaes isolated. As 
freezing continues, the pipe may be subjected to 
frost jacking due to pore water expansion, inde
pendent of whether or not the soil in the thaw 
bulb is frost-susceptible. lbis may be an unac
ceptable risk. 

lbe buried insulated pipeline aode has anoth
er limitation: when the soil temperature is near 
the freezing point, insulation alone is not suffi
cient to stop the growth of a thaw or freeze bulb; 

.. b • 

FIGURE 2 Scheaatic cross sections showing the 
effects of insulation on (a) a warm pipe in cold 
permafrost and (b) a cold pipe in wara thawed 
soil. 
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FIGURE 3 Schematic cross sections showing the 
effects of surf ace disturbance (gravel pad) on (a) 
a wara pipe buried in wara permafrost and (b) a 
cold pipe buried in cold thawed soil. Both pipes 
are insulated. 

it will only slOlf it down. But during the 20- to 
30-year lifetime of the pipeline. it will grOlf 
deeper than any practical amount of overexcava
tion. That is why Figure 2a is labeled "cold 
permafrost" and Figure 2b is labeled "wara thawed 
soil." All a rule of th1111b. we -y a88~ that 
these diagra .. refer to permafrost at temperatures 
colder than -6°C and thawed soil war11er than +3°C. 
The intervening temperature regime from -6 to +3°C 
is the one that is llO&t difficult to design for. 
for two reasons: (l) the fact that pipeline in
sulation is not sufficient to prevent long-tera 
growth of a freeze bulb or a thaw bulb. as already 
discussed. and (2) the construction surface dis
turbance and its effect on the ther-1 regime in 
the soil. 

The surface disturbance causes warming both 
in permafrost and in thawed soil. Therefore. the 
two cases shown in Figure 3 are no longer symme
trical. In wara permafrost (Pig. 3a). the gravel 
pad used for construction and pipeline .. intenance 
causes long-tera permafrost degradation, perhaps 6 
to 9 • deep during the life of the pipeline. If 
the soil is ice-rich, this pipeline 110de aay not 
be acceptable. In the case of the trans-Alaska 
oil pipeline, the answer was to elevate. 

'lhe surface effect is very different for the 
cold pipeline in thawed soil (Pig. 3b). In fact. 
the surface disturbance is beneficial in that it 
tends to counteract the effect of the cold pipe
line (Jahns et al •• 1983). 'lhe disturbance can be 
enhanced by extending the gravel pad on both sides 
of the pipeline trench. Calculations indicate 
that this pipeline 110de should be applicable in 
essentially all situations where the soil is al
ready thawed and is covered with natural vegeta
tion. In contrast to standard practice. this de
sign does not call for revegetation. On the con
trary, measures may have to be taken to Hait re
vegetation. 

The elevated pipeline 110de shown in Figure 4 
works equally well for both cold and wara pipe
lines. However, a distinction needs to be made 
between cold permafrost, which reaains stable in 
spite of the surface disturbance. and wara perma
frost, which degrades under the gravel pad. De
signing an elevated pipeline for cold permafrost 
is straightforward, as shOlfn in Figure 4a. Al
though the active layer depth increases. the pile 
supports are frozen in and re11&in in frozen soil 
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PIGUllE 4 Schematic cross sections showing the 
thermal effects of an elevated pipeline and a 
gravel workpad on (a) cold permafrost and (b) wara 
permafrost. 
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PIGUllE 5 Scheaatic cross section and side view of 
an elevated pipeline with heat pipes (aitigative 
pipeline 110de) on wara permafrost. 

during the life of the pipeline. In wara perma
frost, shOlfn in Figure 4b, the situation is dif
ferent: The permafrost degrades under the gravel 
pad and aay subside and cause dOlfndrag forces on 
the pipeline supports. 'lhe piles have to be de
signed to withstand these forces in addition to 
the weight of the pipeline. This aay require very 
long piles and high installation cost. In &Ollle 
cases, the required pile lengths aay becOllle ir
practical. The thermal VSM design for the trans
Alaslta oil pipeline was developed as a solution to 
this problea. A pair of heat pipes inside each 
pile removes heat from the surrounding soil during 
the winter to prevent thawing in the vicinity of 
the piles. out to a distance of about 3 •· Figure 
5 shOlfB the configuration as it aay look 20-30 
years after the installation: the pile supports 
are surrounded by pillars of frozen soil. while 
the soil under the gravel pad and between supports 
has thawed to depths of 6 to 9 •· 

Under certain conditions, heat pipes may also 
be useful for a buried. cold gas pipeline. This 
aay arise at transitions where the pipeline passes 
fro• frozen. thaw-unstable ground into thawed, 
frost-susceptible soil. Many such boundaries ex
ist in nature and they are not always clearly de
fined. Therefore, insulated pipe may have to be 
extended some distance into frozen ground. Figure 
6 shOlf8 two situations that -y arise. Figure 6a 
shove the insulated cold pipeline where it has 
been extended into the frozen ground near the per
-frost boundary. Since the cold pipe is insulat
ed, it is not effective in preventing permafrost 
degradation under the gravel pad. 'lhe long-tera 
result is siailar to that for insulated, wara pipe 
shOlfn in Figure 3a. Perhaps only a small frozen 
zone will re11ain belOlf the pipe. not sufficient to 
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FIGURE 6 Schematic cross sections showing the 
thel'lllll effects of an insulated. cold. buried 
pipeline at permafrost boundaries (a) in warm per-
11&frost and (b) in mixed frozen/thawed soil. 

HEAT PIP£ RADIATOR 
) 
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FIGUltE 7 Sche .. tic cross section and side view 
showing the thermal effects of an insulated. cold. 
buried pipeline with heat pipes (mitigative pipe
line 110de) at permafrost boundary at (a) time of 
installation and (b) long-term. 

·"" 
.. 
"" 

POIWllST . "9UllST lll9UY TUWD Siil 

~~t!J 
FIGUltE S Sche .. tic cross sections showing examp
les of mitigative pipeline 110des for both warm and 
cold pipelines under various soil conditions. 

give reliable support. Accurate predictions of 
thaw bulb geometry and pipe defol'lllltion are diffi
cult to 11&ke in this case. Groundwater flow could 
lead to additional thaw. A more coaplex situation 
with alternating layers of frozen and thawed soil 
is shown in Figure 6b. In this case. the upper 
frozen layer would shield the soil below the pipe
line froa the effect of the surface disturbance 
during the early years of pipeline operation. A 
temporary freeze bulb could be formed during this 
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time. Later on. once the near-surface permafrost 
layer has thawed. the newly formed freeze bulb and 
and relic permafrost below the pipeline would be
gin to degrade. 'lbus. the pipeline could undergo 
first heaving and then subsidence. To overcome 
these probleas. the pipeline mJst be designed to 
be insensitive to the particular geometry of per-
11&f rost boundaries. 

Figure 7 shows an example of a mitigative 
mode for pel'llllfrost boundaries based on the use of 
free-standing heat pipes placed in a row on either 
side of the buried cold pipeline. 'lbe function of 
the heat pipes is to freeze any thawed ground in 
the vicinity of the pipeline and to keep initially 
frozen ground frozen. 'lbe .. in direction of heat 
flow is horizontal. radially into the heat pipes. 
so the potential for frost heave is greatly re
duced. 'Ibis conclusion is supported by experience 
froa the trans-Alaska oil pipeline where heaving 
of thel'lllll VSH's (vertical support members) has 
not been a significant problea; however. some min
or heave has occurred (Table 1). Depending on the 
tilling of heat pipe installation and pipeline 
startup. it may be possible to eliminate pipeline 
insulation in this construction 110de. Longitudin
al spacing of the heat pipes. shown in the side 
view (Fig. 7a). would be mJCh closer than in the 
design for the trans-Alaska oil pipeline. perhaps 
every 3 a or so. since a continuous freeze bulb is 
desired under the pipeline. 'lbe total nuaber of 
heat pipes should not be excessive. however. since 
this special pipeline mode would be required only 
sporadically for short distances--perhaps 30 m--on 
either side of a pel'llllfrost boundary. 

Transition probleas also occur for warm pipe
lines. 'lbese proble .. were avoided on the trana
Alaskan oil pipeline by going f roa the buried to 
the elevated mode before entering frozen. thaw-un
stable soil. 'lbe elevated 110de was also used in 
areas of mixed frozen and thawed soil. 

Figure S shows a sua .. ry of the pipeline con
struction modes that have been described: three 
for the warm pipe (Figs. Sa. Sb. and Sc). and 
three for the cold pipe (Figs. Sd. Se. and Sf). 
'lbe 110des shown for the warm pipeline are the ones 
used for the trans- Alaska oil pipeline: staple 
elevation on cold permafrost. elevation with heat 
pipes in warm permafrost. and conventional burial 
in thawed soil. 'lbe three buried 110des for a cold 
pipeline are conventional burial in pel'llllfrost. 
heat pipes at permafrost boundaries. and insulated 
pipe in thawed soils. An extended gravel pad. 
shown in Figure Sf. is used to take full advantage 
of the surf ace disturbance for preventing the 
growth of a freeze bulb. For the S8118 reason. re
vegetation would be lillited. 'lbese measures 
would. of course. not be required in areas where 
the thawed soil is not frost-susceptible. or where 
it can be shown that the expected aaount of frost 
heave would not over-stress the pipe. 

Some of the more iaportant design considera
tions for warm off shore pipelines in areas of ice
bonded subsea permafrost are shown in Figure 9. 
Subsea pel'llllfrost is warm perms frost. not auch 
colder than the overlying seawater. typically 
about -1 to -3°C. In that regard. it is similar 
to the warm permafrost in central Alaska. but the 
similarity ends there; there is no acti11e layer 
and no organic layer. and therefore construction 
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TABLE l Performance of the various pile types used to elevate the 
Trans-Alaska Oil Pipeline. 

Pile type Soil conditions 

Thermal Wara permafrost 

Thermal Thawed ground 

Adfreeze Cold permafrost 

Friction/end bearing Thawed ground 

Other Mixed profiles 

Total 

0 W.PlllWATO 

MUT lllD SALT THUrta 

FIGURE 9 Schematic croes section showing critical 
elements of a buried pipeline underlain by off
shore permafrost. 

causes no ther111tl disturbance. A very drastic 
surface disturbance took place at the tiae of in
undation by the sea, raising the surface tempera
ture to near the freezing point and initiating a 
gradual process of downward salt migration as sea
water replaced the original pore water in the sed
iment. Since the mean annual sea floor tempera
ture is below o•c, it is the interplay between the 
warming process and the salt migration that deter
mines the rate at which the offshore permafrost 
degrades. Depending on the type of sediment and 
on the time since inundation, the top of the per
aafrost is found at greatly varying depths beneath 
the sea floor. 

Other factors that are important for offshore 
pipelines are ice gouges and strudel scour· depres
sions that could uncover the pipe and perhaps dam
age it. Thus, offshore pipelines in shallow arc
tic waters aay require relatively deep burial up 
to 3 • or aore. This brings the pipe closer to 
the per111tfrost table and tenda to aggravate poten
tial thaw-settlement probleaa. 

Generally, offshore pipelines would be a1Ch 
saaller in diaaeter than large trunklines onshore, 
typically only 30 to 60 ca. Therefore, such lines 
would be aore tolerant to thaw settlement, and a 
certain amount of permafrost thaw below the pipe
line would be acceptable. On the other hand, pre
dictions of permafrost thaw are complicated by the 

No. 
installed 

42,720 

18,420 

13,473 

1,992 

1,127 

77 732 

% settled 
C> 9 ca) 

o.s 

0.6 

0.3 

2.1 

0.2 

0.6 

% jacked 
(> 9 ca) 

l. 2 

3.4 

o.o 

0.3 

1.0 

1.9 

fact that the rate and effect of salt lligration 
are difficult to aodel. Therefore, in some calcu
lations (Heuer et al., 1983) two extremes have 
been evaluated: one in which salt migration is 
negligible in the tiae fraae of the operating life 
of a pipeline, and one in which salt migration is 
sufficiently rapid to maintain a concentration 
similar to that of seawater at the advancing edge 
of the thaw bulb. In the computer si111.1lation, the 
assumed melting temperature of the permafrost is 
near o•c for slow salt migration and -l.9°C for 
fast salt migration. 

Conventional burial of uninsulated pipe in a 
trench is probably acceptable when the top of the 
ice-bonded permafrost is aore than 27 • below the 
seafloor. Calculations show that the warm pipe 
aay still cause permafrost melting at this depth, 
particularly in sediments where salt migration is 
effective. However, any differential settlement 
at these depths would be masked by the substantial 
thickness of overlying thawed sediments. There
fore, the effect on the pipeline would be greatly 
reduced. Pipeline insulation aay be required if 
the permafrost table is less than 27 • below the 
seafloor. This value depends, of course, on spe
cific design values for thaw strain, pipe size, 
and temperature. Again, some thawing of perma
frost would be allowed, but the allowable thaw is 
reduced in this case because there would be less 
dampening of differential settlement. 

Two potential mitigative aodes for offshore 
pipelines are shown in Figure 10. If ice-rich 

•• 

FIGURE 10 Schematic cross sections of two possi
ble mitigative pipeline aodes for offshore perma
frost areas, (a) by overexcavating and backfilling 
with thawed material and (b) by using a causeway. 
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permafrost occurs near the seafloor1 a certain 
portion of it could be r111110wd from below the 
pipeline by overexcavation and backfilled with 
th&11ed soil before the pipe is laid into the 
trench. The required trench depth could be sub
stantial, perhaps as aich as 9 to 12 a in so• 
areas where deep pipeline burial ia required for 
protection against ice gouging {Pig. lOa). Thia 
kind of excavation would be costly, but it is fea
sible with llOclern dredging equipment. Laying the 
pipeline abow water in a causeway ia an alterna
tive for shallow water. With the causeway surface 
exposed to the cold air, it will gradually develop 
a frozen core. lather than thawing the subsea 
permafrost, this construction aode may actually 
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iead to the formation of ner per•froat below the 
original aeafloor {Pig. lOb). 

Feasible and practical pipeline llOclea have 
been identified for the three •jor types of pipe
lines that are needed for petroleum development in 
Alaska's permafrost areas: hot oil pipelines and 
cold gas pipelines onshore, and •ra buried under
water pipelines of fahore. lilch work is required 
to develop the aoat coat-effective configuration 
and construction Mthod for each particular pipe
line. However, the technology is available now to 
design, construct, and operate onshore and off
shore pipelines for developing Alaska's petroleua 
resources in a safe and enviroUMntally acceptable 
manner. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


PIP!LIHB WORltPADS IM ALASKA 

M.C. Hetz 

GeoTec Services Inc. 
Golden, Colorado, USA 

'lbe construction of oil and gas pipelines in 
remote northern regions generally requires the 
preparation of a 110rlting surface or 110rkpad that 
will support construction traffic and provide ac
cess during the operation of the pipeline. Comm
only, gravel fill is used for this purpose. A 
gravel 110rkpad, however, usually causes signifi
cant thermal disruption and permaf roat degrada
tion, which •ke• the effects of the 110rkpad a 
primary consideration in oil and gas pipeline de
sign. In moat instances the long-tena therml ef
fects of the worltpad are an integral part of the 
long-tena design and performance expectations of a 
pipeline •Y•t-. 

Early coordination with construction and op
erations personnel is required to establish the 
abort- and long-tena performnce criteria for any 
workpad. Normally there iB no need to deaign a 
110rkpad capable of supporting heavy wheel-load 
traffic for the design life of a pipeline (25-30 
yr). Significant coat savings can be realized if 
the workpad is designed to support heavy construc
tion traffic only during the construction pheae of 
a pipeline (2-3 yr) and, with periodic .. inten
ance, to provide lillited access for light surveil
lance and •intenance traffic during project oper
ations. 

'lbe Trana-Alaska Pipeline Syate• {TAPS), 
which connects the oil fields at Prudboe Bay to 
the ice-free port of Valdez, had a construction 
110rkpad for its entire 800-aile length. Moat of 
the TAPS 110rkpad was designed and constructed as 
either an all-granular -banlment or a polysty
rene-insulated -bankment. 'l'tro short segments of 
the pipeline were constructed utilizing snow 110rk
pada. 'lbe design intent of the TAPS workpad was 
to provide only the thickneaa of gravel, and in 
BOllll cases polystyrene insulation and gravel, that 
would allow ahort-tena passage of heavy construc
tion equipmnt. 

Generally an overlay 110rkpad 1188 utilized for 
the trans-Alaska hot oil pipeline, although there 
were ao .. areas where cut and fill 11&8 used. Por 
moat of the permafrost areas the basic overlay ..
banlment ahOtlll in Figure 1 1188 used. A structural 
-banltment was conatructed over both thawed ground 
and permafrost. In permafroat areas thiB e•bank
.. nt allows for the development of an increased 
active layer and allOWB for long-tena deep thaw 
beneath the workpad. 'lbe structural -banlment 
•• for both the aboveground and belot11round pipe
line in warm permafrost areas and for the below
ground pipeline in cold permafrost areaa. Por the 
aboveground pipeline segments of the trans-Alaska 
pipeline in cold permafroat areaa, two typea of 
thenaal workpada were conaidered. An all-gravel 
ther .. 1 -banlment design of sufficient thickneBB 
to prevent thaw beneath the -bank .. nt base waa 
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Thawed 

-Structural -

c. d. 

lnalUtlorr 

(--+'-
Permafrost Active Layer 

-Thermal-

PIGURB 1 Bxaaplea of basic overlay e•bankmenta. 
Structural -bank•nt {a) over thawed ground and 
{b) over permafrost, and thermal e•bankment {c) 
without insulation and {d) with insulation. 

considered first. Por TAPS, however, an alterna
tive thermal workpad design, which utilized a syn
thetic inaulation layer at the base of a thin 
gravel overlay, was developed as an effective al
ternative. 'lbe synthetic insulation material se
lected for this design was extruded polystyrene 
fo• •nufactured by the Dow <Jlellical Company. 
Consequently, gravel requirements were greatly re
duced. 'lbe design of the synthetic insulation 118S 

baaed on .. intaining a frozen aubgrade for a con
at ruction period of approximately 2-3 years and on 
long-tena thaw not exceeding one and a half time• 
the original active layer depth. Performnce mon
itoring, after 5 years, indicate• that the insul
ated 110rltpad iB still •intaining frozen ground 
directly beneath the insulation. 

'lbe use of a polystyrene-insulated 110rkpad on 
TAPS resulted in significant coat savings through 
a reduced requir-nt for gravel -banlment mate
rials and reduction in the -bed .. nt length of the 
vertical support -bera {VSMa). 'lbe reduction in 
gravel use also reduced terrain disturbance and 
enviroDllllntal d1111&ge associated wirh the develop
.. nt of borrow sources. Bxcept for areaa of lo
calized distress clue to construction-related in
aulation plac ... nt probl... and to poat-conatruc
tion removal of or damage to the insulation layer, 
the 80 lliles of insulated workpad has performed aa 
intended. 

'lbe therml-insulated workpad was designed to 
prevent long-tena th- of permafrost and iB an in
tegral part of the VSM design on the Horth Slope 
portion of the pipeline. In contrast, the struc
tural workpad was designed to support the ahort
tena construction traffic loading but to allow 
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«\, = Basic thlckneaa component 

cit =Thickness tor thawing permafrost soHa 

da = Thlckneaa tor summer workpad construction 

FIGURE 2 Components procedure for designing 
structural workpads. 

thawing of peI'llAfrost. DefoI'll&tion of the surface 
and degradation of perm1froet .as anticipated and 
yearly maintenance progr1111S were planned to main
tain the workpad for use by light surveillance and 
pipeline maintenance vehicles. 

The structural workpad design used on TAPS 
utilized the component procedure shown in Figure 
2. This design procedure .as used for workpada 
constructed in warm peI'llAfrost and for belawground 
pipeline areas in cold permafrost. The total 
thickness of the workpad D is equal to the basic 
thickness db plus an allowance dt for thawing 
permafrost soils and an additional allowance de 
for summer construction of a workpad. The db 
C011ponent is the basic thickness required for 
structural support over a certain soil type for a 
design wheel load regardless of thermal state. 
dt is an added thickness to account for thawing 
permafrost soils and is related to the predicted 
thaw-strain in the upper 5 ft of soil. de is 
the thickness added to account for aua1111r con-
a t ruction over soils that are thawed in the natur
al active layer. Figure 2 is not meant to repre
sent three different structural layers but to dem
onstrate the additive thickness of the three com
ponents. In thawed areas, only the db thickness 
was used. In permafrost areas, where the workpad 
.as constructed in the winter, the combined thick
ness of db and dt .as specified. For summer 
construction in these same areas, the specified 
thickness .as the total of all three components. 
The component procedure was verified by teat sec
tions constructed prior to pipeline construction. 

The all-gravel structural workpad was de
signed to support the high bearing pressures as
sociated with pipeline construction wheel-loads 
and to compensate for thaw strain in the underly
ing soils during construction. Losa of capacity 
to support heavy wheel-loads on the workpad due to 
thawing permafrost was expected to occur after 
construction, but .as not considered to be a prob
lea since operations traffic would consist of 
light-wheel-load surveillance and 11eintenance ve
hicles. As anticipated, deterioration of the per
•froat in non-insulated gravel workpad areas has 
resulted in thaw settlement and a weakened aub
grade. Pines have been pumped into the overlay 
11eterial, resulting in a significant loss of traf
ficability, but yearly workpad •intenance allows 
passage of light-wheel-load vehicles. 

Law-coat gravel resources are not present ev
erywhere on the Alaskan North Slope. Gravel re
sources diminish in both quantity and quality west 
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Structural Workpad 

luppotta llgllt Balllortngl ___ ,, .......... _ Snow/Ice Workpad 

.._.. ~ equlpnMnt 
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FIGURE 3 Example of a combination structural and 
anaw/ice workpad used for construction of an ele
vated oil pipeline during the winter. 

of Prudhoe Bay, and development activities are 
moving in that direction. The resulting higher 
coat of gravel necessitates the development of 
workpad configurations that reduce the deand for 
gravel resources. 

Willingness to accept certain limitations on 
pipeline maintenance activities can result in ad
ditional savings. If there is no need to provide 
for year-round access during the operational 
phase, the designer can consider using a seasonal 
workpad constructed of anaw, ice aggregate, or 
ice. 

Variations of workpad design utilizing a nar
rOlf gravel workpad with an adjacent anOlf workpad 
as shown in Figure 3 have been successfully used 
for many years by the producing companies at Prud
hoe Bay. Thia combination gravel-snow workpad 
provides for the needed width during construction 
as well as access during the life of the pipeline 
for surveillance and •intenance. Thia solution 
requires winter construction, but in Prudhoe Bay, 
for exaaple, this does not represent a deviation 
from normal construction practice. 

The gravel workpad associated with the com
bination workpada is usually approximately 3 to 
3. 5 ft thick and has a mini•l working width. It 
is utilized mostly during the winter for pipeline 
construction. Heavy-wheel-load, rubber-tired ve
hicles are usually restricted to the gravel por
tion. During the late summer, thaw weakens the 
subgrade, but light-wheel-load monitoring and 
•intenance vehicles can still pass with no prob-1-. 

The snow or ice workpad constructed adjacent 
to the gravel embankment provides a winter working 
surf ace for installation of pipe supports and 
pipelines. This has worked successfully at Prud
hoe Bay, although there is ao11e risk to the con
struction schedule during late snaw years. The 
•bankment acts as a natural snaw fence, however, 
and aids in trapping available anaw by drifting. 

In recent years, drawing on experience and 
research conducted by the Department of Transpor
tation in Alaska, new workpad configurations have 
been developed. The utilization of geofabrica in 
workpad design is being tested in North Slope ap
plications. 

Two applications of geofabrica in workpad de
sign are shown in Figure 4. The Atlantic Rich
field Company has successfully eaployed geofabrics 
to encapsulate law-strength soils into •banlt
ment s. Materials stripped from other operations 
that contain ice-rich silt and organic material 
are encapsulated in geof abrica within the •banlt
ment. Thia provides for effective use of other-
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Encap1ulatlon of low 1trength 10111 __L:f/:T..owm~ 

Maintain 1eparation of material• 

FIGIJllE 4 Tllo examples of the use of geofabrics in 
construction of workpads. 

wise wsted materials while reducing the require
ments for select gravel fill. The performance of 
these embankments, including a portion of at least 
one aircraft runway, has been good. 

One option that has only been tested on a 
limited basis, however, is the use of geofabrics 
to maintain 1eparation of the workpad embankment 
and underlying fine-grained permafrost soils. In 
the case of a structural worltpad, the benefits 
that would be realized are the reduction of the 
d8 design component to zero and perhaps a sub
stantial reduction of the dt component. If only 
the ds c09p0nent is considered, which accounts 
for contamination of the lower portion of the em
bankment by underlying fines during sum•r con
struction, a savings of 1 to 2 ft of gravel can be 
realized by using geof abrics. 

The capacity of geofabrics to maintain separ
ation of •terials is well known. The added bene
fit of reinforcement over thawing permafrost 
soil1, which could reduce the dt design compon
ent, is not as well known. However, if the reduc
tion of a ldnimal thickness of only 1 ft is con
sidered, then gravel usage and cost differential 
can be calculated. Comparative costs of workpad 
construction based on actual North Slope projects 
are given in Figure 5, with the estimated costs of 
a worltpad uitlizing geof abric shown in ce>11parison. 
Since the cost of a workpad is directly related to 
the haul distance from the source of gravel, the 
direct cost per linear foot of workpad is plotted 
versus gravel haul distance. It should be empha
sized that these are direct costs and do not in
clude indirect costs. Its can be seen in Figure 5, 
we reach a break-even point between the 36-in. 
all-gravel pad and the 24-in. insulated gravel pad 
with a haul distance of 22 miles. This simply 
•ans that once the haul distance for gravel is 
greater than 22 miles, it beco•s economically 
feasible to build an insulated workpad. At Prud
hoe Bay where gravel sources are plentiful and 
haul distances short, the cost of insulation is 
probably not justified. 

However, if by using geofabrics 1 ft of grav
el overlay can be saved, the break-even haul dis-
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FIGIJllE 5 Chart comparing direct costs of con
structing various types of worltpada. 

tance is only 1 mile and, therefore, a geofabric
supported workpad constructed more than 1 mile 
from a gravel source costs less than a 36-in.
thick all-gravel workpad. Maintaining separation 
of frost-susceptible fine-grained soils from over
lying sand and gravel with geofabrics makes prob
lem settlement areas easier to maintain and up
grade. This additional long-term advantage makes 
this alternative well worth considering. 

The continued study of the performance of ex
isting workpads in Alaska and continued evaluation 
of their impacts are needed to provide design en
gineers with the information required to improve 
workpad design criteria. Development of new and 
smaller oil fields as well as other remote facili
ties in Alaska will require more cost-effective 
designs, and one of the most critical factors will 
be the availability of gravel resources. For ex
ample, gravel deposits are extre1111ly scarce and 
haul distances are greater in the very large Na
tional Petroleum Reserve--Alaska and other areas 
on the North Slope than they are at Prudhoe Bay. 
The concept of an almost unlilllted, cheap gravel 
resource 1111st therefore by abandoned by the de
signer. The higher cost of gravel in areas of fu
ture development will require workpad designs that 
use less gravel. 
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PERFORtWICE OP THE TUNS-AI.ASIA OIL PIPELINE 

E. R. Johnson 

Alyeak.a Pipeline Service Company 
Anchorage, Alaska, USA 

'Dle trans-Alaska oil pipeline is the first 
large-diameter pipeline transporting hot crude oil 
acroH permafrost terrain. Many technical ques
tions faced designers at the time of pipeline de
a ign, but now, after 6 years of operating experi
ence, .. ny of the questions regarding pipeline 
performance can be answered {Johnson, 1981). 'Dle 
performance of the trans-Alaska oil pipeline has 
been exceptionally good, with only llini .. l opera
tional and enviro111111ntal problema. 'Dlere have 
been some technical problema, to be sure, but they 
have been .. nageable and confirm the high quality 
of the design. 

'Dle fundamental factors differentiating the 
trans-Alaska oil pipeline from moat other crude 
oil pipelines are those caused by an operating 
temperature of 48.6°C and the presence of peru
froat. Approximately 70% of the pipeline route is 
underlain by permafrost. 'lbree basic pipeline de
sign modes were developed to cope with the various 
foundation conditions {Table 1). In the thawed 
ground and in thaw-stable permafrost, the conven
tional buried mode was used. In thaw-unstable 
permafrost, the aboveground mode was used. In 
thaw-unstable permafrost where there were access 
restrictions or where there were enviro111111ntal 
constraints such as the need for extended ani118l 
crossings, a refrigerated buried mode was used. 

In June 1979, t110 belowground pipeline fail
ures occurred that resulted in leaks. 'lbeae fail
ures were caused by 1.2 a of thaw aettl~t in 
one location and 1.7 a of thaw aettleaent in the 
other. In both cases, aettleaent was lillited to 
short 100- to 120-a-long zones underlain by pre
viously undetected ice-rich permafrost. 

Alyeak.a Pipeline Service Coapany routinely 
conducts an extensive monitoring and evaluation 
program designed to detect potential pipeline set-

tleaent probleaa. Visual surveillance detects ev
idence of subsurface aettleaent that .. y be relat
ed to aettl~t of the pipeline. Where problema 
are detected, monitoring rods are attached to the 
top of the pipe to allow survey monitoring at the 
top of the pipe for subsequent aettleaent. If the 
settlement is severe, the monitoring rods are in
stalled leas then 10 a apart. 'Dle curvature of 
the pipe can be calculated from the survey mea
aureaenta and c011pared to known failure criteria. 

In addition to the monitoring rod program, 
major geotechnical and thermal investigations have 
been carried out. Since startup, over 1,000 bore
holes have been drilled to gather geotechnical in
formation and more then 315 thermistor cables have 
been installed to gather information about the 
thermal regime of the permafrost. In addition, a 
pipeline deformation monitoring •pig• detects evi
dence of dents, buckles, and possible incipient 
pipeline cracking. 'Dlia monitoring and surveil
lance progr• hes been very aucceHful in detect
ing several additional problea areas besides the 
t110 previously aentioned. 

Several techniques have been used to repair 
the pipeline. In the Atigun Pass area, the set
tled pipeline was excavated, conventional elevat
ed-pipeline hardware was installed to support the 
pipe, and the trench was backfilled. 'Dle piles 
were eabedded in competent bedrock. Because of 
the high water table in the Dietrich liver area 
south of Atigun Pass, a sling ayatea was used to 
support the pipe and to llinimize excavation below 
the pipe. 'Dle piles were driven to bedrock at 
33.5 •· At another location a 11Sjor through-cut 
11B8 .. de, the pipeline .... supported on elevated 
hardware, and the pipeline was left uncovered, so 
a buried pipeline 11BS changed to a fully re
strained elevated line. 

TABLE 1 Lengths of the three basic construction modes and soil 
conditions along the route of the Trana-Alaska Oil Pipeline. 

Len~h 
Mode Conditions ai km 

Conventional burial 'Dlawed ground or thaw stable 
permafrost 380 612 

Aboveground 'Dlaw unstable permafrost 416 669 

Refrigerated burial 'lbav unstable per .. froat 
with access restrictions 4* 6 

800 1287 

*1.8 Iii (2.9 km) refrigerated piping at pUllping stations 1, 2, 3, 5, 
and 6 in addition to llBinline piping. 
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Another technique that is being used more 
consists of simply lifting the pipe up to even out 
the extreme downward curvature and backfilling 
with a wait aand/c-nt Blurry underneath the pipe 
to give continuous support. Naturally, this reme
dial work is followed by careful monitoring. In 
moat cases, the thaw bulb has already grown to a 
good portion of its total size, ao any additional 
thawing that aight occur would be deep seated. 
Consequently, the need for further correction of 
the pipeline in these areas should be lillited. On 
the south aide of Atigun Pase, an area of thawed 
ground llBB associated with flowing groundwater. 
'lbe proble• was solved by using 11echanical refrig
eration to refreeze the ground and heat pipes to 
.. intain the frozen condition ('Ibo .. • et al. 1 
1982). 

'lbe elevated portion of the pipeline consists 
of 77 1732 pile supports. 'Dae piles are 46-Cll-di
a11eter steel pipes and are .. bedded to an average 
depth of 9.1 •· 'Daere are 17 different pile types 
and they can be roughly grouped into five categor
ies (see Table 1 of paper by Jahns). 'Dae results 
of monitoring the piles supporting the aboveground 
pipeline ahCJlf that 0.6% of the sample settled more 
than 9 ca, that 1.9% heaved more than 9 c•, and 
that the ther11al piles installed in thawed ground 
had the greatest move .. nt (Table 1 of Jahns pap
er). 

'Dae 9-ca threshold was chosen because it was 
thought that this much movement could be of con
cern; hCJ11ever1 site-specific investigations have 
revealed that very ffltl minor proble• occur with 
move11enta of this .. gnitude. 

'lbere are 122,000 heat pipes installed along 
the pipeline to prevent excessive per11afroat thaw 
or frost heaving. 'Dae heat pipes are of a two
phaae1 closed ayat .. containing anhydrous 811110nia 
as a working fluid. Monitoring the heat pipes 
~th infrared illagery has revealed that .. ny of 
them are losing. their effectiveness, probably be
cause of blockage of the heat pipes by a non-con
denaable gas. Gae blockage could ultimately cause 
total failure of the heat pipe. Prelillinary anal
ysis indicates that the blockage la being caused 
by hydrogen gas preaU11&bly being for..d by corro
sion caused by water or other contallinanta left 
inside the heat pipes during their .. nufacture. 
Figure 1 ahCJlfB hCJlf the heat pipe functions and hCJlf 
the accU91Jlation of hydrogen gas in the top por
tion of the pipe can liait the dissipation of heat 
into the atmosphere. A relatively simple and in
expensive repair technique baa been developed, 
which uses a .. tallic halide ("getter" .. terial) 
that absorbs hydrogen and, consequently, restores 
the heat pipes to a fully functional condition. 

'lbe buried refrigerated pipeline mode was 
utilized for 6 km of the .. 1n line and for approx-
1 .. tely 2900 • of buried pipeline at the northern 
pump stations. Thia mode conaiata of a brine-loop 
.. chanical refrigeration system and insulated 
pipeline. 'Dae pipeline is insulated with polyure-
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FIGUllB 1 Schematic diagram of a heat pipe ahCJlfing 
hCJlf noncondenaable gas (hydrogen) restricts heat 
dissipation. 

thane half shells and then coated with a polyethy
lene or FRP 11Bterproof barrier. In ao11e cases the 
waterproof barrier has failed and water has infil
trated the insulation, causing long-term degrada
tion of the insulation. 'Dae corrosion risk that 
develops because of the infiltrated water around 
the unprotected pipe is a more serious problem 
than ther11al degradation. Repair of the refriger
ated buried mode requires excavation of the pipe 
and replac-nt of the damaged insulation. A re
pair 11ethod has been developed that allows place-
118Rt of an effective anti-corrosion system. Re
pair in and around pump stations and under build
ings, is also quite difficult and expensive. 

'Dae probl... encountered during the f irat 6 
year• of operation of the trans-Alaska oil pipe
line have been the focus of this discussion. It 
should be streHed that these probl ... have been 
easily 11anaged and involve only a ... 11 portion of 
the total pipeline system. 'Dae overall perform
ance of the trans-Alaska oil pipeline has been ex
ceptional ly good, and no proble• have been en
countered that i11Pair the ayst .. •s capability to 
transport the required llllOUllta of oil from the 
Alaskan Horth Slope to Valdez. 
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INTRODtx:TION AND A CASE STUDY 

J.E. Bemd.ng 

During the past decade, accelerated develop
ment has occurred in the Arctic, resulting in a 
rapid evolution of envirollll8ntal controls and 
techniques to lliniaize negative impacts during 
construction. Essentially all of the circumpolar 
nations have experienced oil and gas exploration 
and development, pipeline construction, and in
creased 111.ning activity. 'lbe primary probleaa are 
related to the scarcity of gravel in aoae tundra 
areas, the sensitivity of perufroet soils to dis
turbance, and the disposal of drilling llUda and 
other wastes in frozen soils. Recent research has 
emphasized better understanding of the biological 
and physical characteristics of tundra ecoayate .. 
and the development of low-impact techniques for 
transportation ayate .. and facilities. As results 
are published and the significance of various de
velopment activities is better understood, regula
tions have been changed and new guidelines and 
standards have been developed. 

'lbe panel papers that follow emphasize vari
ous aspects of enviro1111ental protection of the 
perufroat areas in the United States, Canada, and 
the u.s.s.R. 'lbe panel acknowledges that environ
aedtal problem can be llinillized or avoided by po
sitive approaches to problem-solving early in the 
project planning process. 'lbia point was also 
discussed and described in a workshop held in 1980 
in Fairbanks to review steps necessary for terrain 
protection during development (Brown and Healling, 
1980). 

Several papers and reports present additional 
information on envirollll8ntal conditions and prob
lems in perufroat regions (Armstrong, 1981; Ger
asiaov, 1979; Grave, 1983; Hanley et al •• 1981; 
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National Research Council, 1980; Woodward-Clyde, 
1980). 

An example of the environment planning proc
ess ia summarized below as an introduction to this 
panel report. 'lbe process includes inventories of 
both the natural resources and the engineering 
constraints, mapping of sensitive areas, a prelim
inary siting plan, and the detailed engineering 
design. 

Natural Resources Inventory: Once a new pro
ject has been identified, but before the exact lo
cation of facilities has been confil'lled and the 
detailed engineering design has been initiated, 
field resource inventories are conducted. Infor
mation ia gathered on bird, 1111mmal, and fish oc
currence and sensitive habitat, endangered spe
cies, wetlands, and subsistence, recreation, and 
other land use patterns. 'lbeae data are used to 
support applications for govermaent permits and to 
provide a basis for siting the project facilities 
so that they will cause the least adverse impact. 

Engineering Constraints Inventory: Simulta
neously with natural resource inventories, data 
are collected by engineering geologists through a 
combination of aerial photo interpretation and 
field surveys in order to delineate engineering 
constraints. Information on geotechnical factors 
such aa grades, organic soils, patterned ground, 
aolifluction zones, and aufeia areas is used to 
delineate constraints. ~~~ 

Delineation of Sensitive Areas: When engi
neering constraints and natural resource inven
tories are complete, the results are integrated 
into detailed maps of the sensitive areas. 

Prelillinary Siting Plan: Preliminary siting 
of facilities involves avoiding sensitive areas. 
When sensitive areas cannot be avoided, special 
mitigation plans are prepared. 'lbe reduction of 
environmental impact and mitigation planning are 
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FIGURE 1 A map of environmental and engineering conetrainte that were avoided during selection 
of a transportation corridor alig1111ent for the proposed Red Dog Mine Project, Alaska. 

an integral part of the per.it process in the 
United States. 

Detailed Engineering Design: After prelim
inary project designs and mitigation plane have 
been reviewed and accepted by government agencies, 
a project can proceed to detailed engineering de
sign. 

'nle above process was applied to the proposed 
Red Dog Mine, a world-class lead-zinc deposit 
along the Alaskan coast of the Olukchl Sea (Dames 
& Moore, 1983). 'nlia project involved planning 
for 110 to 130 km of road plus a new port, air
field, water storage reservoir, mine tailings dis
posal, mill, and housing facilities. 'nle entire 
area le underlain with permafrost with an active 
layer about O.S to 1.0 •thick. Wildlife and 
fisheries resources are abundant and aubeietence 
activities b)' local !ekiaoe are well established. 

Regulatory agencies were moat concerned about 
the potential impacts of mine facilities on fieh 
spawning and overwintering areas, endangered or 
rare wildlife, large-..... 1 overwintering areas, 
and wetland habitats. 'nle mining company was moat 
concerned about construction and maintenance coats 
related to the alignment of the transportation 
corridors and how the econOllic feasibility of the 
project would be influenced b)' the environmental 
and engineering constraints. 

Natural resource and engineering conetralnta 
inventories involved review of the literature and 
extensive field surveys b)' engineers, geologists, 
and biologists. Fish spawning, rearing, and over-

wintering areas, as well ae endangered species ha
bitats, large-aaamal overwintering areas, wet
lands, patterned ground, areas of sheet flow, aol
lfluction, and aufeie zones were identified and 
delineated on 1:63,360 scale topographic maps. 
Once the individual natural resource values and 
engineering constraints had been delineated, a 
composite map was prepared. It was then poeeible 
to select potential transportation corridors and 
to evaluate the comparative coats of construction. 

'nle interdisciplinary process applied in this 
case resulted in the selection of a transportation 
corridor (Fig. 1) that would meet government per
mit requirements with the fewest potential envi
ronmental impact• and the lowest estimated con
struction coat. 'nlia approach is being adopted 
for other development project• within Alaska. 
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DEVELOPMENT AND ENVIRONMENTAL PROTECTION IN THE 
PERMAFROST ZONE OF THE USSR: A REVIEW 

N.A. Grave 

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

Certain results of research into this problem 
were presented at the Third International Confer
ence on Permafrost in Canada and were published 
in the proceedings both in English (Brown and Grave 
1979a, 1979b) and in Russian (Brown and Grave 1981). 

Further progress in this direction has been 
achieved during subsequent years (1979-82) as this 
paper will demonstrate. This progress is reflected 
in particular by the passing of a number of govern
ment Bills and regulations. In accordance with 
Article 18 of the Constitution of the USSR, the 
Supreme Soviet of the USSR has enacted basic legis
lation on the use of waters, forests and mineral 
resources. In the Soviet Union we have begun 
formulating standards for environmental protection 
which will regulate the interaction of man and his 
environment; these standards are divided into 
sections on "Soil", "Landscape", and "Land". With
in this last section the sequence of restoration 
and revegetation of land disrupted due to human 
activities is specified. 

A series of special measures on environmental 
protection in the tundra zone and in the area of 
the Baikal-Amur railway was first passed in 1978 
by a resolution of the Central CoD1Dittee of the 
Communist Party and by the Council of Ministers of 
the USSR, entitled "On additional measures to rein
force environmental protection and to improve the 
use of natural resources." Responsibility for the 
state of the natural environment and implementation 
of the appropriate measures was entrusted to 
government bodies, and at the administrative level 
they are to be implemented by the local Soviets of 
People's Deputies. 

At a time of accelerated development of the 
northern and northeastern regions of the USSR 
these measures have played a positive role in 
environmental protection. Environmental Protection 
departments have been created within the main 
ministries operating in the permafrost regions; 
their task is to implement the environmental 
protection measures with regard to industrial and 
transport projects and to monitor their effective
ness. The Soviet of Ministers of the Yakutsk ASSR 
has passed a resolution to regulate the movement of 
tracked vehicles in s1.D111er in the nine northern 
districts of the Republic. Voluntary societies for 
environmental protection have been established in 
the republics, krays and oblasts in the northern 
areas of the country and in some areas even 
Universities of Environmental Protection. They 
have been pressing for widespread popularization of 
the bases for rational land use in areas, settle
ments and towns experiencing development. 

Widespread discussion of the results of scien
tific investigations into environmental protection 
in the North, which were undertaken in the 1970s at 
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all-union, regional, and departmental meetings, con
ferences, and symposia {e.g. Olchrana okrazhagushc::hey 
sredy 1980, GeoJcriologicheskiy prognoz, 1980, 1982, 
Inzhenerno-geokr ilogicheski ye aspekt !I 1981 ; etc • ) , 
has encouraged the appearance o"t a number ot envir
onmental protection recoDIDendations and manuals. 
On the basis of the Permafrost Institute's investi
gations, VSYeGINGYeO and PNlllS have produced an 
Interim manual. on the Z.aying of pipelines in the 
North (1980), which includes recomnendations on the 
selection of construction sites, requirements for 
engineering preparations, the use of thermal insul
ators, recoamendations on methods of biological 
restoration of disturbed areas, and the use of 
thermal piles on gas pipelines, and proposals as 
to the regulation of the construction and operation 
of installations. A map of the natural-area coir
plexes (landscapes) of the north of Western Siberia 
is included in an appendix. 

Specific needs in terms of environmental protec
tion in the North were the cause for subsequent 
intensification of scientific research with a view 
to establishing more precise criteria as to the 
degree of impact caused by human activities on the 
environment, and the latter's response. It was 
also important to determine precisely the permafrost 
aspects of the environmental protection problem, 
embracing not only the land surface but also water, 
air, flora and fauna. This did not simplify the 
problem for permafrost scientists who are starting 
to focus special attention on the sensitivity of 
the surface in permafrost areas to human activities 
{Grave 1980), since the actual concept of the sur
face includes essentially all the main components 
of landscapes. 

The main approach in solving the problems of 
surface stability involves prediction of changes 
in the permafrost conditions and the development 
of cryogenic processes as a consequence of human 
disturbance of the surface. The problem of geo
cryological, or more accurately geological, predic
tion in connection with the solution of problems of 
environmental protection in the North has become 
the main focus of permafrost studies in the past 
few years. Researchers are striving to obtain 
quantitative and not just qualitative predictions 
and, in connection with this, the quantitative 
characteristics of the original components of the 
landscape. 

Theoretical investigations by Grechishchev 
{1982a,b), based on the results of 15 years of 
research in Western Siberia, allowed hill to con
struct a functional thermodynamic model of the 
environmental/spatial complex (i.e. the landscape) 
in a permafrost area. It takes into account the 
relations between thermophysics (changes in the 
thermal and moisture conditions of the materials) 
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TABLE 1 Changes in northern taiga landscapes caused by disturbances of the surface during construction 
along the line of the Salekhard-Igarka Bailway (adapted from Grechischev et al. 1983). Nature 
of disturbance and changes inthe major landscape components 22 years after building of the 
railroad. 

Engineering-geocryological conditions 

Topography Vegetation Soils Permafrost 
distribution 

Mean annual 
temp. Active layer 

Exogenic 
processes 

Total removal 
of vegetation 
cover and level
ling of surface 

:Replacement of Removal of 
sparse shrub/ peat layer 
sphagnum forest to depth 
by sparse willow/ of 0.4 m 
birch forest 

Lowering of 
permafrost 
table by 
3-3.S m 

Rise of 
o.s 0 c 

Increase in active 
layer depth by 2-3 
times; in some 
places giving 

Thermokarst 
at sites with 
segregation 
ice; season
al frost 
heaving with shrubs, 

grass and 
Polit'Z'ichum 
1-3 m high 

and mechanics (development of cryogenic physical
geological processes). This model is seen by the 
author as a base for quantitative predictions of 
changes in permafrost conditions resulting from 
man-induced impacts on the environment. 

The model includes such factors as hydrometeoro
logical aspects, the composition and properties of 
the vegetation cover and soil, the local topography, 
and technogenic factors. The latter include: heat 
flux into the ground from engineering installations, 
disturbance of vegetation and soil cover during 
construction or operation of those installations; 
changes in the surf ace drainage due to artificial 
inundation or drainage; and changes in the surface 
topography (embankments or pits). 

However, there are some problems associated with 
the construction of a computerized mathematical 
model in this case; these are associated with the 
fact that the interrelations between the tempera
ture field, moisture content of the soils and 
thermokarst have not been determined and with the 
fact that information is also lacking as to some of 
the other interdependences between components of 
the landscape. Simplified mathematical models can 
be used in predictions where only one-way links 
between components are considered, e.g. in the case 
of the removal of the vegetation cover without any 
subsequent restoration. 

Examples of qualitative, semi-quantitative 
(statistical-analog) and quantitative (physical
mathematical) predictions of changes in geocryo
logical conditions in the main oil-and-gas fields 
of the north of Western Siberia, i.e. on the inter
fluve between the Pur and the Nadym and the southern 
part of the Taz Peninsula, are cited in the mono
graph by Grechishchev et ai. (1983) as well as in 
a number of articles (Grechishchev and Mel'nikov 
1982, Moskalenko 1980). The main method of geo
cryological forecasting of the sensitivity of the 
surface to man-induced illpacts is that of the 
physical-geographical analog (Mel'nikov, P.I., 
et al. 1982, Moskalenko and Shur 1980). Man
induced disturbances of the landscape may be divided 
into permanent (e.g. repeated use of land for 
agriculture), periodic (removal of undergrowth along 
pipeline rights-of-way) and impulsive Con one 
occasion and for only a short time). The method of 

way to a 
seasonally 
frozen layer 

the physical-geographical analog consists of com
paring the landscape under study with one already 
developed, and which experienced the same sequence 
of development and contains identical components. 
The method involves the following stages: assembly 
of base-line information by means of a geocryo
logical survey; investigation of disturbed and 
undisturbed sections of the landscape; analysis of 
the landscape from aerial photos flown in different 
years; selection of comparable sites for long-term 
observation; and finally, analysis of the assembled 
data and compilation of predictive tables and maps. 

In the previously cited monograph (Grechishchev 
et al. 1983) the methodology of studying man
induced changes in landscapes (environmental/spatial 
complexes) by way of the stages listed above is 
presented in detail. Predictions of changes in the 
temperature regime and of seasonal freezing and 
thawing of the ground both in the first few years 
after the start of development, and also 15-20 years 
thereafter, and predictions of cryogenic processes 
(thermokarst, thermally induced settlement, frost 
heave and frost cracking) are examined in detail. 

Examples of predictions of changes in landscape 
conditions over the long term as a result of 
development in northern West Siberia have also been 
cited in articles (Moskalenko 1980, Grechishchev 
and Mel'nikov 1982, Grechishchev et al. 1983). Over 
an area of about 10,000 km2 60 types of geobotanical 
units were identified and studied using geocryo
logical and landscape mapping and long-term field 
observations. Over part of the area the vegetation 
cover, the microrelief and the uppermost peat 
horizons were removed. 

Table 1 presents examples of changes in landscape 
and in geocryological conditions as a result of 
disturbance of the surf ace along the line of the 
Salekhard-Igarka railroad in terms of the situation 
22 years after construction. In practice the dis
turbances did not differ from those within the area 
under development being studied and may serve as a 
baseline for geocryological predictions. 

The section of the abandoned railway is located 
on a marine plain, composed of loams covered with 
peat. Islands of permafrost coincide with peat
lands, palsas and bogs. Several recoaaendations as 
to development of the area and as to protection of 
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the enviromaent have been formulated, with applica
tion to landscapes of a region with various degrees 
of sensitivity to htmian activities {Grechishchev 
et al. 1983). In accordance with these predictions 
development of even well drained sections~slopes, 
hillocks and frost-heave motmds--111ust lead to the 
development of thermokarst and thermal erosion; 
this will necessitate the fixing of the disturbed 
sections with vegetation or the avoidance of 
particularly ice-rich sediments. 

The detailed landscape and geocryological char
acteristics of the West Siberian gas-bearing 
province have been presented in two monographs 
(Mel'nikov, Ye. E., et al. 1983a, b). 
A detailed survey of geocryological and thenao
physical site investigations of the upper hori
zons of the permafrost and of the active layer 
with a view to geocryological forecasting in 
connection with man-induced disturbances of the 
surface was published by Pavlov and Shur {1982). 
Long-term observations were carried out under 
various physical geographical conditions: on 
arctic tundra, forest tundra and taiga; in con
tinental and -ritiae areas: and in areas of 
continuous pe~frost and in areas near its 
southern boundary. These observations not only 
confirlled a nuaber of earlier conclusions but 
1lso produced new results. 

The results of regular, systematic, long-term 
observations on various sites, both natural and 
disturbed, in the area of the Urengoy gas field 
have also been published {Chernyad'yev 1980). 
Using Leibenzon's aethods, fairly simple relation
ships for calculating the depth of thaw were 
derived, taking into accotmt the grotmd surface 
temperature, the length of the freeze-thaw period, 
the insulating properties of the vegetation and 
soil covers, latent heat and the thermophysical 
characteristics of the sediments. Monograms were 
compiled which allow one to calculate the grotmd 
temperature depending on the thermal resistivity 
of the vegetation and soil covers and the tempera
ture of the surface. 

These observations confirmed the major role 
played by the snow cover in the thawing of the 
grotmd; snow accumulation on sites where peat and 
moss had been removed markedly increased the depth 
of thaw and raised the temperature of the ground. 
By contrast gravel pads dumped on a peat/moss cover 
cooled the ground. Beneath the pad the peat 
becomes moist and the snow blows off the pad in 
winter. This reduces the depth of thaw beneath 
the pad {Chernyad'yev 1980, Chernyad'yev and 
Abrashov 1980, Shur et al. 1982, Chernyad'yev 
1982, londrat'yev et al. 1979). 

Other observations also point to the important 
influence of the snow cover on the temperature of 
the surface layers of the grotmd. Thus 
Shvetsov {1982) reached the conclusion that the 
most tmstable soils in terms of their thermo
dynamics are those in tundra areas with little or 
no snow cover. These sites cool drastically during 
the cold season but warm up drastically in suamer. 
At latitudes of 66-72° and farther north the soil 
begins to thaw even with air temperatures well 
below zero in late spring. This is confirmed by 
field observations at Cape Kharasavey (Ya.al Penin
sula) over the period 1978-1980 (Sergeyev 1982). 
In the vicinity of the Kular mine in the north of 
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Eastern Siberia (1967-1975) observations were 
carried out at experimental sites on solifluction 
and the destruction of the sides of the pits. 
Some recoa111endations were made as to measures to 
improve the technology of open-pit mining, espec
ially with regard to thermal amelioration of ice
rich loams (Olovin 1979). 

A classification of landscapes has been worked 
out for estimating engineering conditions in the 
permafrost areas along the Baikal-Amur Railway 
(Hikhaylov 1980). The first results of long-term 
observations in the eastern part of the BAM zone 
have been published (Zabolotnik and Shender 1982, 
Ba!ob~yev et al. 1979). The observations were made 
in 1978 in the.Upper Zeya basin (elevation 300 m) 
in an area with widely developed mari, i.e. thick 
peat bogs underlain with ground ice:- Removal of 
the moss cover led to an abrupt increase in the 
depth of s\lllaer thaw and to the development of 
thermokarst; there was also a tendency for the thin 
bodies of permafrost in this southern area to 
degrade. Removal of snow in winter not only halted 
this process but also provoked a marked lowering of 
the temperature of the permafrost, down to -4 and 
-5°C. 

In the northern taiga zone of Western Siberia, 
i.e. near the southern limit of permafrost, experi
mental observations have revealed that removal or 
compaction of the snow cover on forested, well
drained divides and on swamps, led to the formation 
of peretetoks. Cutting of forests on high flood
plains and levelling of sites on htm1110cky surfaces 
led to an increase in the thaw depth and to thermo
karst. Frost cracking of the ground occurred only 
in very cold surfaces, at temperatures below -23° 
to -25°C on peatlands and sands, and below -15°C 
on loams (Grechishchev et al. 1980). 

Investigations of landscape and permafrost in 
Central Yakutia associated with predictions as to 
the suitability of areas of the taiga for clearance 
for agricultural purposes, were carried out using 
cryolithological and thermophysical techniques. 
Despite the high ice content of the tmderlying 
materials, removal of the vegetation cover and 
ploughing of sites in meadowlands on the high 
floodplain of the Amga River did not produce in
tense thermokarst because of the poor insulating 
properties of a meadowland vegetation. By contrast 
removal of the forest on older, high terraces 
containing massive ice wedges led to an abrupt 
increase in the depth of s\Dllll!r thaw and to the 
development of thermokarst. Only a dry climate, 
as a rule, will stop this process in the early 
stages of development (Turbina 1982). Evidently 
dry s1D111ers are associated with generally minor 
disturbances of the relief along the buried gas 
pipeline running from Taas-Tumus to Yakutsk along 
the section in the vicinity of the Kenkeme and 
Khanchaly rivers {Turbina 1980). 

Investigations of areas through which gas pipe
lines have been laid in the north of Western 
Siberia, in Yakutia and at Noril'sk have revealed 
that man-induced disturbances of the surface are 
limited to sections with ice-rich sediments, where
as along sections with ice-poor sands, which are 
widespread in these areas, serious surface disturb
ances did not occur, and for the greater part these 
sections are experiencing natural revegetation 
{Sukhodol'skiy 1980, Spiridonov and Semenov 1980). 
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A somewhat different approach to the compilation 
of predictive maps is also quite widespread. The 
object of the mapping is the ground materials rather 
than landscapes, although the physical geographical 
conditions affecting the properties of the sedi
ments still play a crucial role in this method. 

A method has been proposed for evaluating perma
frost conditions for the early stages of planning 
above-ground structures and for assessing their 
impact on the landscape. The heat inertia of the 
frozen materials and the peculiarities of cryogenic 
processes both under natural conditions and under 
conditions of man-induced disturbance, form the 
bases for compiling evaluation maps. The cryogenic 
processes are divided into three categories: stable 
(weak activity), resiliently stable (showing 
seasonal activity) and unstable (progressively 
developing). The latter category involves thermo
karst, thermal erosion, landslides, solifluction 
and frost heave. Here the ice content of the 
permafrost materials represents the main factor in 
evaluating the stability of the area (Garagulya 
and Parmuzin 1980, 1982, Dellidyuk 1980, Garagulya 
et al. 1982, Baulin et al. 1982, Garagulya and 
Gordeyeva 1982). 

A quantitative method for evaluating the com
plexity of engineering-geocryological conditions 
has been proposed; it examines these conditions 
as a system of inter-linked cmaponents. A master 
plan for evaluating these systems has been develop
ed. The final stage of the operation involves 
special mapping of the engineering geology of the 
area. 

This method has been used in one of the areas 
where pipelines are being built in the North of 
Western Siberia. It was possible to demonstrate 
the influence of various environmental factors on 
the cost of planning, construction and operation 
of a pipeline where special enviroDDental protec
tion methods were used. Areas with varying com
plexities of engineering-geological conditions 
were identified on a map and were categorized as 
simple, mpderately complicated and very complicated 
(Bondariye and Pendin 1982). 

Predictive investigations of permafrost are 
increasingly being used in areas of major develop
ment in the North (Kudryavtsev 1982). It has been 
revealed that to some extent the difficulties of 
development in the permafrost zone associated with 
the problems of environmental protection have been 
exaggerated. Both cartographic and field investi
gations have revealed that the areas where develop
•nt would lead to intense development of cryogenic 
processes had been exaggerated (Pavlov and Shur 
1982). The unstable areas, as a rule, occupy about 
25-50% of the surface of the areas investigated in 
the .,st sensitive areas of the Arctic (Grave et al. 
1982). This aspect testifies to the clear benefits 
of preliminary geocryological investigations in 
areas to be developed, in tel'llll of reducing the 
costs of environmeDtal protection aeasures. 

It should be noted that very little attention is 
paid to the injurious impact of placer mining on 
the landscapes of the North. Both natural and 
artificial methods are used to thaw the placer 
deposits once the vegetation and the surficial soil 
layer have been removed; these include sluicing of 
the surface, intensification of percolation into 
the deposits, the introduction of chemical admix-
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tures in the water added to thaw the deposits, the 
introduction of gases, etc. (Perl'shtein 1979, 
Balobayev et al. 1983). All of these operations 
disrupt the biological productivity of the eco
system and aggravate erosional processes, slope 
denudation and stream pollution. Bence Domenik 
et al. (1979) have focussed particular attention 
on the need to plan for revegetation measures to 
prevent erosion during the planning of such min
ing operations. Treatment of the mining efflu
ents and both engineering and biological reclama
tion must be seen as inalienable parts of mineral 
extraction operations. It is recoaaended in 
particular that dredge tailings be dispersed using 
auxiliary equipment. However, in a number of cases 
major changes in the surface near borrow pits due 
to slope processes and the development of life
less "lunar landscapes" have not occurred. 'l'hermo
karst depressions have in some cases been colonized 
by /Utctogzoaais and by Equisetum a1'Vense while on 
slopes and baydahel'Okhy thick growths of arctic 
groundsel have appeared. Additional sprinkling of 
the surf ace leads to the appearance of grasses and 
after 6-8 years turf will appear in such areas in 
the Arctic (Olovin 1980). 

The problem of revegetation of areas disturbed 
by development continues to absorb the attentions 
of northern researchers. The major investigations 
are being conducted in the tundra zone. Multi
disciplinary studies of the heat balance and of 
geobotany have been carried out in the arctic 
region of Western Siberia along the lower reaches 
of the Bol'shaya lCheta. They revealed that solar 
radiation and heat were adequate for the growth of 
sown grasses (Poa) and Gramineae; this proves the 
feasibility of revegetating disturbed landscapes in 
the tundra zone (Skryabin and Sergeyev 1980). 
Investigations of revegetation in the extreme north 
of the Yenisey region have demonstrated that the 
most active native anchoring plants on disturbed 
tundra are Calamagztostis Zapptandia Creed bent
grass), Festllca etc. (Skryabin 1979). The results 
of multi-disciplinary investigations into soils, 
man-induced disturbances and the conditions for 
regrowth of various plants on the tundra of the 
Polar Urals have been published. Types of soils 
have been identified in terms of suitability for 
revegetation, and reconmendations have been made as 
to improving the properties of the soil, the seed
ing of grasses and the planting of shrubs and trees 
(Vital' 1980, Liverovskaya 1980. Smironov et al. 
1980). 

Fires, the felling and rooting up of trees, 
ploughing, and many other types of development are 
among the causes of soil disturbance and degrada
tion. In Magadan oblast' soil studies have been 
carried out in the tundra, the taiga and the alpine 
tundra. The soils of this region were classified 
both on the basis of biological productivity and on 
their degree of vulnerability to the t}rpes of 
disturbance listed above. The results of these 
studies are useful for planning developments and 
for achieving optimum land use (Sapozhnikov 1980). 

Investigations are continuing on the impact of 
urban development on geocryological conditions. At 
Labytnangi, on the Arctic Circle on the lower Ob', 
construction began in 1949 with small, closely 
spaced buildings without ventilated foundations. 
Removal of the trees and grass cover, and the 
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TABLE 2 Landscape changes in the forest tundra zone caused by disruptions resulting from exploratory 
drilling for gas (adapted from Grechishchev et al. 1983). Characteristics of disturbances and 
changes in the major components of the landscape, 7-10 years after well was drilled. 

Topography 

Subsidence 
around well 
sites; gully
ing on slopes 

Vegetation 

Replacement of 
sparse forest 
with shrub and 
lichen cODDuni
ties with grass/ 
moss coamunities 

Soils 

Removal of 
peat and 
organic horizon; 
reduction of 
soil moisture 
by 50% 

acc\IDulation of snow in yards led initially to the 
development of thermokarst, thermal erosion and the 
formation of swamps. Improvements in building 
technology, dispersal of the buildings, the use of 
ventilated foundations and gravel pads led to the 
elimination of the destructive processes cited 
above (Stremyakov et al. 1980). The reverse phen
omenon, i.e. disappearance of the permafrost, was 
recorded in the recently-built town of Ust'-Ilimsk; 
this was associated with the southerly location of 
this new town and a better building design. The 
formation of pereZetoks has been recorded in the 
case of temporary, poorly built buildings 
(Maksimova et al. 1980). 

With the development of towns in the North, and 
also in association with agriculture, serious con
cerns are being provoked by the process of second
ary salinization of soils and sediments by indus
trial and domestic waste water. Increased miner
alization of suprapermafrost water and ground water 
(up to 300 g/t) has led to the thawing of sediments 
to depths of several meters; this threatens the 
stability of buildings and menaces the natural 
vegetation cover as well as crops (Anisimova 
1980, 1981). 

Investigations are under way and recoaaendations 
have been made with regard to protecting the perma
frost from thawing around drilling sites. As a 
result of thermokarst around drilling sites in the 
gas fields of Western Siberia, pits up to 10 m deep 
and 3-4 m in diameter have been recorded. Table 2 
lists the changes in the landscape and in geocryo
logical conditions around drill sites in the 
northern taiga zone, on well-drained forest tundra. 
This phenomenon is also known from the American 
North. In the USSR insulations have been developed 
which operate on the principle of natural cold 
acc\IDulation to prevent the thermokarst phenomena 
just described. Drilling muds of a special composi
tion and stricter regulations as to their use have 
also been recommended, in order to reduce pollution 
of the environment (Orlov et al. 1982, Akhmadeyev 
1982). Disruption of the surface around gas flare
offs have been examined and calculations to deter
mine the scale of the problem have been recommended 
(Polozkov et al. 1982). 

In the case of the tundra zone preliminary pre
paration of areas to be developed has been rec~ 
mended, prior to the erection of any structures; 
these precautions would obviate subsequent disrup
tion of the surface due to cryogenic processes. 

Engineering-geocryological conditions 

Permafrost 
distribution 

No changes 
recorded 

Mean annual 
temp. 

Rise of 1°C 
in depres
s ions 

Active layer 
depth 

Increase by 
150% 

Exogenic 
processes 

Thermal 
erosion 

Thus, for example, it is proposed that several years 
prior to construction one should remove the vege
tation cover and drain the site in order to produce 
a safe construction site (Grigor'yev 1979, Sukhod
rovskiy 1979). Alternatively it is proposed that 
one should place gravel pads about 1 m thick on the 
tundra surface and at the same time construct a 
surface drainage system; the pads should be mainly 
laid in winter (Konstantinov 1979). 

For conditions prevailing in Central Yakutia 
experiments have led to optimal regimes for channel 
irrigation of meadows which will eliminate bog for
mation and the rise of the permafrost table, as 
well as salinization (Mel'nikov and Pavlov 1980). 
To combat the latter, both on agricultural land and 
especially in urban areas, it is proposed that 
cryopegs (brine solutions) be replaced with fresh 
water, which will freeze to produce an impermeable 
frozen layer (Mel'nikov, P.I., et al. 1982). 

A schematic map has been compiled with a view to 
achieving a very general assessment of the degree 
of surface stability in areas under development in 
the permafrost regions of the USSR. It classifies 
areas as surfaces which are predominantly severely 
unstable, slightly stable and relatively stable, in 
terms of man-induced thermokarst, since this is the 
cryogenic process most hazardous to the environment 
(Grave 1982). 

The map identifies areas most vulnerable to 
development, where one must pay greatest attention 
to the possible consequences; this mainly involves 
areas with ice-rich permafrost. Ground ice melts 
differently under different physical-geographical 
conditions. Thus under severe continental con
ditions, where in s\IDmer.evaporation exceeds pre
cipitation, or in the very cold conditions of 
arctic deserts where there is massive Pleistocene 
ground ice, melting of that ice when the vegetation 
and soil cover are destroyed, occurs only on a 
limited scale. Compilation of maps of ice content 
in the permafrost represents a major task for the 
ianediate future. The maps of distribution of 
ground ice and of thaw-subsidence in permafrost, 
compiled for the uppermost 10 m layer for the north 
of Western Siberia (Trofimov et al. 1980) may serve 
as a model for such maps. 

Future investigations must concentrate not only 
on the rather labor-intensive methods of physical 
geographical evaluation, which have been most widely 
used in Western Siberia, but also on perfecting 
mathematical models, taking into account both 
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direct and inverse relationships between components 
of the landscape. 
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It is also essential to develop specific environ
mental protection measures for the permafrost areas. 
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IEGULATOl.Y RESPONSIBILITIES IM PERMAFROST EMVIROlllEMTS or ALASKA 
FR<ll THE PERSPECTIVE or A FEDERAL LA.MD KAMAGBR 

c.v. McVee* and J.V. Tileaton** 

U.S. Bureau of Land Management 
Anchorage, Alaska, USA 

Until very recently all land and water re
sources in Alaska t11ere aimed by the federal gov
er1111ent. There was very little local management 
and people could, without approval, search out re
sources and proceed to develop what was found with 
very little regulation. In 1959, the U.S. Con
gress began a division of land and responsibili
ties between the newly created State of Alaska and 
the U.S. gover1111ent. Thia led to some changes in 
philosophy and made developers deal with two 011n
era. Thia largely was the situation in 1968 when 
the Prudhoe Bay oil field was discovered and in 
1972 when the trans-Alaska pipeline was proposed. 
In 1971, an old Olltlerahip situation was solved 
when Congress settled aboriginal rights claimed by 
Alaskan natives (Eskimos, Indiana, and Aleuts). 
Thia settlement resulted in a decision to convert 
about 12% of the State of Alaska into private na
tive ownership. Finally, in 1981, the remaining 
federal lands in Alaska t11ere further subdivided 
among four major federal landowners. The net ef
fect of these three federal laws was to create 
ahort-ter11 uncertainties as to resource ownership 
and, therefore, uncertainty as to regulatory re
sponsibilities. 

Thus, a resource developer in Alaska 1a1at 
have specific goals and objectives that are trans
lated directly into regulatory requirements for 
resource development in permafrost environments. 
Thia 1a1ltiple-oirnerahip regulatory approach re
quires unusual coordination and is of ten a cause 
for delay in project approvals. Special regula
tions that apply in permafrost environments appear 
onerous but reflect the fact that when surf ace 
disturbances are not done correctly there is sub
stantial potential for long-tera degradation of 
the permafrost. Federal agencies, on the other 
hand, are obligated to assure that the special re
quirements are necessary, fair, and unifor11ly ap
plied. 

MATIOMAL EMVIll.OlllU!MTAL POLICY ACT 

The National Environmental Policy Act (HEPA) 
is the basic national charter for protection of 
the environment. It requires federal deciaion
makera to use an interdisciplinary approach in the 
planning and approval processes and to seek com
ments froa concerned citizens before decisions are 
aade and before actions are taken. The NEPA proc
ess is intended to help federal off iciala make de
cisions that are baaed on understanding of envi
ronaental consequences and take actions that pro
tect, restore, and enhance the environment. The 

*Foraer State Director, BUt. 
**Presented by J.V. Tileaton. 
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environmental impact aaaeaaaent is a systematic 
process that formally doCU11enta the decision-mak
er' a rationale for the decision taken and the al
ternative courses considered. The basic stipula
tions, terms, and conditions used in the federal 
regulatory process are direct by-products of the 
HEPA analysis that focus upon haw unwanted effects 
can be avoided entirely or at least reduced to an 
acceptable level. 

LA.MD OWMERSHIP IM ALASKA: ITS PRESENT AMD FUTURE 

1959 - Alaska Statehood Act. Thia act pro
vided for 103 aillion acres (42.7 aillion hec
tares) of unreserved federal land to be trans
ferred to state ownership. The state has until 
1994 to coaplete its selection of the acreage. 
The 1959 act also granted to the state title to 
all submerged lands under inland navigable waters. 
In all, ownership of about 110 aillion acres (44.5 
llillion hectares), exclusive of offshore areas, 
will transfer to the state. 

1971 - Alaska Mative Claims Settlement Act. 
As a condition to settling aboriginal rights, Con
gress provided that 70 aillion acres (28.3 aillion 
hectares) of federal land and some state land be 
set aside from which Alaska natives could select 
44 million acres (17.8 aillion hectares) for pri
vate oirnerahip. The 1971 act established Alaska 
native village corporations to own lands around 
established native c0111Unitiea and Alaska native 
regional corporations to own other lands and sub
aurf ace resources under village corporation lands. 

1981 - Alaska National Interest Conservation 
Act. Thia act placed final para11etera on major 
federal land areas in Alaska as follows: 

76 aillion acres (30.8 aillion hectares) 
in national wildlife refuges to be man
aged by the U.S. Fish and Wildlife Ser
vice. 
52 aillion acres (21 aillion hectares) 
in national parka to be managed by the 
U.S. National Park Service. 
68 aillion acres (17.5 aillion hectares) 
in public lands and special management 
areas to be managed by the U.S. Bureau 
of Land Management. 
23 aillion acres (9.3 aillion hectares) 
in national forests and special manage
ment areas to be managed by the u. s. 
Forest Service. 

Thia 1981 act also established two major pro
visions that require special attention by federal 
land managers in Alaska. The first requires the 
federal land manager to evaluate all proposals to 
use any federal lands for any significant restric
tion on subsistence uses. The second established 
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FIGURE 1 Distribution of federally 118naged and state and native lands ln Alaska. 

unlfora federal transportation evaluation and ap
proval procedures. 

Including about 2.1 llllllon acres of national 
defense lands, the federal government, principally 
the Department of the Interior, will retain direct 
proprietary regulatory reeponelbillty for about 
59% of Alaska. 

As of June 1983, some 89 111.lllon acres (36 
lllllion hectares) were under exclusive jurladlc
tion of the state or Alaska native corporations. 
For federal lands selected but not conveyed to 
state or native entities, there le some fora of 
aitual cooperation, coordination, or actual shar
ing of the regulatory reeponelbllitiee. Ownership 

le still fluid. Between June and October 1 of 
1983, an additional 6 111.llion acres (2.4 111.lllon 
hectares) will be transferred fr011 federal to 
state or native ownership. 

Lend exchanges between federal, state, and 
native ownership also are becolllng a prolllnent 
factor in transferring resource ownership to en
hance both preservation and development opportuni
ties. A 118jor focus of recent exchange proposals 
has involved the Alaska Arctic Slope, where devel
opment of energy resources le the primary use. 

A practical question of any major resource 
development project in a per1111froet environment 
ie, who owns the gravel? In Alaska, gravel le a 
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subsurface resource; therefore, if on native vil
.!!I!. corporation lands, the native regional corp
oration owns the gravel. If the gravel source la 
in a non-navigable waterway, the adjacent landown
er owns the gravel; if in a navigable waterway, 
the state owns the gravel. 

LAND MANAGBMBNT OBJECTIVES AND REGULATORY ACTIONS 

Each native corporation has its own land .. n
agement objectives, and the state also has land 
management objectives for land under its jurisdic
tion. 

Each federal land manager la given specific 
ground rules by the U.S. Congress for resource 
protection and development in Alaska. 'lheae range 
from strict preservation to various for111 of 11111-
tiple-uae and preservation. For example, the U.S. 
Bureau of Land Management manages the 23-million
acre (9.3-million-hectare) Rational Petroleua lle
aer11e in Alaska for petrole11111 extraction. While 
just north of Fairbanks, Congress had directed the 
Bureau of Land Manag.-nt to manage the highly 
mineralised 1-million-acre (0.4-million-hectare) 
White Mountains Rational Recreation Area for pub
lic recreation and the adjacent 1.2-million-acre 
(0.5-million-hectare) mineralised Steese Rational 
Conservation Area. 

Each land manager, through its regulatory 
functions, la fulfilling its obligation to make 
wise decisions for the benefit of the owners. 
'lhia la a balancing game where ..,at options are 
neither good nor bad, but •better• or ·worse.· A 
federal agency's constituencies include 227 mil
lion stockholders or citizens of the u.s., the 
President of the U.S., the Secretary of the Inter
ior, Congress (especially the Alaska delegation 
and members of the appropriations cOlllU.tteea), the 
Governor, and all too frequently the federal 
court a. 

'lhe state and native landowners have similar 
constituencies to be considered in land-use auth
orisation in per111froat enviro1111enta. 

llBGULATOllY ACTIVITIES TO PROTECT 
PBRMAPROST ENVIllOtlolENTS 

'lhe degree of federal regulation la usually 
cClmllenaurate with the level of the expected activ
ity and its duration, the sensitivity (physical 
and political) of the area to be disturbed, and 
the public and private interests at risk. 

Federal regulation can, and does, take place 
during the design, operation, and maintenance 
stages of resource development at four distinct 
periods: 

Exploration - Locate the resource. 
• Development - Prepare the resource to go 

to market. 
Production - Produce and transport the t·e
aource into the market. 
Shutdown - Econollic life of the production 
phase la completed. 

Certain regulations have universal applica
tion, while others are specific to the lands man
aged by a particular owner (federal, state, or na
tive). 

127 

At the federal level in Alaska, there la a 
striking degree of similarity to the regulatory 
process in that Congress f ixea the level of re
source uaea and deterllinea broad priorities for 
which resource uses COiie first. 

Each federal land manager prepares a land-use 
plan that outlines the criteria for resource uaea 
and protection standards. Each land-use plan und
ergoes numerous local, state, and often national 
reviews before it la finally adopted. 

There la an accelerating trend to place with 
the applicant pri .. ry reaponaibility for showing 
that there will be no undue or unnecessary hara to 
the existing aocioeconollic values or to the natur
al enviro1111enta aa a result of the proposed re
source development program. In Alaska, these in
clude investigations on subsistence use, endan
gered species of plants and animals, and cultural 
resource avoidance aa "811 aa the more traditional 
per111froat engineering design questions. 

In Alaska, federal regulatory actions ex
pressed by stipulations, teraa, or conditions in 
the land-use authorisations come in three princi
pal categories: 

1. 'lhoae designed to prevent or llitigate 
physical damage to per111froat environments. Exam
ples include: 

• Avoiding sensitive permafrost areas where 
.. .. wasting, major drainage reconfigura
tions or untried engineering would be re
quired. 
Constructing telllJOrary ice roads and ice 
airfields (natural or man-made) during the 
exploration phase in lieu of per111nent 
facilities where thermal erosion la a 
likely by-product. 
Requiring either all upland or aquatic 
gravel extraction sites according to ther
mal regimes and site restoration capabili
ties. 
Requiring gravel or substitute insulation 
for work pads, airf ielda, roads, drilling 
areas, and housing areas, according to the 
permafrost regiae and the comllitaent of 
available gravel resources for other uaea. 
Perllitting surf ace moveaent of heavy 
equipment only when the ground la frozen 
to a llinillUll depth of 12 in. 
Using air-cushion or low-ground-pressure 
vehicles aa a means to avoid construction 
of either temporary or permanent transpor
tation facilities. 
Using air-transportable equipment where 
either telllJOrary or permanent roads would 
be necessary. 
Installing rip-rap or culverted drainages 
to llitigate or avoid thermal erosion. 
Successfully testing new engineering meth
ods before surface disturbance starts. 
Requiring rehabilitation/restoration when 
the surface disturbance activities are 
suspended for any significant period or aa 
part of the shutdown phase. 
Restricting fuel storage and waste dispos
al sites and methods. 

2. 'lhoae designed to maintain availability 
of habitats not physically disturbed. Examples 
include: 

Establishing llini111111 flight altitudes for 
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aircraft crossing high-density waterfowl 
nesting areas during the nesting season. 
Avoiding activity near occupied bear 
sites. 
Avoiding caribou calving grounds during 
the calving season. 
Avoiding major caribou migration routes or 
requiring special engineering designs 
for mitigation. 
Avoiding peregrine falcon nest areas dur
ing the nesting period. 
Designing and locating snow-collecting 
structures in relation to winter habitat 
areas used by wildlife. 
Designing culverts for fish passage. 
Maintaining natural hydrologic regilll!s 
through fish spawning areas. 
Maintaining minimum flows in key over
winter fish habitats. 

3. Those designed to prevent or mitigate. 
sociocultural and aesthetic disturbance. These 
include: 

Locating facilities away from rural com
ainities. 
Prohibiting families at construction or 
re110te operatonal facilities. 
Avoiding local subsistence use areas (fish 
camps, hunting camps, traplines, caches, 
cabins, berry-picking areas, local fire
wood, or house log areas), especially dur
ing periods of use. 
Locating and avoiding cultural and histor
ic places. 
Requiring employment of local workers. 
Instituting job training to provide skills 
needed by local residents to secure em
ployment during the exploration, construc
tion, or operational phases of the pro
posed project. 
Increasing employlll!llt opportunities of mi
nority groups through minority contracts. 
Prohibiting hunting by personnel while lo
cated at re11c>te facilities. 

• Evaluating how the project will look when 
completed (color, form, fit to terrain). 
Evaluating whether temporary or peraanent 
transportation facilities will be approved 
at the exploration phase. 

TRANSPORTATION FACILITIES 

Major resource developments in Alaska fre
quently require construction of new transportation 
facilities. While the mine site, timber harvest 
area, or oilfield may occupy a relatively smell 
area, be in a single ownership, and impact only a 
few ecosyste .. , transportation syste .. involve 
1a1ch larger areas of impact, cross numerous owner
ships, and frequently involve numerous ecosys
tems. The development and transportation deci
sions are usually separate. 

The transportation system ls frequently the 
focus of major controversy, as new transportation 
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creates new development opportunities for other 
resources. 

REGULATORY UNIFORMITY 

All land managers, resource developers, and 
their respective interest groups desire uniform 
regulatory processes and fair stipulations, terms, 
and conditions. 

The problem ls, "Whose process?" and "Fair to 
wh<>11?" 

In Alaska, there are several cooperative ven
tures started or now going under the auspices of 
the Alaska Land Use Council, a federal/state/ 
native entity created by Congress under the Alaska 
National Interest Land Conservation Act. These 
ventures include: 

Standards for wildfire suppression on 
state, federal, and native ownerships. 
A process for conducting subsistence 
evaluations. 
Uniform standards for oil and gas ex
ploration, development, and production on 
state and federal lands. 
Hanagelll!nt of federally reserved access 
easements across native ownerships. 
Establishment of natural control areas 
against which to lll!asure the effectiveness 
of permit stipulations. 

CONCLUSIONS 

Conferences such as this pinpoint current 
state-of-the-art opportunities and outline poten
tial solutions being tested. Hore importantly, 
they .. intain established lines of c<>11aunication 
and open new ones between land managers, research
ers, and resource developers. 

The regulatory process is an expression of 
the concerns landowners have in protecting re
sources entrusted to their care. In the case of 
federal agencies, these concerns are required by 
law. Requirements imposed in permafrost areas may 
appear particularly onerous, but they reflect the 
potential for long-term serious degradation of the 
pel"llllfrost environment. A principal factor in the 
decision process 1a1st be "When in doubt, be con
servative." 

Federal agencies, on the other hand, are also 
obligated to assure that requirements placed on 
industry are necessary, are fairly and uniformly 
administered, and are reasonable in relation to 
the values at risk. 

Govert111ent agencies also have the responsi
bility to assure that proposed developments that 
cut across land ownership boundaries are evaluated 
under similar criteria. Terms, conditions, or 
stipulations should be reasonably co~tible be
tween adjacent landholders. Nothing strains the 
credibility of the regulatory process 110re than 
having radically different standards on opposite 
sides of an invisible ownership line. 
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TERRAIN AND P.NVIRONMENTAL PROBLEMS ASSOCIATED WITH EXPLORATORY DRILLING, NORTHERN CANADA 

H.K. French 

Departments of Geography and Geology, University of Ottawa 
Ottawa, Canada 

Recent environmental concerns in northern 
Canada relate largely to the search for hydrocar
bons in either the Northern Yukon, the Mackenzie 
Valley, the High Arctic islands, or offshore in 
the Beaufort Sea. Since the extraction of other 
nonrenewable mineral resources is still limited in 
extent (Indian Affairs and Northern Development, 
1983), this paper restricts itself to land-based 
oil and gas exploration activity, and provides ex
amples from the northern interior Yukon. 

The last 15 years has witnessed a growing 
awareness of the sensitive ecological nature of 
much of northern Canada. Unfortunately, some of 
the recently discovered hydrocarbons occur in the 
more fragile tundra and marine environments where 
plant and animal life is relatively abundant and 
where ice-rich permafrost is widespread. A corn
erstone of federal government policy in Canada is 
that northern development can only be sanctioned 
if all possible effort is made to minimize the en
vironmental impact of these activities upon both 
the physical environment and the northern indigen
ous peoples (Chretien, 1972; Allmand, 1976). 

One of the more important steps that have 
been taken to promote this general objective was 
the passing of the Territorial Land Use Act and 
Regulations in 1971. Other initiatives taken in
clude terrain sensitivity and surficial geology 
mapping, undertaken primarily by the Geological 
Survey of Canada in areas of potential economic 
activity (e.g. Barnett et al., 1977), preparation 
of environmental impact statements by industry and 
their assessaent by federal government agencies 
prior to the granting of peraits (e.g. Slaney and 
eo •• 1973; Beak Consultants, 1975), establishment 
of government-sponsored coaaissions of inquiry in
to the social and environmental effects of major 
development proposals (e.g. Berger, 1977; Lysyk et 
al., 1977), and support of research into arctic 
land use problems by the Federal Department of 
Indian Affairs and Northern Development (e.g. Ker
foot, 1972; Wein et al., 1974; Bliss, 1975; Smith, 
1977; French, 1978a, 1981). 

Other papers related to environmental prob
lems of drilling in northern Canada include those 
by Bliss and Peterson (1973) and French (1978b; 
1980). Similar studies dealing with northern 
Alaskan well sites are also available (e.g. Lawson 
et al., 1978; Lawson and Brown, 1979; Johnson, 
1981). 

GERERAL CONSIDERATIONS 

Terrain problems in northern Canada frequent
ly relate to the melt of ice-rich permafrost and 
subsequent ground instability. Other concerns re
late to the geotechnical properties of certain ma-
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terials, particularly those that are unconsolidat
ed and susceptible to either natural or man-in
duced failure and mass movement. 

With respect to oil and gas exploration, some 
of the early environmental concerns were related 
to seilllRic and other transportational activities. 
Recent studies in the Northwest Territories, how
ever, suggest that the impact of modern transpor
tational activities has been reduced to a minimum; 
improvements in industry operating practices (e.g. 
the use of vehicles equipped with low-pressure 
tires) and the strict application of land use reg
ulations (e.g. restriction of cross-tundra vehicle 
movement to winter months) are important factors. 
Viewed in this light, the potential for the moat 
serious terrain and environmental damage is now 
associated with the drilling operation itself, 
which often extends into the critical su11111er 
months, and the disposal of waste drilling fluids. 

Several factors accentuate terrain disturb
ance problems adjacent to well sites. First, on 
many islands there is an absence of easily access
ible gravel aggregate suitable for pad construc
tion. This problem is particularly acute on the 
Sabine Peninsula of eastern Melville Island where 
the Drake and Hecla gas fields are located and 
where there is a near-continuous lichen~oss cov~r 
overlying soft, ice-rich shales of the Christopher 
Formation. Wherever possible, urethane matting is 
placed around the rig and beneath buildings to 
compensate for any gravel deficiency. Road con
struction is also a problem because of the lack of 
aggregate in .. ny localities. Furthermore, al
though compacted snow is often used for winter 
roads elsewhere in northern Canada, the very low 
snowfall of the High Arctic limits this possibili
ty, and strong winds leave many flat areas virtu
ally snow-free during the entire winter. 

A second factor indirectly promoting terrain 
disturbance is that an increasing number of wells 
are being drilled to greater depths as deeper geo
logical structures are tested. Since the time 
needed to drill a hole increases with depth, ac
tivity at many arctic well sites often continues 
into the critical s1111111er months when tundra is 
thawed. The movement of equipment and supplies 
around the site at this time of year can lead to 
considerable terrain disturbance, especially if 
there is a gravel shortage at the site. 

Environmental problems of land-based wells 
often relate to the disposal of waste drilling 
fluids (French,.1980). These may be toxic in na
ture. As a consequence, the Territorial Land Use 
Regulations require that the fluids be buried in 
below-ground sumps or in reserve pits, so that 
they freeze in situ and become permanently con
tained within the penaafrost. In itself, the con
struction of a sump is a major terrain disturb-
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ance. In addition, the influx of relatively warm 
drilling fluids can lead to significant changes in 
the thel'llal regiae of the pel'llaf rost adjacent to 
and beneath the SUllp (French and Smith, 1980). 
Moreover, if a well is drilled deeper than antici 
pated for various technical or geologic reasons 
the sump may be too ... 11 to contain the fluids 
used. In some other instances, fluids and toxic 
materials have been either spilled on the tundra 
or allowed to enter water bodies. In recent 
years, the deeper drilling associated with many 
onshore wells and the larger volumes of drilling 
1111ds required have highlighted waste fluid dispos
al problems. 

A HISTORICAL PERSPECTIVE 

The progressive evolution of land use and en
vironmental management associated with hydrocarbon 
drilling activity in Canada can be traced histori
cally. Pre-Land Use Regulation operations (i.e. 
pre-1971) can be compared, in most instances unfa
vorably, to post-1971 operations. In addition, 
the most recent drilling operations, when compared 
to the early post-1971 operations, indicate both 
an increase in flexibility on the part of the reg
ulatory agencies and an increased awareness of en
vironmental and pel'llafrost-related issues on the 
part of the companies involved, resulting in an 
overall decrease in environmental and pel'llafrost 
concerns. Evidence of this desire to cooperate 
and 110rk together was the recent informal agree
ment between Panarctic Oils Ltd. and Land Resourc
es, DIAND, to drill a well without a sump in the 
High Arctic, on Ellef Ringnes Island, in winter 
1981/82 as an experiaental procedure to document 
the effectiveness of traditional waste-fluid con
tainment procedures (i.e. sump use) vis-a-vis sur
face disposal upon the tundra (e.g. Panarctlc, 
1982a,b). 

These broad trends can be illustrated with 
reference to a nuaber of abandoned well sites in 
the northem Yukon. Each is representative of a 
dlf ferent stage in the progression of land use and 
environmental management procedures. The northern 
Yuk.on ls an area underlain by widespread discon
tinuous permafrost, and lies within the boreal 
forest-shrub tundra vegetation transition (Oswald 
and Senyk, 1977; Viken et al., 1979). Since 1962, 
over SO wells have been drilled in the northern 
Yukon, by far the majority on either Eagle Plain 
or Peel Plateau. 

Pre-Land Use Operations 

Typical of many early well-drilling opera
tions in the northem Yukon was the Blackstone D-
77, drilled in 1962 and 1963 to a depth of 4028 m. 
It was a two-season operation that comaenced in 
March 1962 and finished in January 1963. In all 
probability, there was activity around the site 
during the sumaer of 1962, but the nature of this 
activity ls dlf ficult to ascertain from the well 
records. It 110uld appear that the well ws 
drilled from a pile-supported platform, remnants 
of which still exist at the site. 

The well was located on gently sloping ter
rain occurring towards the bottom of a north-south 
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trending tributary valley of the Blackstone River. 
Poor drainage conditions at this site together 
with silty ice-rich colluvial sediaents produce an 
open forest woodland of black spruce (Picea 
1111ria11111) and tamarack (l.ar1r sp.) with a relative
ly dense shrub layer (dwarf birch, willow, erlca
ceous shrubs) and sedges (carer spp.). 

During site preparation, in the winter of 
1961/62, this vegetation had been cleared and 
probably bumed. Recent ecological and forest 
surveys of the northem Yuk.on now clarify the im
plications of such actions. Por example, in the 
moister environments of the interior Yukon, a 
fire cycle occurs that is slightly different from 
that characteristic of well-drained sites. 111!
cording to Zoltal and Pettaplece (1973), in moist 
environments, sedges and cottongrass tussocks sur
vive the fire and thrive in the absence of compe
tition and because of the increased moisture asso
ciated with the thickening of the active layer. 
This makes the re-establishment of black spruce 
and tamarack difficult. The result ls the devel
O(lllent of areas of f lre-induced tundra composed of 
tussocks or tussock-dwarf birch. When re-examined 
in 1979, black spruce and tamarack had not suc
ceeded in reclaiming the area. Instead, substan
tial thenaokarst had developed within the area of 
the well site. Thermokarst mounds, 1-3 m in 
height, together with deep pools of standing 
water, 2-4 m deep in places, surrounded the old 
drilling platform. 'l'haw depths in the disturbed 
terrain c0111aOnly exceeded 90 cm while those in ad
jacent undisturbed terrain were less than 45 cm. 
Revegetation was in the form of sedges, mosses, 
dwarf birch, and cottongrass. 

In the general vicinity, seismic lines reveal 
a similar history of physical disturbance and 
thermokarst. The r•oval of trees and surface or
ganic material had led to the formation of water
f i lled trenches, 80-100 cm deep, colonized by 
aquatic plants (Bquisetum spp., carer spp., moss
es). 

In swmaary, the Blackstone D-77 well site il
lustrates how environmental issues were ignored 
before the introduction of the Territorial Land 
Use Act and Regulations. The permafrost-vegeta
tion relationships were little understood and the 
physical (i.e. thermokarst) changes that resulted 
were long-lasting and permanent. In many ways, 
these early Yukon well-drilling operations were 
similar to some of the early operations on the 
Alaskan North Slope (e.g. Lawson et al., 1978). 

Post-Land Use 0peratlons 

One of the first wells to be drilled on the 
upland surface of Eagle Plain following the intro
duction of the Territorial Land Use Regulations 
was the Otevron SOBC Wm N. Parkin D-61. Not only 
was it drilled completely in the winter of 1971/ 
72, but the site chosen was relatively well 
drained and underlain by consolidated bedrock pos
sessing low ground ice amounts. In contrast to 
the Blackstone D-77 well site, therefore, minimal 
terrain disturbance occurred at this site. 'l'his 
reflected (a) the one-season, winter drilling pro
gram and (b) the low terrain sensitivity of the 
site. The absence of a rlgpad probably reflected 
the absence of easily accessible surficial aggre-

-~---Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


gate and the reluctance of the land uae regulatory 
bodies at that time to extract aggregate from 
local bedrock aourcea. 

Recent Operation• 

Since the early 1970'a, there baa been a pro
greaaive refinement in both industry operating 
techniques and the application of the Territorial 
Land Use Regulations. This trend is best illus
trated by the laat •11 drilled on Eagle Plain. 
This was the Aquitaine Alder c-33 •11, drilled 
during the late winter of 1977/78. 

'lbe •11 waa located on a south facing, gent
ly sloping (2-5°) interfluve, several kilometers 
south of the main Eagle Plain escarp!lent. Vegeta
tion in the area conaiats of an open canopy of 
black spruce (Picea mariana) together with a shrub 
layer of birch (Betula glandulosa), alder (Alnus 
sp.), and some Labrador tea. A 18C>H-11chen layer 
constitutes a aurf ace organic mat 18C>re than 10 ca 
thick. At the •11 site the presence of white 
spruce (Picea glauca) and charred re1111ants of 
black spruce indicated a previous burn. 

During June 1977, geotechnical and terrain 
investigations •re undertaken by consultants at 
the proposed •11 site location. 'lbe depth of the 
frost table and active layer temperatures •re 
measured at several aites. NJ was to be expected, 
the thaw depths bore a close relationship to the 
vegetation cover and type, and confirmed the ia
portant thermal role that vegetation plays in 
these northern boreal forest-shrub tundra environ
ments. Shallow drilling revealed 10-24 cm of or
ganic material overlying about 2.4 m of silty col
luvium, which graded into highly wathered and 
fissile shale bedrock. 'lbe upper 2 a of colluvial 
sediaenta poaaeaaed excess ice amounts of betwen 
10-25%, and natural water (ice) contents exceeded 
20%. Ground ice aaounts then progressively de
creased with increasing depth. 'lbe deeper cores 
retrieved from underlying shale and sandstone bed
rock indicated low ground ice content and high 
structural cohesiveness of the rock. 

Following these observations, a land use per
mlt was issued for the drilling of the wll during 
the winter of 1977/78. A large gravel pad was 
constructed for the operation, to prevent thaw of 
the ice-rich aurficial material. 'lbe aggregate 
was obtained by crushing sandstone froa a borrow 
pit opened up along the crest of the main Eagle 
Plain escarpment to the north. Although a ... 11 
auap was used during drilling, the asjority of the 
waste fluids wre transported to the borrow area, 
which served aa a main sump. 'lbe operation was a
typical, therefore, since the main rig sump waa 
not at the site itself. During the summer of 
1978, operation• at the site terainated and site 
rehabilitation vaa accomplished the following win-
ter. 

NJ a result of these procedures, terrain dis
turbances adjacent to the rigpad •re minimal. 
Moreover, no signs of thawing of the permafrost, 
as might be indicated by slumping of the pad, •re 
visible in July 1979. It was concluded that the 
methods adopted to prevent thaw •re auf ficiently 
effective to offset any increase in thaw due to 
the reaoval of trees and the surface vegetation 
layer. 

131 

DISCUSSIOll 

These three selected case histories illus
trate the effectiveness and application of the 
Territorial Land Use Regulations in the boreal 
forest-shrub tundra environaenta of northern 
Yukon. 

'lbe changes effected by the introduction of 
the Territorial Land Use Regulations in minimizing 
disturbance are clearly apparent. 'lbe relative 
sophistication of the Aquitaine C-33 operation, 
where a large gravel pad waa constructed and ac
tivity was limited to the winter 18C>ntha, can be 
co1111>ared to the earlier Blackstone D-77 wll site 
where typical man-induced thermokarat occurred 
following land clearance and drilling activity in 
the auaaer in an ice-rich locality. Observations 
at the Blackstone site suggest that over the long 
term (i.e. 15-25 years) natural recolonization, 
similar to the changes following fire, is as suc
cessful as artificial seeding in site rehabilita
tion. 

'lbe containaent of waste drilling liquids in 
below-ground sumps baa been a standard operating 
condition for wells drilled under the Territorial 
Land Uae Regulations in both the 11.w.T. and the 
Yukon. Equally, it has been one of the conditions 
that has presented the aoat probleaa. 'lbe Aqui
taine Alder C-33 illustrates how an innovative 
waste disposal program was undertaken and is rep
resentative of an increased awareness of the need 
for flexibility in the application of the Terri
torial Land Use Act and Regulations, especially as 
they pertain to the disposal of waste fluids. Al
ternate disposal methods are actively being invea
t iga ted, including surface disposal, detoxifica
tion procedures, trucking to designated disposal 
sites, and dilution in surf ace water bodies. 'lbe 
surface disposal experiment on Ellef Ringnea Is
land in the High Arctic (Panarctic, 1982a, b) is 
the aoat recent approach. However, the variabili
ty of local terrain conditions in northern Canada 
and the inherent uncertainty involved in explora
tion drilling continues to prevent any one waste 
disposal procedure f roa being adopted in pref er
ence to others. 

CONCLUSIOllS 

'lbere appears to be no easy solution to the 
terrain and environmental problems of oil explora
tion in northern Canada. However, the continued 
application of the Territorial Land Use Act and 
Regulations, together with the positive attitudes 
increasingly adopted by the operators theaaelvea, 
are leading to fewr problems that cannot either 
be resolved or miniaized. In the boreal forest
shrub tundra environments of northern Yukon, ter
rain disturbances associated with •11 drilling in 
recent years have been minimized. Where there is 
a lack of ice-rich aurficial deposits, the rela
tive rapidity of natural revegetation is i111POrtant 
in reducing terrain damage. In spite of this, 
terrain disturbance and &Ulllp-related proble .. do 
still occur in other localities in northern Can
ada, especially north of treeline in the ecologic
ally aore delicate tundra and polar, semi-desert 
environaenta. 'Ibey e1111>haaize the desirability of 
site-specific solutions to minimize iapact and a 
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thorough understanding of permafrost-vegetation 
relationships, in addition to the imposition of 
general land use operating conditions. 
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PETROLEUM EXPLORATION AND PROTECTION OF THE ENVIRONMENT ON THE NATIONAL PBTllOLBUM ll!SBRVE IN ALASltA 

H.c. Brewer 

u.s. Geological Survey 
Anchorage, Alaaka, USA 

The National Petroleum Reserve in Alaska 
(NPRA) comprises almost 96,000 km 2 of the tundra
covered area of the North Slope. Its northern 
boundary is the Arctic Ocean, including almost 
equal portions of the coastline of both the Oluk
chi and the Beaufort Seas. A little more than 
one-half of its southern boundary follows the di
vide of the Brooks Range. 

Except beneath a portion of Teshekpuk Lake, 
which is approximately 810 tca2 in area, the entire 
Reserve is underlain by permafrost ranging in 
thickness, to the beat of our present knowledge, 
from about 200 to 400 m. The minimum temperature 
of the permafrost, below the depth (20 m) of mea
surable annual change (O.Ol°C), is -10.1°c. The 
thickness of the active layer, depending on the 
soil material, topography, location within the re
serve, and vegetative cover, ranges from 0.3 to 
1.5 m. The annual precipitation averages about 
0.3 m and almost 80% of that occurs in the form of 
snow. Thus, the area baa been termed a polar des
ert, in spite of the myriad of generally shallow 
lakes (1 to 3 m) that are found within the coastal 
plain area. Moat of the Reserve, except near the 
mountain front, is almost devoid of gravel that 
could be used foi construction, although approxi
.. tely 13,000 km of the area is covered by mostly 
stabilized sand dunes. 

Exploration of the Reserve for oil and gas 
potential generally baa been concentrated into 
three time frames. The first was a geological re
connaissance during the period 1923-1926 by per
sonnel from the U.S. Geological Survey. Thia was 
followed by the Navy's exploration program, in
volving geologic mapping, geophysical prospecting, 
and the exploratory drilling of 36 generally shal
low teat wells and 44 core teat wells from 1944 to 
1953 (Reed, 1958). The moat recent explorations 
occurred during the period 1974-1981, when first 
the Navy and then the u.s. Geological Survey ac
complished 21,800 km of reflection seismic survey 
and drilled 28 exploratory and 10 development 
wells, the latter in the small, shallow natural 
gas fields near Barrow (Schindler, 1983a). Two of 
the exploratory wells were the deepest ever 
drilled in Alaska, approximately 6200 m deep. 

The Navy's 1944-1953 exploration program be
gan under wartime conditions and even used some 
military-type equipment, such as tracked landing 
vehicles for transporting aen and equipment across 
the tundra. It was a pioneering effort in which 
one of the goals was to see what equipment would 
work in the rigorous arctic environment and what 
modifications might be required in exploratory 
techniques. The moat important finding of the 
latter was the knowledge that overland travel 
could only be successfully accomplished during the 
winter. The environmental protection ethic was 
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not emphasized in those days, nor was research far 
advanced concerning the impact of this type of op
eration on the arctic environment. In retrospect, 
there were two serious environmental results. The 
first involved overland transportation, especial
ly during the awmaer perio4a when, in order to ob
tain traction and to keep from high-centering ve
hicles, the active layer was bladed down to perma
frost. In some instances this resulted in ero
sion; in all cases it left ditches across the tun
dra that are expected to be visible longer than 
the old Roman roads in Britain. The second major 
environmental impact was that debris, especially 
empty fuel drums, was scattered across the tundra. 
The latter baa been largely rectified, the debris 
gathered up and burned or buried, but at a very • 
large financial coat (Schindler, 1983b). 

One very positive result of that earlier ex
ploration was that, in 1947, the Navy introduced a 
program of research in arctic environmental mat
ters, including operating techniques in that envi
ronment. The research program continued at the 
Naval Arctic Research Laboratory at Barrow, so 
that by the time oil was discovered at Prudhoe 
Bay, in 1968, an impressive amount of knowledge 
had been accumulated (Reed and Ronhovde, 1971). 
Thia included information regarding casing col
lapse in wells; knowledge of the thicknesses of 
gravel required along the Arctic Coast to bring 
the frost line up into the gravel fill and thus 
prevent deterioration of the underlying permafrost 
in all-season roads and airstrips; building de
signs to fit the environment; parameters concern
ing fresh ice and sea ice; and a far greater ap
preciation of the physical and biological parame
ters to be found in the Arctic. 

The oil development program at Prudhoe Bay 
generally baa been cited as a model for accom
plishing a task, where a decision baa been made, 
in an environmentally acceptable manner. As a re
sult, during the past few years whenever a program 
was projected for the Arctic, there has been a 
tendency for both engineers and many environmen
talists to want to use methods and parameters 
shown to work at Prudhoe and to leave a neat and 
tidy appearance. The former baa environmental ad
vantages, but it also has many environmental dis
advantages for an oil and gas exploration program. 

Prudhoe Bay is a development complex with an 
established tranaporation system. The roads, 
pads, airstrips, and other facilities are perman
ent, at least for 40 to 50 years. However, in an 
oil and gas exploration program, one does not want 
permanence, at least until after a discovery ia 
made. Impermanence not only provides greater en
vironmental protection, but it ia leas expensive. 
In an exploration program, one wants to "tip-toe" 
into an area, run the seismic surveys, drill any 
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exploratory wells deemed desirable, and then care
fully move out, leaving no tracks or other evi
dence of the activity. 

The Navy/U.s. Geological Survey exploration 
program during 1974-1981 tried to follow the ap
proach of leaving as little evidence of their ex
ploratory activities as possible. All seismic 
surveys were run during the winter-spring period 
when the snow cover was greatest, when overland 
transportation would be most efficient, and when 
the least numbers and species of wildlife were 
present. Exploratory drilling was confined to the 
winter season, except where wells deeper than 
about 3500 m were involved. Beyond that depth, 
the operation was faced with the trade-offs be
tween the environmental and cost impacts of con
structing all-season roads and airstrips and the 
environmental and cost impacts of operating over 
several winters as well as the risk of not com
plet ing a well when work had been suspended sever
al times. 

Lake ice was used for aircraft landing sur
faces wherever possible. In two instances, air
strips 1600 m long to accommodate Hercules C-130 
aircraft were constructed directly over a flat 
tundra expanse. In one of those instances the 
airstrip was constructed in the same location the 
following year. Even after the second season, it 
was extremely difficult to find any evidence of 
the 30-cm-thick airstrips constructed on the tun
dra. In the case of three deep wells, high
strength insulation was used in airstrips in order 
to reduce the thickness of gravel required to 
bring the frost line into the base of the fill. 

Ice roads were constructed wherever heavy 
traffic, such as 2o-m 3 dump trucks, might be mak
ing repeated trips. These were built to a minimum 
thickness of 15 cm before heavy traffic was al
lowed. The longest ice road constructed was 60 
km. Water was applied daily to keep a smooth run
ning surface, but by the time 85,000 m3 of gravel 
had been hauled over the road, at speeds of up to 
80 km per hour, the ice road had an average thick
ness of about 45 cm. Almost DO damage, not even a 
"green" trail or trail discernible from a low-fly
ing helicopter, was evident the following summer. 
Snow roads, per se, were not constructed because 
of the generally insufficient amount of snow 
available and because whenever snow is used it 
must be scraped up. This requires blading with 
tractor-type equipment and, no matter how careful 
the operator is, considerable tundra damage usual
ly ensues. 

While 1.5- to 1.7-m-thick gravel drilling 
pads will bring the frost line into the base of 
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the pads along the coast of northern Alaska, a pad 
of that thickness will be quite visible in the 
long term, will be well-drained, and will be dif
ficult to revegetate because of a lack of adequate 
soil ..,isture. A thick pad, however, is not ne
cessary to support a winter-only drilling opera
tion. A thin pad, 0.5 m thick, frozen during the 
winter months, satisfactorily supports a winter
only drilling operation; it requires DO added .. -
terial to be hauled to the site since sufficient 
material is available after digging a reserve 
(mud) pit; it retains sufficient 110isture to en
able grasses to become established, thus is easier 
to revegetate; and it rapidly recedes into the un
derlying landscape. These thin pads were used on 
the NPRA during the latter portion of the explora
tion program and proved to be more satisfactory 
than the thick pads from both the engineering and 
environmental standpoints. They eliainated the 
need to open material sites, and thus the need for 
hauling heavy loads of gravel and of rehabilitat
ing material sites. In addition, they were eco
nomical to prepare. 

The recent exploration program on the NPRA 
received few complaints from environmental groups, 
and since its completion it has occasionally been 
cited by such groups as the ..,del way to accom
plish an exploratory program in the Arctic. The 
program also was completed approximately 12% under 
its budgeted funding. 
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TERRAIN SENSITIVITY AND RECOVERY IN ARCTIC REGIONS 

P.J. Webber 

Institute of Arctic and Alpine Research, University of Colorado 
Boulder, Colorado, USA 

The protection of vegetation, and its sensi
tivity to and recovery from various impacts, such 
as surface damage, oil spills, and dredge-and-fill 
activities, have been under investigation on the 
tundra of the Alaskan Arctic Slope for the past 15 
years. Much of what I will discuss applies to 
similar permafrost terrain, both in Alaska and 
elsewhere. 

There seem to be two generic problems or dif
ficulties concerning the protection of tundra and 
the necessary development of its resources: 

The first problem is the complexity of 
land ownership, permitting, and regulatory 
-tters. 
The second problem is the lack of knowl
edge of ecosystem dynamics and variabil
ity. 

'nle first problem has been discussed by sev
eral of the previous speakers and I will confine 
Wf remarks to the second problem. 

Lack of knowledge and understanding of the 
ecosystem is due in part to the vastness of the 
region under consideration, its large variability, 
and the complexity of its systems. Permafrost re
gions vary from polar and alpine deserts through 
tundra to forests. 'nleir holistic and complex na
ture is well illustrated by the many effects trig
gered by seemingly simple events, such as compres
sion of the tundra vegetation mat. 'nlis variabil
ity and complexity -ke generalizations difficult, 
and predictive capabilities are poor. At present, 
the problemJ are best analyzed and treated by ex
amining each case of potential or actual impact in 
its specific site context. It is to be hoped that 
with increased knowledge, prediction based on es
tablished principles will be possible. 

Our lack of understanding also rises from se
-ntic confusions in the use and definitions of 
terms. There are at least three causes for the 
semantic proble1111 associated with the protection 
of permafrost terrain. 'nle first is careless use 
of termJ and terminology. 'nle second is the in
terdisciplinary nature of environmental protec
tion, and the third is the language difficulties 
associated with this international concern. 

'nle semantic confusion inhibits the acquisi
tion of new knowledge. It serves to reduce co111m1-
nication among the various interest groups, such 
as developers and environmentalists, since they 
•Y use teI'llll in different ways. A few examples 
of semantic problems will suffice to illustrate 
the prospects for confusion: 

The use of the term "fragile" for tundra 
vegetation can be misleading. While some 
tundra is fragile and easily disturbed, 
the majority of it, in Wf opinion, is rea
sonably robust. Of course, "robustness" 
is another term that would need defining! 
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The concept of tundra fragility relates 
more to its slowness to recover rather 
than its ease of disruption or breakage. 
If we are to use the tel'll "fragile," 
then it m.1st be done with more preci
sion. 
The use of the terms "resistance" and 
"resilience" of ecosyste1111 to stress is 
another example of the confusion from 
semantic problems. 'nlese are two very 
different notions. "Resistance" vari
ously means the robustness of the vege
tation or system to disruption or the 
ease with which it returns to its former 
state after disruption, and "resilience" 
is a better tel'll for recovery from dis
turbance. 
One final term that causes confusion is 
the term and idea of "cumulative im
pact." 'nlis idea is an easy one to en
visage--just as is fragility~but a 
working concept of "cunulat ive impact" 
is not readily available: there is no 
theory of "cumulative impact." Since 
the notion is incorporated in the U.S. 
legislation to protect wetlands from 
dredge-and-fill activities, it requires 
clear, uniform understanding. 'nlis is 
an area in need of future research. 

Until we exercise care with our use of ter111S 
and reduce semantic conflicts, our progress toward 
acceptable practices to regulate activities, mini
mize impacts, and enhance recovery is likely to be 
impeded or confused. I should like to make a plea 
for someone to make a thorough review of appropri
ate ter1111 and terminology with recommendations for 
appropriate use in the protection of permafrost 
terrain. Until this is done, however, we aust de
fine our terms with each usage or refer to similar 
usage in the relevant literature. 

A further concern in this area of definitions 
is that of landform, soil, and vegetation classi
fication. 'nlere is a remarkable lack of rigor in 
doing this, which can only lead to misinformation 
or miscomm.anication. 

Adequate protection and management of perma
frost terrain requires good terrain description, 
adequate mapping, and inventory of the lands being 
affected. Adequate large-scale mapping (1:6000) 
will help in the planning, locating, permitting, 
and construction design of various structures. 
'nle North Slope Borough, the principal local gov
ernment of the Alaska Arctic Slope, is encouraging 
the mapping and inventory of its lands. The North 
Slope Borough is currently mapping, at a variety 
of scales, the geology, soils, terrain, and vege
tation of its lands. 'nle data from this large 
project are being incorporated into an automated, 
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computer-retrievable, geographic-based information 
system. nus system will be of great value in the 
permitting process, for the researcher, the devel
oper, and the landowner. Similar efforts have 
been undertaken by several organics and petroleum 
companies in the Prudhoe Bay region and the Arctic 
National Wildlife Refuge (Walker et al., 1980, 
1982). 

Our lack of knowledge can be remedied by more 
basic applied research and more discussion among 
specialists. 'nlis will, I believe, better enable 
us to protect cold-dominated ecosystems, but it 
requires time, funds, and people. Perhaps, of 
these three requirements, time is the most impor
tant. Time is also at a premium in the process of 
permitting specific activities. 'nlus, we see a 
conflict between the researcher who needs more 
time to document a potential impact and the devel
oper and consumer who does not want to wait for 
these conclusions or to find ways to mitigate 
them. Clearly, the solution is a compromise, and 
both development and research need to be accom
plished simultaneously. However, development that 
would potentially leave impacts should not proceed 
without adequate concurrent research or equivalent 
mitigative actions. 

Research priorities to increase our under
standing appear to fall into t~ related categor
ies (see for example National Academy Press, 1983) 

nie first priority is to establish sites 
for long-term studies of man-made and na
tural changes, to include changes in at
mospheric carbon dioxide, permafrost tem
perature, and biological comainities. 
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'nle second research priority is to better 
document and monitor case histories of im
pacts and recovery from damage. 'lbis in
cludes the development of better methods 
of measurement and prediction of impacts 
and recovery from damage. 

Finally, the continuing development of perma
frost lands can be done in a fashion compatible 
with preserving their biological wealth and heri
tage. Construction and maintenance costs to pro
vide environmental protection may at times be con
sidered excessive. Development and protection can 
be achieved through a better knowledge of the nat
ural science of these systems and appropriate 
planning as evaluated in the introduction to the 
panel report. Such knowledge, once gained, should 
be exchanged freely. 
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Climate Change and Geothermal Regime 
PANEL MEMBERS 

Alan Judge (Panel Organizer) and Jean Pilon (Qiainu.n), Department of Energy, Mines, and Resources, 
Ottawa, Canada 

Qieng Guodong, Institute of Glaciology and Cryopedology, Acadelllia Sinica, Lanzhou, PRC 

Tho .. a E. Osterkamp, Geophysical Institute, Fairbanks, Alaska, USA 

Michael Slllith, Department of Geography, Carleton University, Ottawa, Canada 

James Gray, Department of Geography, University of !t>ntreal, Canada 

INTRODUCTION 

A. Judge and J. Pilon 

The energy crisis in 1973 ell(>hasized the need 
to find and develop arctic hydrocarbon reserves. 
A sildlar need for other lllineral resources will 
develop in the next few decades. Exploitation of 
these resources and the associated infrastructures 
of buildings and transportation facilities will 
occur on and in permafrost, which underlies 24% of 
the land area of the globe. Much of the near-sur
f ace permafrost contains 11&ssive ice. Numerous 
reports and papers have documented the immediate 
impact of development through clearing vegetation, 
interrupting drainage, and operating hot oil and 
chilled gas pipelines. A 2-m-diameter pipeline 
buried in per.frost, for example, will thaw to 9 
m in 5 years. Hean air tell(>erature changes of 
several degrees can be expected to occur over the 
lifetime of such projects, with possible long-term 
regional effects on the terrain traversed by a 
pipeline or highway as important as the short-term 
localized impact of the development itself. 
Knowledge or prediction of such climate trends be
comes a critical aspect of design for long-term 
performance. 

The regional distribution of permafrost is a 
function of climate, although wide variations in 
ground thermal conditions do occur in small areas 
of uniform climate due to site-specific condi
tions. Where lll!an annual ground temperatures are 
close to 0°C, specific local factors can determine 
whether or not per.frost is present. <llanges in 
the ground therml regime, and hence in the dis
tribution and thickness of per.frost, can result 
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from changes in both cli118te and local conditions. 
The specific effects on permafrost of a macro
scale cli118te change are not necessarily simple, 
depending on the complex interaction of climate, 
lllicrocliDBte, surface, and ground thermal condi
tions. If, for example, a global warming, concen
trated in the high latitudes, results from in
creasing co 2 levels, the effect will certainly be 
profound. Several recent papers report on the 
possible consequences of increased temperature and 
changes in precipitation on per.frost conditions 
in Alaska (Goodwin et al., 1984; Osterltaap, 1984). 

Assuming that a rise in mean annual air t-
perature is translated directly into a similar in
crease in mean annual ground temperature, perma
frost at the southern limit 11&y retreat northwards 
by as much as 100 km per degree warming. This has 
been observed in Manitoba where over the past 200 
years the areal extent of per.frost has dilllin
ished from 60 to 15%. With the discontinuous per
mafrost a thicker active layer will develop, wide
spread thaw settlement in areas of 11&ssive ice 
will occur, south-facing slopes will become perma
frost-free, and surface and groundwater patterns 
will change. Extensive thermokarst features will 
form from the thaw of massive ice leading to the 
foration of lakes, new drainage patterns, alas 
areas, etc. Slopes in general will become less 
stable, leading to extensive failures and erosion. 
Rivers less confined by frozen banks will change 
course and carry increased sediment loads. Coast
al areas could well be inundated by the sea as the 
thaw settlement lowers elevations to below sea 
level, especially if a general rise in sea level 
occurs. The impact of differential thaw settle
ment of as 1m1ch as a meter on construction such as 
roads, pipelines, and buildings is not difficult 
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to visualize. In the continuous permafrost zone, 
the southern boundary of which will also move 
northward, ground temperature will also rise, 
leading to some thawing and related settlement 
problems. Most of the immediate impact of warming 
and thawing will occur close to the ground surface 
where human activities are most dramatically af
fected. 

A decrease in air and ground temperature will 
lead to a reversal of the above features, includ
ing a southerly advance of the discontinuous and 
continuous boundaries of permafrost and corre
sponding vegetation zones. More importantly it 
will lead to the growth of massive ice bodies, a 
reactivation of the growth of ice wedges in more 
southerly areas, and a general thickening of per
mafrost and consequent changes in surface morphol
ogy and drainage patterns (see Osterkamp, 1984, 
and Brown and Andrews, 1982, for additional dis
cussion). 

Cli11atic fluctuations seem to be reflected in 
permafrost behavior, for example the northward re
treat of the southern permafrost boundary, the in
itiation of extensive thermokarsting in the south
ern Mackenzie Valley in the past hundred years, 
and within the last decade, the reactivation of 
ice wedges on the arctic coast. 

In general, direct observational measurement 
of climatic change in the Arctic is limited, so 
proxy methods such as palynology, oxygen isotope 
distribution, and geothermal analysis become im
portant ways of extending the record of the past. 
Geothermal analysis does offer a direct, if reso
lution-limited, method of examining past changes 
in mean ground temperature. 

Brown and Andrews (1982) have summarized the 
trends from many arctic series of proxy informa
tion as follows: 

A long-term cooling trend of the order of 
0.7°C per thousand years. 
Superimposed on the long-term trend, a 
series of major oscillations with wave
lengths of 500 to 600 yr. 
Evidence from the eastern Canadian Arctic 
that summer temperatures fell below the 
mean of the past 6000 years between 2500 
and 1500 years ago and did not rise 
above the mean until the last 100 years. 
Temperatures in the 20th century that are, 
on average, as warm aa they have been for 
several hundred years, if not thousands of 
years. 

The last point may be an exaggeration, al
though certainly no warmer periods have occurred 
since the 11th century. Whether or not the gener
al trends will continue or whether the impact of 
co 2 in the atmosphere will reverse such trends re
mains a point of considerable debate. 

Aside from the problems of interpreting the 
strongly attenuated events in the distant past, 
geothermal analysis of more recent climatic events 
has had notable success. In temperature logs 
throughout eastern North America, the Mackenzie 
Valley, and the arctic coastal plain, the evidence 
for a general warming trend starting a century ago 
followed by a recent downturn agrees well with me
teorological data. In general, the evidence indi-
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cates that ground temperatures increased more 
than air temperatures. A detailed study in the 
uniform shield rocks of northern Ontario revealed 
perturbations caused by surface ground tempera
tures increasing by l.5°C in the Little Cli11ate 
Optimum from 1000 to 1200 A.D. and decreasing by 
1°C during the Little Ice Age from 1500 to 1700 
A.D. 

One of the serious problems with using geo
therlllll analysis as a proxy technique ariaes froa 
the non-uniqueness of the solutions. Given a aer
ies of dates at which climate change occurred froa 
other sources, the techniques will successfully 
resolve amplitudes of the change for up to about 
four events. Improved continuous or semicontinu
ous logging methods may eventually improve upon 
this. In summary, the present strengths and uses 
of this type of analysis of borehole temperatures 
are probably as follows: 

• Given good meteorological information on 
climate change over the past 100 years, to 
determine how that change has been trans
lated into ground temperature. The 
analysis will enable some prediction of 
how future trends will affect permafrost. 
In areas where meteorological data are 
non-existent or of short duration, to de
termine the long-term fluctuations of 
ground temperature over the past several 
centuries. Some answers will be derived 
as to whether areas such as the High Arc
tic follow global trends. 
Given proxy information on the dates and 
duration of climatic events, some ideas of 
amplitude can be derived from geothermal 
analysis. 
Promising areas of application to more re
mote climate events, including the deriva
tion of ice-base conditions during Wiscon
sin glaciation, require further refine
ment. 
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STUDY OF CLIMATE CHANGE IN THE PERMAFROST REGIONS OF CHINA - A REVIEW 

Cheng Guodong 

Institute of Glaciology and Cryopedology, Academia Slnica 
Lanzhou, Pe·ople'a Rebullc of China 

LATE PLEISTOCENE STAGE 

In China, there are no reports of double-lay 
ered permafrost or the typical ice wedge casts. 
The depth of the measured ground temperature in 
permafrost regions la leas than 200 •· Therefore, 
most of the enviro1111ental reconstructions in geo
cryology depend on relict periglacial features, 
especially involutions and soil wedges. 

Qinghal-llzang Plateau 

Cui (1980a) has suggested that the l011er 11•
ita of permafrost on the Qinghal-Xizang Plateau in 
the Late Pleistocene are indicated by the wide
spread involutions on the second terrace (3900 a) 
of the Pingchu liver at Xigaze in the south and 
the involutions on the second terrace (3600 m) at 
Raij Tal in the north (Fig. l). The mean annual 
air temperature at Maij Tal is about -0.6°C at 

present, and the lll!an annual air temperature at 
the lower llllit of the existing permafrost on the 
plateau la from -2 to -3°C. Accepting that the 
mountains have lifted 600-900 a since the end of 
the Late Pleistocene, it has been deduced that 
there was a probable temperature depression of 5-
60C on the plateau during the Late Pleistocene. 
But Pu et al. (1982) argued that the lower llllit 
of permafrost during the Late Pleistocene reached 
the latitude of 30°R and an altitude of 4200 a in 
the south, along the Qlnghal-Xizang Highway, but 
was lower than 3600 • in the north. 

Polygons and soil wedges in corresponding 
profiles have been found in large quantities on 
the Qinghal-Xizang Plateau. Moat of the soil 
wedges are located on the second terrace of riv
ers. Carbon-14 dating of the .. terlal at the bot
tom of a soil wedge located on the second terrace 
of zuo .. okong Qu, on the northern slope of Feng
huoahan, gives 23,500 ± 1200 years B.P. The lll!an 
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FIGURE l Loller limits of permafrost at various ages along Qlngbal-Xizang Highway (after Cul, 1980). 
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annual air temperature there today is about -5°C. 
Assuming that an air temperature of -8°C is neces
sary for the foI'lllStion of soil wedges in coarse
grained soils, and again accepting that the moun
tains have uplifted 600-900 m since the end of the 
Late Pleistocene, it is inferred that the tempera
ture was 6-8°C lower when the soil wedge was 
formed than at present. 'nlis temperature approxi
mates the temperature inferred from the lower lim
it of permafrost, based on the involutions, and 
also coincides with the conclusion inferred from 
the paleontologic evidence (carbon-14 dating) at 
23,100 ± 850 years B.P. on the north slope of Qin 
Ling (Shi et al., 1979), that the temperature was 
8°C lower during the last glaciation. Zhang 
(1979) argued that the wedge is an ice wedge, and 
that the temperature for the foI'lllStion of the ice 
wedge cast ought to be -12°C. 

Northeast China 

Based on the southern limits of both the soil 
wedges and the involutions, Guo and Li (1981) have 
outlined the southern limit of permafrost during 
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the last glaciation in northeast Qiina (Fig. 1). 
'nlis limit roughly coincides with the present day 
7-8°C isotherm of mean annual air temperature. It 
is deduced that the temperature depression during 
the last glaciation in northeast <llina was also 
7-8°C. Cui and Xie (1982) suggested that at that 
time the southern limit of permafrost in East 
<llina reached to 39°W-40°N, and the southern limit 
of continuous permafrost was located at 45°N, but 
Pu et al. (1982) stated that the southern perma
frost boundary reached to 34°N. It is question
able to use involutions alone to indicate perma
frost, until their origin is better known. Cui 
(1980b) has proposed that, to be an indicator of 
permafrost, an involution m1st show the following 
characteristics: (a) the disturbed layer consists 
mainly of sand or sand with gravel; (b) there is a 
clear boundary between a disturbed layer and an 
underlying horizontal layer; and (c) the "fold" is 
symmetrical and extends to a certain distance. 
'nlere are also many problems of distinguishing ice 
wedge casts from soil wedges; the temperature re
quired for the growth of soil wedges m1st be de
termined by further investigations. 

TABLE 1 Comparison of climatic changes during postglaciation between Europe and East <llina. 

Euro I!! East China* 
Temperature Years 

Date Stage Period Period fluctuation ~·c2 yo 

--2000 Little Ice Age -1 0-
500 

- A.D. Sub-Atlantic Pu Lan Dian 
little cli•te +l - +2 

--o 02timum 1400 2000-
Zhou Han -1 

- B.C. Neoglaciation 3000 

2000 Subboreal 4000-

Post Yang Shao +2 - +3 
Glacial 

4000 6000-
Atlantic 

6000 Bo real Hy2sithermal 8000 8000-_ 

Xie lb -5 - -6 
8000 Preboreal 10 700 10,000-

Upper Dryas 
Pre-Cold 

Al le rod 
--10,000 Late 12,000-

Glacial Lower Dryas 

Bolling 
--12,000 14,000-

Oldest Dry as 
Full 

--14,000 Glacial Arctic 16,000-

*After Duan et al. (1981). 
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THE LAST 10,000 YEARS 

Chu (1973), the outstanding Chinese meteorol
ogist, has studied the climate changes in <llina 
during the last 5000 years based on meteorology 
and phenology records in <llinese historical liter
ature and materials found in archaeological stud
ies. On the basis of <llu's works, the climate 
change during the postglaciation in East <llina has 
been roughly outlined (Duan et al., 1981) as fol
lows: the Xie Hu cold period (10,700-8000 B.P.), 
5-6°C lower than today; the Yang Shao warm period 
(8000-3000 B.P.), 2-3°C higher than today; the 
Zhou Han cold period (3000-1400 B.P.), l-2°C lower 
than today; the Pu Lan Dian warm period (1400-500 
B.P.), l-2°C higher than today; and the Little Ice 
Age (500 B.P.-present), l-2°C lower than today. 
The climatic tendency over the last 10,000 years 
in East China roughly coincides with that of the 
rest of the world, but there are some differences 
in timing. Table 1 provides a comparative base 
for reconstructing the palaeoclimate in permafrost 
regions of China. 

Qinghai-Xizang Plateau 

From carbon-14 dating, we know that the peat 
buried in the middle section of Qinong at Yangba
jain is 9180 ± 100 years old. The involutions in 
the overlying sand layer may have been formed in 
the Xie Hu cold period (Pu et al., 1982). In this 
period of dry climate and strong winds, dunes were 
widespread over the terraces of the Tongtian, Tuo
tuo, and Fenghuo Rivers, implying less than 200 mm 
of precipitation annually. A wind-eroded land
scape developed in the East Kunlunshan, the east 
slope (3000 m) of Riyue Shan, and the upper part 
(4600 m) of the Gongba relict mountain in the Din
gri basin. The stratified deposits on the west 
slope (4000 m) of Xiaonanchuan in Kunlunshan may 
have formed in this period (Cui, 1980a). The per
iglacial loess of this period is also well devel
oped. 

The carbon-14 age of DK>st of the peat on the 
Qinghai-Xizang Plateau is between 8000 and 3000 
B.P., implying a rise in temperature during the 
Yang Shao warm period, i.e. the Holocene Hypsi
thermal. The 4- to 6-m-thick solifluction depos
its in Fenghuoshan and the solifluction terrace, 
up to 10 m, in Tanggulashan are also evidence of 
rising temperatures in this period. The perigla
cial loess, formed in the Xie Hu cold period, usu
ally became part of the solifluction. The stabil
izing of the dunes by vegetation reflected a warm, 
wet enviro11111ent, with more than 400 mm of precipi
tation. Part of the dunes stabilized by vegeta
tion was covered by active solifluction. Accord
ing to Ding and Guo (1982), the average thawed 
depth in the Holocene Hypsithermal was 15 m, which 
means the permafrost had not disappeared entirely 
at that time, although it had largely degraded. 

During the Zhou Han cold period, i.e. Neogla
ciation, the temperature on the Qinghai-Xizang 
Plateau dropped again. A group of fossil pingos 
has been found at Xidatan (4300 m) in the north 
part of the plateau. The carbon-14 age of its 
equivalent layer is 7530 ± 300 B.P. It seems 
likely that these pingos formed in the Neoglacia
tion. If the altitude at which the pingos formed 
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was 100 m higher than the permafrost lower limit 
(Cui, 1980a), and accepting that the mountains 
have uplifted 300-500 m since the end of the 
Hypsithermal, it is inferred that the temperature 
in the Neoglaciation was about 2°C lower than 
now. The involutions of this period are widely 
distributed on the plateau. In the north, they 
are encountered on the first terrace at Naij Tal 
(3600 m) with a carbon-14 age of 4190 ± 100 B.P.; 
in the south, they are found at Langkaze (4400 m) 
near Yamzho Yumco, Yali (4400 m), the Dingri basin 
(4300 m), and Yangbajain (4200 m), with a carbon-
14 age of 3270 ± 70 and 6130 ± 90 B.P. All these 
indicate a cold environment at that time. 

Northeast China 

From pollen analysis, it is known that during 
the Hypsithermal broad-leaf forest, consisting 
mainly of oak, elm, alder, and birch grew from the 
Sanjiang plain to South Liaoning. The air temper
ature at that time on the Sanjiang plain was about 
6-8°C, which is 2-4°C higher than today's. Taking 
1°C per degree of latitude as the lapse rate of 
temperature, it is calculated that the temperature 
to the north of Mangui was about 0°C. Analysis of 
light and heavy minerals in samples taken from a 
drill hole at A1111r shows a large content of scree 
material, which implies that the area to the north 
of Mangui had not been affected by the warm, wet 
climate. Based on this evidence, Guo and Li 
(1981) have concluded that there were relict per
mafrost islands to the north of Mangui during the 
Hypsithermal (Fig. 2). This has been confirmed by 
the calculations of Fu et al. (1983). 

During the Neoglaciation, the temperature 
dropped again. Involutions of the black-grey fine 
sand and silt layer with huaus (carbon-14 age of 
3010 ± 80 B.P.) have been found in both the iso
lated taliks north of both the existing southern 
permafrost boundary and the seasonally frozen 
ground boundary south of it. In other words, dur
ing the Neoglaciation the permafrost exceeded to
day's southern permafrost boundary. 

THE LAST 1000 YEARS 

Zhang et al. (1981) have analyzed the rings 
of a 900-year-old cypress tree (Sabina przewalskii 
kom.) that is located at the upper tree limit 
(3760 m) at Tianjim (37°24'N, 99°56'!) in Qilian
shan. Here variations of ring widths are mainly 
due to fluctuations in air temperature, so they 
reflect the temperature changes on the Qinghai
Xizang Plateau. The results of the analysis are 
shown in Figure 3. 

Qiu (1973) has shown that there were two ob
vious cold periods during the last 1000 years in 
East <llina. The first was in 1000-1200 A.D., and 
the second was in 1400-1900 A.D. with temperature 
ranges of l-2°C in the lll!an annual temperature. 
The latter corresponded to the Little Ice Age in 
Europe (1541-1890 A.D.). It was also indicated by 
the results of the tree-ring analysis of the cy
press tree at Tianjim in Qilianshan. 

During the cold period of the last 500 years, 
the climate in China still fluctuated between cold 
and warm periods (Table 2). Based on the pheno-
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FIGURE 2 Boundaries of permafrost during the late Quaternary (modified fro• Guo and Li, 1981). l) Zone of 
present-day permafrost; 2) Alpine permafrost; 3) Southern boundary of present-day permafrost; 4) Southern 
boundary of permafrost during late-Pleistocene; 5) Present-day boundary between •widespread continuous per
mafrost• and ·island or valley bottom permafrost•; 6) Inferred southern boundary of permafrost during the 
Rypsithermal Interval (areas shown by horizontal cross hatch); 7) Involution layers; 8) Sand wedges. ?be Q 
syabols refer to different aged deposits. 

1_·~:1 
2 iooo 1200 1400 1600 1800 2000 

Year,A.O. 

FIGURE 3 Climatic fluctuations during the last 1000 years. a) Running 10-yr aeans of tree ring width 
indices of Qilianshan cypress tree (Zhang et al., 1981). b) Temperature fluctuation during the last 1000 
years in China (Chu, 1973). 
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PIGUllE 4 Comparison of average temperature changes since 1870 in the world and ln atlna. Successive 5-yr 
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TABLE 2 Comparison of cold and warm periods be
tween East and West atlna. 

Periods 

Cold 

Warm 

East China 
(from phenology) 

1470-1520 A.D. 

1620-1720 
(especially 
1650-1700) 

1840-1890 

After 1945 
(especially 
1967-present) 

1550-1600 A.D. 
1770-1830 
1916-1945 

West atina 
(from dendro
cllmatology) 

1428-1537 A.D. 

1622-1740 

1797-1870 

After 1924 

1538-1621 A.D. 
1741-1796 
1871-1923 

logical records, the cold period of the last 500 
years in East Q\lna can be divided into four 81181-
ler cycles, including four periods of cooling and 
three periods of warming with periodic lengths of 
50-100 years and a temperature range of 0.5-1.o•c. 
All these oscillations were recorded ln the ring 
width variations of the cypress tree at Tianjim, 
but the time phase of East atina is slightly dif
ferent from that of West atina. 

By correlating the tree-ring width indices 
and the air temperatures recorded at meteorologi
cal stations on the Plateau, it la deduced that 
during the last 500 years the temperature range 
was about l.O-l.5°C, and the temperature in the 
coldest period was o.s•c lower than today. 

Prom the instrument records, the trends of 
climatic changes in Xining in West atina coincide 
with those of both East atina and the rest of the 
globe (Pig. 4). The warming in the Northern Hemi
sphere, which began in the 1880s, reached its max
iauia in the 1940s. But the ring-width index aer
ies shows that the warming trend in West atlna be
gan ln the 1870s, and reached its maximum in 1924. 
The time of transition from warming to cooling ad
vanced by 10 to 15 years. The reason for this la 
not yet clear. 
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RESPONSE OP ALASI<AN PERMAFROST TO CLIMATE 

T. E. Oeterkamp 

Geophysical Institute 
Fairbanks, Alaska, USA 

Permafrost for .. by freezing from the ground 
surface downward when 11ean annual surface tempera
tures (HAST) are less than o•c. 'lbe HAST ls con
trolled by climate, so in this sense, permafrost 
is a product of climate. c11 .. te may not be the 
only controlling factor. For example, the geolog
ical setting, topography, geothermal heat fl011, 
and vegetation may have a strong effect on local 
permafrost conditions. 'lbls paper ls a review of 
past and present climate in Alaska and the re-
s ponae of permafrost to climate. Surface heat and 
mass transfer proble1111, the effect of air tempera
ture on HAST through the intervening anOlf and veg
etation cover and active layer, and the effects of 
precipitation, winds, and water bodies are dis
cussed elsewhere in this panel and will not be 
considered here. 

PAST AND PRESENT CLIMATE 

An understanding of the present thermal re
gime of permafrost and its thickness requires con
sideration of climate trends for many tens of 
thousands of years. Figure 1 shows a composite of 
trends in global and Alaskan climate. 'lbe USC/ 
GA.RP (1975) curve represents the generalized 
Northern llellisphere air temperature trend baaed on 
llid-latitude sea surface temperature, pollen rec
ords, and worldwide sea-level records. 'lbe second 
curve was selected from Brigham (1984) where the 
effective diagenetic temperature (EDT) in the per
mafrost in the western Arctic was obtained from 
amino acid geochronology. 'lbe data of Brigham and 
Miller (1983) require an EDT • -14°C for the past 
125,000 yr, which la • 4°C or more colder than the 
present HAST at Barrow and about 2°C colder than 
the HAST about a century ago (Lachenbruch et al., 
1982). 'lbis suggests permafrost te11P9ratures 
colder than -14°C between the present and past in
terglacial periods. 'lbe .. in features of the two 
climate models in Figure 1 are the two intergla
cial periods separated by a period of about 10 5 
years that was characterized by colder, oscilla
tory temperatures. 'lbese models suggest that the 
glacial period 14,000-30,000 yr B.P. appears to 
have had mean annual air temperatures (MAAT) of 
about -18°C or colder, assuming temperatures of • 
-9°C for the period from 8500-14,000 yr B.P. and • 
-12°C for the last 8500 yr (Brigham, 1984). 

'lbese paleoclillllte considerations suggest 
that the permafrost on Alaska's North Slope was 
thicker at the end of the last glacial period and 
that it may still be thawing from the base in re
sponse to the present, warmr HAST. 'lbls la a 
very simplified assessment, and a number of as
sumptions (e.g. the initial permafrost thickness 
at the starting point of the calculations) are 
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FIGURE 1 (A) Generalized Northern Hellisphere air
temperature trends baaed on llid-latltude sea-sur
face temperature, pollen records, and worldwide 
sea-level records. Modified from USC/GA.RP (1975). 
(B) A possible model for the effective diagenetic 
temperature in permafrost (EDT) on the western 
Arctic Alaska coastal plain baaed on amino acid 
geochronology. Modified from Brigham (1984). 

critical for deterainlng the present state of the 
permafrost. Obviously llUCh .,re research on pale
ocllmates and the effect of climate on permafrost 
la required. However, it should be noted that, 
given the unknowns of paleoclimate models and per
.. fros t/cll .. te interactions, it may never be pos
sible to do more than to arrive at general con
straints on the paleoclimate models or a general 
assessment of the present state of the permafrost, 
particularly for time periods extending back to 
the last glacial period and beyond. 

'lbe above statements apply to the thick per
llllfroat on Alaska's North Slope. 'lbe discontinu
ous permafrost south of the Brooks Range la much 
thinner and has much aborter response times to 
climate changes. Brown and Andrews (1982) have 
reviewed recent research on climate and permafrost 
in the North American Arctic, and Greenland and 
Alaskan weather records have been examined by Ham
ilton (1965) and Juday (1984). Hamilton (1965) 
suggests that the absence of pronounced regional 
trend differences indicates that a composite of 
the Alaskan data would be fairly representative 
for the state as a whole. Figure 2 shows his com
posite MAAT (11ean annual air temperature) for 
Alaska based on 8-yr running means. Juday (1984) 
constructed the 5-yr running MAAT for Barrow and 
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the University Experiment Station near Fairbanks 
(Fig. 3). These graphs are open to interpreta
tion; however, one interpretation is that there 
has been a general warming trend in Alaska since 
the late 1800s until the early 1940s amounting to 
• l-2°C. This warming trend was followed by a 
sharp cooling trend amounting to • 1°C, which 
lasted for about three decades until the mid-
1970s. Since the mid-1970s, there has been a 
sharp increase in MAAT amounting to • l-2°C. An 
examination of recent Alaskan weather records sug
gests that the climate warming since the mid-1970s 
has been statewide (Hoffman and Osterkamp, unpub
lished research). 

While the interpretation of Alaskan weather 
records is far from complete, it see1111 clear that, 
during the past century, Alaskan climate has ex
perienced a warming trend followed by a short 
cooler period and then a very recent sharp warm
ing. Qualitatively, the Alaskan trend is similar 
to global climate trends. A key question is, what 
bas been the response of Alaskan permafrost to 
these climate changes? 

FIGURE 2 An Alaska composite of 8-yr running 
means for the mean annual air temperatures. Modi
fied from Haailton (1965). 

_, 1800 1820 1840 1810 1880 
YEAR 

FIGURE 3 Five-year running means for the mean an
nual air temperatures at Barrow (upper graph) and 
the University Experiment Station, Fairbanks (low
er graph). Modified from Juday (1982). 
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THERMAL REGIME OF ALASKAN PERMAFROST 

There is little information available on the 
thermal regime of Alaskan permafrost. The most 
extensive and long-term data are from boles logged 
in the last three decades by the U.S. Geological 
Survey, mostly near Alaska's arctic coasts (Lacb
enbruch et al., 1982; Gold and Lacbenbrucb, 1973; 
Lacbenbrucb and Marshall, 1969; Lacbenbrucb et 
al., 1966; Lacbenbrucb et al., 1962; Brewer, 
1958). Figure 4 shows four temperature profiles 
that illustrate the main features of the thermal 
regime of the permafrost in these coastal areas. 
These are a strong curvature towards warmer tem
peratures in the upper 100-160 a of the profiles, 
similar past MAST, similar and near-normal conti
nental heat flows, differing gradients (and perma
frost thicknesses) that appear to be related to 
large variations in the local thermal conductivity 
and small variations in MAST, gradient contrasts 
across the base of the ice-bearing permafrost for 
the porous formations near Prudboe Bay, and what 
appear to be near-steady-state conditions (except 
for the top 100-160 a)! 

Osterkaap et al. (unpublished research) have 
recently established 15 drill holes in permafrost 
on a north-south transect of Alaska along the 
trans-Alaska oil pipeline for the purpose of in
vestigating permafrost/climate questions. Figure 
5 shows a preliminary telll(>erature profile from a 
bole near Deadborse Airport compared to a nearby 
bole of Lacbenbrucb et al. (1982). The straight 
line is an extrapolation of the deeper thermal 
gradient to the surface and represents average 
temperatures a century in the past. The present 
MAST • -7°C or slightly colder, and the variation 
from past temperatures at the 50-a depth was • 

0 -11 ,, 
' 
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FIGURE 4 Generalized telll(>erature profiles in per
mafrost along the arctic coasts of Alaska. Modi
fied froa Lacbenbrucb et al. (1982). 
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PIGURB 5 Recently measured temperature prottle 
(B) in permafrost near Deaclhorse. These data •Y 
be compared to the profile extrapolated froa depth 
(A) of Lachenbruch et al. (1982). Kr (50 a) 
represents the temperature difference between the 
profile extrapolated from depth and the measured 
profiles at the 50-. depth. 
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PIGOIB 6 Recently 11888ured te111perature profile 
(June 1983) in permafrost on the University of 
Alaska, Fairbanks ca11pua. 

3/4•c, which aay be compared to the recent values 
of • -s•c and • l/2°C reported by Lachenbruch et 
al. (1982). 'lbeae differences could represent lo
cal variations in the MAST and/or the effects of a 
wry recent accelerated warming. 

Figure 6 shows a prellllinary temperature 
profile that was obtained in June 1983 as part of 
the permafroat/cli .. te studies, noted above, from 
discontinuous permafrost at a site located on the 
Uniwraity of Alaska, Fairbanks campus. This pro-
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file shows a strong curvature toward warmer tem
peratures in the upper 25 .. It ia suggested that 
this curvature la a result of recent warmer MAST. 
Similar curvatures also occur in some of the tea
perature prof ilea from other drill holes in both 
continuous and discontinuous permafrost areas. 

DISCUSSION 

The Alaskan climate, aa reflected lo the 
MAAT, has had a very complex history over the past 
century with an initial oscillatory warlling trend 
followed by a cooler period and then a very re
cent, sharp warlling trend. Global climate changes 
appear to be similar to this pattern. Analysis of 
the weather data at Barrow, Fairbanks, and other 
sites io Alaska suggests that moat, if not all, of 
the state was subject to this climate history 
(Hamilton, 1965; Juday, 1984; Boff .. o and Oater
kallp, unpublished research). Baailtoo (1965) also 
noted that there •• a minor latitudinal and long
itudinal lag lo so .. of the oacillatloos associa
ted with the warming trend prior to 1940. Un
doubtedly local variations froa this general cli
mate behavior mat exist; however, their extent 
and magnitude are unknown. The response of the 
permafrost to these climate changes ia contained 
io its thermal regime (temperature profiles and 
thickness). This response ia buffered by the in
tervening snow and vegetation cover and the active 
layer ao that MAAT cannot be directly converted to 
MAST. lo addition, climate changes, aa reflected 
by changes in MAAT, may be accompanied by changes 
io precipitation, wind, or snow cover, which can 
reinforce or negate the effect of changes io MAAT 
or MAST. Nevertheless, it is fruitful to investi
gate permafrost temperature profiles and thick
nesses for evidence about past changes io the 
MAST. 

A relatively simple permafrost/climate model 
that illustrates the response of the permafrost to 
sudden changes in the MAST and the tiae scales for 
the response when the new surface te111perature does 
not exceed o•c is shown in Figure 7. It is as
s1111ed that a steady-state temperature condition 
has prevailed until time t • 0 and that at t > 0 
the surf ace te111perature changed instantaneously 
from T0 to T8 , where T8 < Tb• the melting tempera
ture at the base of the ice-bonded permafrost, 
which is at x • X at tiae t • O. A surface warm
ing of 3°C ia assumed. The response of the perma
frost to the new boundary condition is described 
by the heat conduction equation 

Ct > O, O ,ix ,i X), (1) 

where ic la the thermal diffusivity of the perma
frost. 

The boundary conditions require 

T(O,t) • T8 

T(X,t) • Tb 

with the initial conditions given by 

(2) 

(3) 
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TEWERATURE l°CI 

FIGURE 7 Thermal waning 110del for the coniinu1u• 
permafrost zone (e.g. Prudboe Bay, IC • 50 • -a- ). 
The assumed initial equilibrt ... temperature pro
file Ct • 0) and the final equlllbrlua temperature 
profile at t • t., with a permafrost depth of 
X.., are ahOlfD with the approxi-te teaperature 
profiles for t • 10, 100, 600, and 1800 yr. Melt
ing at the base of the permafrost llllOUllta to •3.5 
m during the first 1800 yr and is ignored in this 
graph. 

(4) 

Equation 1 can be solved by superposition with 

(5) 

where 

(6) 

The re•ining ti•-dependent part of the so
lution can be obtained by separation of variables 
and calculation of the Fourier coefficient• con
sistent with the boundary conditions so that 

2(T0 -T9 ) 
T2(x:,t} • --=-11--=--

• sin .!!!!. x 

• 1 2 2 
I - ·exp A • t) 
1 n 4T 

n• 

(7) 
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TABLE 1 Values of T, in yr, for fine-grained aoila 
with IC • 38 a 2-a- 1 and coarse-grained aolla with IC 

• 50 a 2-a-1 where a, an111111. la the time in yr. 

Thickneaa X ~·2 25 50 100 400 600 

Fine-grained soils 4.1 16.4 66 1053 
Coarse-grained soils 3.1 12. 5 50 800 1800 

where n la an integer and the time constant 

x2 
(8) T •-4 IC 

depends only on the permafrost thickness and its 
thermal diffusivity. 

A full description of this type of approach, 
applied to the probl• of thawing aubaea perma
frost, la given by Lachenbruch and Marshall 
(1977). T(x:,t} is graphed for several elapsed 
times in Figure 7. Table 1 shows values for T 
calculated using eq. 8 for several permafroet 
thicknesses. The time constant T ia associated 
with the ti• required for permafrost with fix:ed 
thickness X and f ix:ed basal temperature Tb to 
respond to an instantaneous surf ace temperature 
change fro• T0 to T9 • 

The heat balance at the permafrost base la 

dX dT I -L+ - • q - Itf -dt dx: x:-X 
(9) 

where L ls the volumetric latent heat of the per-
11&froat, + ls the porosity, q is the geothermal 
heat flux:, 1tf is the thermal conductivity of the 
permafrost, and a constant heat flow, q, to the 
base has been assumed. 

Substitution of eqa. 5, 6, and 7 in eq. 9 
gives the rate of •lting of the permafrost base: 

(10) 

Figure 8 is a graph of eq. 10 for conditions aial
lar to \hose at Prud~e Bay with q • l.72x:10 6 

J(m2a}- l L+ • l.2x:l0 J-.- 3, 1tf • 10.6x:l07 
J(aa•c)- • x • 600 •· Tb• -1•c. T9 • -8•c. 
T0 • -11 •c, and T • 1800 yr. Thia graph shows 
that melting at the permafrost base (x: • X) does 
not begin until the surface thermal disturbance 
has propagated to X, which requires a ti• period 
on the order of 0.1 T or •re. Tbe melting rate 
increases rapidly for O.lT < t < T• Fort> T, 
the suaaation of the right-hand aide of eq. 10 ap
proaches zero and, for times much longer than T, 
-dX/dt • 0.43 ca•a- 1• For t < T the total •lting 
aaounts to about 3-4 a, which justifies using this 
approach. The new equilibrium thiclmeaa, 

x • 
Kf 

• - (T -T ) • 431 a 
q b s 

(11) 
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FIGURE 8 Melting rate -dX/dt at the ice-bonded 
permafrost base for the 111>del and thermal parame
ters shown in Figure 7. 

would be reached in about 30,000-40,000 yr, ass11111-
ing no further changes in surf ace temperature dur
ing this period. 

'l'his therml analysis ahOlls that the •jor 
changes expected in the 600-.-thick per.frost at 
Prudhoe Bay, as a result of a ground surface tea
perature increase, are a general warming of the 
permafrost at all depths and melting at the base 
of the permafrost until it thins to a n• equili
briua thicltneaa. 'l'he waraing of the permafrost 
would begin iamediately, the temperature profile 
ti0uld be nearly linear after a time t • T, and the 
ti• required to reach a n• equilibri11111 thickness 
would be several tens of thousands of years. 

'l'his analysis is not very realistic in that 
it assU11es a constant heat flOll to the per.frost 
base and a sudden change in surface temperature. 
Lachenbruch et al. (1982} used a more realistic 
model that accounts for the possible time varia
tion in surface temperature. If the temperature 
change at the surf ace of the permafrost can be 
represented by a pClltler law of the form 

T(O,t} • Atn/2 n • 0,1,2 (12} 

where A is a constant and t is the time since the 
start of the warming, then the temperature dis
turbance at depth x and time t is 

T(x,t} • T(O,t} • 2n r (n/2 + 1) 

• in erfc (x/2/Kt) (13} 

where r (8) is the g&llllll function of argument 8 
and in erfc (8) is the repeated integral of the 
error function of 8. Application of this type of 
approach to permafrost te11perature profiles along 
Alaska's arctic coasts (Lachenbruch et al., 1982; 
Lachenbruch and Marshall, 1983} suggests that the 
curvature found in the upper portion of the pro-
f ilea represents a surface warming of l.5-3°C dur
ing the past century. Lachenbruch and Marshall 
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FIGURE 9 'l'herml warming model for the diacontin
~us ~ermafrost zone (e.g. Fairbanks, K • 50 
m -a- , X • 25 a}. It is assuaed that the warming 
occurs in two stages where the ground surface 
warms froa -0.4° to o•c in the first stage and 
fro• 0 to 2.6°C in the second, where the first 
stage lasts for T • 3-4 yr. 'l'he temperature pro
files are shOlln for time t • O, O.lT, T, lOT, and 
t •• 

(1969} note that this surface warat.ng was greater 
at BarrOll than at Prudhoe Bay and also that a 
slight cooling occurred at BarrOll in the decade 
prior to 1962. 

A model for permafrost warat.ng at sites in 
the discontinuous zone, in which the n• surf ace 
temperature exceeds the melting temperature of the 
permafrost, is shown in Figure 9. 'lbe warming is 
considered to occur in two stages. In the first 
stage, the surface temperature warlB instantane
ously froa T0 to T8 • 0°C, with the permafrost 
base at Tb • o•c, and remains there for a time t 
• T follCJt1ed by a second waraing froa T8 • o•c 
'to T8 > o•c, which occurs for the ti• t > T. A 
total surface warat.ng of 3°C is assumed. During 
the first stage, the temperature profiles in the 
permafrost can be obtained by solving the heat 
conduction equation as before. 'lbe solution 

(14} 

is graphed in Figure 9 for several times during 
the first waraing stage for conditions character
istic of coarse-grained soils in interior Alaska. 
Except for surface thawing, the value of T, and 
other time and length scales, the results for thin 
and thick permafrost are qualitatively similar. 
Table 1 shOlls that, for thin permafrost in inter
ior Alaska ex. 25 m}, the time scale required to 
bring the per.frost to temperatures very near its 
melting point is t • T • 3-4 yr. 

'lbe rate at which the permafrost is thinned 
from belOlf can be obtained from the heat balance 
at the permafrost base (eq. 9). Substitution of 
eq. 14 into eq. 9 yields 
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FIGURE 10 Melting rate -dX/dt at the ice-bonded 
permafrost base for the model and thermal parBJ1e
tara sbOlfll in Figure 9. 

2 2 
(-l)n exp p!4 ~ t)] (15) 

Figure 10 is a graph of aq. 15 for coarse-grained 
aoila and conditions appropriaie to \O .. interior 
Alaska 'ites (i.e. L+ • l.2xl0 J .- , 1tf • 
10.6xl0 J (ma°C)- 1, X • 25 a, Tb• 0°C, and 
T0 • -0.4°C). It is assumed that the beat flOlf 
q la the same as at Prudboe Bay. Apparently only 
4-5 ca of the permafrost .. y be expected to aelt 
at ita base during the time period 0 < t < T. For 
times aucb greater than T, 

- dX • L • 1. 46 ca a- 1 
dt L+ (16) 

During the second stage, t > T, it la assumed 
that the surf ace taaparatura warwa instantaneously 
to T8 > 0°C. The depth of thaw during tbia 
stage can be calculated using the Stefan foraJla 

(17) 

which reduces to 

X' • 1.64 .ft (18) 

for Kt- • 6.2xl07 J (ma°C)- 1, T8 • +2.6°C, and 
T0 • 0°C, and the conditions assumed above, 
where X' is in a and t is in yr. Bquation 17 de
acribaa thawing frm the ground surface downwards 
when the HAST exceeds 0°C. The model aasuaea con
stant surface t891'8raturas during both stages and 
linear t911Peratura prof ilea near the surf ace (0 .5. 
x < X) during the second stage; however, in reali
ty-; variable surface te11peraturea and the presence 
of an active layer would .. 1ce near-surface telll(>er
atura profiles highly nonlinear. 

The thickness of the remaining permafrost at 
any time can be obtained by combining eqs. 15 and 
18. Apparently 185 yr or about two centuriaa 
would ba required to thaw completely 25 a of 
coarse-grained perwafroat under the assumed condi
tions. The final telll(>erature profile would be 
that shown for t .. in Figura 9, which would be 
parallel to the aubperwafrost temperature profile 
at t • O. This assUlll!a no further modifications 
of surface temperatures during that period • 

The above analyses abow that the permafrost 
response to cli .. ta variations includes changes in 
the temperature profile, melting at the base, and, 
if the HAST > 0°C, .. lting at the table. For ti .. 
periods t -< T, information on the changes in the 
HAST la contained in the ta..,eratura prof ila. The 
tbicltaat permafrost in Alaska, 629 • at Mikkelsen 
Bay (Osterka.., and Payne, 1981), would have a T • 

2000 yr assuming thermal parameters aiailar to 
Prudboe Bay. For time periods t > T, cli .. te in
forwation is available in the tberwal gradients in 
the permafrost and in its thickness. These rela
tively aiaple models suggest that climate inforwa
tion for tiae periods of several tens of thousands 
of years .. y be available in the thermal gradients 
and thicknesses of the permafrost in the Prudboa 
Bay area. Harrison and Bowling (1983) have begun 
to analyze the data of Lacbanbrucb et al. (1982) 
in an effort to extract paleocli .. te information. 

Preliminary analysis of temperature profiles 
frm interior Alaska such aa that shown in Figure 
6 suggests that this warm, thin, discontinuous 
permafrost la responding to waraer HAST. Curva
ture in the top portions of the profiles appears 
to be a result of a very recent warming (within 
the last decade). Thia permafrost (Fig. 6) is ex
tremely warm, within 0.4°C of thawing, with an ap
proximate past HAST near -1•c. If the surface 
warming shown in Figura 6 la characteristic of 
other sites in interior Alaska then, given the 
range of permafrost conditions, soaewhat waraer 
and thinner permafrost is presently thawing at 
both the perwafroat tabla and the baae. 

The quantitative nature of these tentative 
conclusions la difficult to ascertain, partly be
cause of the non-uniqueness of the solutions and 
the accuracy of the data, but pri11Srily due to the 
sparsity of data. For example, with the HAST var
iation of eq. 12, Gold and Lacbenbruch (1973) shOll 
that each of the cases n • 0,1,2,3 reproduces the 
temperature observations with a standard error of 
o.01°c. Therefore, while all the aodela indicate 
a warming of the HAST during the last century, it 
is not possible to select between tbea. While the 
accuracy of the available telll(>erature data la very 
good, the determination of thermal conductivity 
and ther .. 1 gradients leads to relatively large 
uncertainitiea in the beat flOlf data. For exam
ple, Lacbenbruch at al. (1982) fou,d that the beat 
flow at Prudboa Bay is 55 ~ llil .- • The corres
ponding uncertainty in the equilibriua thickness 
of the lea-bonded permafrost is • 80 •· 

The precise relationahipa between changes in 
cli .. te and in the thermal regi .. of Alaskan per
.. frost have not bean established. However, the 
foregoing suggests that the permaf roat is respond-
1 ng to changes in the MAAT during the last century 
and aay still be responding to earlier climates. 
In addition, changes in the HAST over the past 
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century, aa determined by analyses of the perma
frost te~erature profiles, are of the same magni
tude aa the MAAT changes determined from Alaska 
weather records. 

SlllMAllY 

'lbe implications of cli•te change for perma
frost have already been noted by Brown and Andrews 
(1982), Goodwin et al. (1984), and Oaterka11p 
(1984). Washburn (1980} haa aU111111rized llOBt of 
the recent information on the uae of foaail perma
frost f eaturea aa temperature indicators. If the 
warming trend of the past century and particularly 
of the past decade continues, then substantial 
changes noted by the above authors may occur in 
permafrost areas. 

'lbe data obtained from 8llino acid geochronol
ogy studies show that the effective diagenetic 
te~rature of Alaskan permafrost was • -14°C for 
the past 125,000 years. Present and past inter
glacial periods have been war.r, suggesting that 
the intervening glacial period was colder, with a 
1111an annual air te~rature of • -18°C or colder. 
Alaskan weather records suggest an oscillating 
warming trend in air te~eraturea from the late 
1800s until the early 1940a of • l-2°C, followed 
by three decades of cooler te~raturea (• 1°C} 
until the .U.d-1970s, when a sharp val'lling of 
• l-2°C occurred. This accelerated warming trend 
ia still under way. 

Te~rature profiles from thick permafrost 
along Alaska's arctic coasts all show a strong 
curvature in the upper 100-160 m and near ateady
state conditions otherwise. 'lbis curvature sug
gests a mean annual surface te~erature warming of 
l.5-3°C during the last century. A cooling of the 
MAST occurred in the decade prior to 1962. Recent 
temperature profiles obtained in areas of discon
tinuous permafrost in interior Alaska suggest that 
there has been a warming in the MAST since the 
mid-1970s. 'lbe discontinuous permafrost •Y be 
1111lting or freezing at the base, depending on its 
thiclmeaa and thermal par&1111ters. 'lbe •in fea
tures of the climate trends of the past century 
appear to be reflected in the thermal regi1111 of 
the permafrost. 

First-order eati•tes of the time scales and 
magnitudes of past changes in the mean annual sur
face te~rature of permafrost areas can be made 
with relatively simple models. 'lbese models show 
that the permafrost response consists of curvature 
in the temperature profile progressing downward 
with t11111, followed by slow melting at the perma
frost base and establishment of a new thermal 
gradient. If the MAST exceeds o•c, then melting 
at the permafrost table would also occur. 'lbe re
sults of applying these models to Alaskan perma
frost shOll that the time scales for curvature 
in the permafrost te~rature profiles range from 
a few years up to about 2000 yr. Melting at the 
permafrost base proceeds very slowly, and the time 
scales required to establish an equilibriua thick
ness of permafrost in response to surface te~ra
ture changes range from a century or less to •ny 
tens of thousands of years. When the MAST exceeds 
o•c. lll!lting at the permafrost table also proceeds 
wry slowly, and a time scale of about a century 
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la required to melt 10-20 •• 'lbeae considerations 
show that a record of past cli•te is contained in 
the temperature profiles and thickness of the per
mafrost. 

An understanding of the exact nature (magni
tude, timing, regional trends} of past cli .. te 
changes and their effect on mean annual surf ace 
te~eratures, permafrost features, and the thermal 
regime and thickness of the permafrost requires 
1111ch more detailed data, analyses, models, and in
terpretation. 'lbis understanding of permafrost
cl imate problelB is needed to asseaa the influence 
of the present climate wal'lling trend on permafrost 
and to anticipate changes in the permafrost that 
will have an impact on the envirolllll!nt and on hu
man act ivitiea. 
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CLIMATE CHANGE AND OTHER EFFECTS ON PERMAFROST 

M. Smith 

Department of Geography, Carleton University 
Ottawa, Canada 

This is not a review of cli•te and perma
frost relationships. Other contributors have ad
dressed this, but it llight be useful to restate a 
nuaber of basic ideas about climate and permafrost 
given the considerable interest in the implica
tions of climate change for permafrost conditions. 
After a brief sm-ry of some basic ideas, three 
broad questions are posed. 

Obviously, the occurrence of permafrost de
pends on climate, since cli .. te, in some way or 
another, determines the tel!perature at the surface 
of the earth. Many discussions of climate and 
cli-te change seem to focus almost exclusively on 
the factor of temperature, but it a.ist be realized 
that cli-te is far more complex than this, and 
that changes in precipitation and other factors of 
cli-te are also very important. In addition, 
more than just climatic conditions prescribe the 
surface temperature regime, under which permafrost 
-y or .. y not be present. However, when climate 
does change as shown in Figure 1 -- the tempera
ture change over roughly the last century or so -
then ground tel!peratures can also change (Gold and 
Lachenbruch, 1973; Osterkamp, this volume). HOlf
ever, ground thermal conditions can change for a 
variety of other reasons, some of which are non
climatic, and some of which have implications for, 
or feedbacks with, climatic processes. 

For instance, fire can produce disruptions of 
surface cover and change ground thermal condi
tions. Exposure of ice-rich sediments by river 
erosion can initiate spontaneous and continuing 
thaw of the materials. SnOlf banks can form either 
through changes in climate, including precipita
tion and wind, or by geomorphic or vegetational 
changes. A poster paper by Bowling (this confer
ence) illustrates the effects of snOlf cover on the 
ground thermal regime in the absence of other 
kinds of cli•te change. Vegetation differences 
can produce substantial variations in ground ther
•l conditions between sites. Figure 2 shOlfs data 
from two adjacent sites, where organic material is 
present at one and not at the other. As can be 
seen, quite different ground thermal regimes de
velop under the same cli .. tic conditions. Lastly, 
there is a range of human disturbances that bring 
about changes in the ground thermal conditions. 
Jahns and Heuer (1983) have suggested how this 
could be exploited in mitigative frost heave, by 
utilizing the disruption in surface conditions to 
counteract freezing beneath a pipeline. Therao
karst can be initiated by surface disturbance dur
ing construction and such features can then have 
feedbacks to natural climatic and microclimatic 
processes that .. y amplify or diminish the influ
ence of such disturbances. 

There is of course considerable debate over 
the possible course of the earth's climate over 
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FIGURE Mean hemispheric (0-80°N) changes in air 
temperature since 1880 (from Schneider, 1976). 
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FIGURE 2 Mean diurnal 10-cm ground temperature 
regimes at adjacent sites in the Mackenzie Delta 
(froa Smith, 1975). 

the next 50 to 75 years. Conventional wisdom does 
point to at least a doubling of atmospheric carbon 
dioxide by the middle of the next century, but the 
implications of this for climate are less certain 
and there is no unanimity on just what will hap
pen. We do ltnOlf from the past that changes in 
arctic climate, especially temperature, are three 
to five times greater than for the northern hemi-
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sphere as a whole. In coastal regions of the Arc
tic, climate changes are complicated by sillllltane
ous changes in the ice regime, but the general im
plications of C02-induced climate change would be 
a warming in the Arctic with a likely increase in 
precipitation (Harvey, 1982). If we accept this 
as a hypothesis valid for the next 100 years, then 
the following questions might be posed. 

First, how can we assess the effects of cli
mate change on permafrost conditions, given that 
local conditions exert such strong influences on 
ground thermal regime, as discussed by Smith and 
Riseborough (1983). Unfortunately there is a 
dearth of published information on ground tempera
ture regimes at neighboring sites over long peri
ods of time. 'Dlere appears to be no report in the 
literature of any monitoring network of shallow 
permafrost temperatures that has been continued on 
a regular basis for any length of time. Figure 3 
is based on a few years' data from Brown (1978); 
it illustrates that, within a small area, there is 
considerable variation in the thermal regime from 
site to site and from year to year. For example, 
the war11est year was 1976 at some sites, but 1975 
at others. 'Dlus we cannot expect individual loca
tions, where permafrost is present, to respond in 
the Sllllle way to the same climate-forcing function; 
there are intervening processes that have to be 
understood before we can predict the influence of 
climate and climate variation on permafrost condi
tions. How can we best address this particular 
problem of the complexity introduced by the varia
tion in local conditions? Goodwin et al. (1984) 
have addressed this issue, using a numerical ener
gy balance 1110del. 

Secondly, is the likely rate and magnitude of 
permafrost change due to climate likely to be 
less, equally, or more important than changes due 
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FIGURE 3 Ground temperatures at 1.06-m depth for 
four sites at aturchill, Manitoba (from Smith and 
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to other natural processes, such as the spontane
ous thawing of ice-rich sediment exposed by river
bank erosion or fire? A corollary to this is, how 
will climate change affect the rate of such natur
al processes? We have initiated some work in the 
central Yukon to monitor the year-by-year retreat 
of retrogressive thaw flow slides to see if there 
is any relationship bet'tlll!en the rate of retreat 
and climatic conditions. Such studies could be 
repeated in various places. Lastly, are changes 
in the permafrost regime resulting from possible 
climate change likely to be important considera
tions in northern geotechnical engineering? Given 
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FIGURE 4 Predicted annual maxi111Um active layer 
development for different sites under a uniform 
climatic warming trend (from Smith and Rlsebor
ough, 1983). 
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that structures in such environments are designed 
to be in some equilibrium with the nstural thermal 
conditions, what are the iaplications if the na
tural background conditions th ... elves change? 
Figure 4 shOlls some attempts to predict the rate 
of permafrost recession under ass111111d cli .. tic 
warming over the next 25 years at a n1111ber of 
sites deemed to be representative of discontinuous 
permafrost near Whitehorse, Yukon. As can be seen 
for various kinds of site conditions, the degrada
tion of permafrost clue to natural warming •Y be 
between 2 and 5 a over the period, surely not an 
insignificant 11110Unt for thaw-sensitive struc
tures. 
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RECONSTRlX:TIONS AND FUTURE PREDICTIONS OP THE EFFECTS OP CLIMATE CHANGE 

J.T. Gray 

Depart11ent of Geography, University of Montreal 
Montreal, Canada 

'lbere are three main purposes for studying 
the relationships between climate change and the 
geothermal regime in cold environments. 

In the first place, we may wish to interpret, 
for a given region, hOll docU111ented cllllllte change 
in the past ought to have affected ground tempera
tures and hence per!lllfrost distribution and thick
ness, ground lee content, and active layer depths. 
Variations in these properties may then be in
ferred to have played a role in the physical, 
chellical, and biological processes active at and 
immediately belOlf the ground surface. 'lbus, good 
docU111entation of past climate change has the po
tential of explaining fluctuations in these proc
esses when interpreted by Quaternary specialists 
in such fields as geo110rphology, pedology, hydrol
ogy, geochellistry, and plant ecology. 

In the second place, we uy wish to reverse 
the procedure and try to use fluctuations in the 
various physical, chemical, and biological proces
ses as indicators of changes in the geother!llll re
gime and hence as imprints of climate oscillations 
for a given region. 'lbe aim would then be to try 
to establish the age, trend, and amplitude of 
these oscillations. 

In the third place, we may wish to predict 
the effects of future climate change on the ther
mal regime, and 11c>re specifically on the peru
frost and active layer conditions. At one level 
we 11&y wish to assess the effects of such future 
change in ter118 of the possible thermal disturb
ance to the near surface environment of .. n-ln
duced llicro-cll11&tlc 110diflcationa, resulting from 
engineering projects, on various scales. 'lbe 
planned reservoir construction in the Great Whale 
River basin of Northern Quebec, although presently 
shelved, is an interesting example of such a pro
ject on a very large scale. 'lbe Trans-Alaska 
Pipeline and the pipeline planned in the Mackenzie 
Valley in northwestern Canada are examples of such 
110dif ication on a somewhat smaller scale. At a 
second level, we uy wish to assess the long-tera 
effects on a regional or even a continental scale 
of lOlfer atmosphere warlling and cooling trends. 
In this regard reference may be made to a possible 
warlling trend related to the very significant in
crease in the co 2 content of the at110sphere in re
cent years (Watts, 1980). 

Whichever of these three goals interests us 
as researchers, it is clear that a key element is 
the quality and continuity of the cll .. te data 
itself. In this regard, I would like to briefly 
raise a number of points about the dlf f erent types 
of climate data available for reconstructions of 
goethermal regl111es for the Holocene interval in 
periglacial regions, and then I would like to make 
a few remarks concerning the kind of data we will 
need to predict future climate change. 
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'lbe cli•te data can be conveniently subdi
vided into three categories. In the first place, 
data are available for a sparse network of arctic 
meteorological stations for a period rarely ex
ceedl ng the last 50 years. 'lbe 11c>st useful data 
for studies of the ground thermal regime that are 
often available are on air temperatures, precipi
tation. snnlffall, snOlf cover, and global radiation. 
However, the very useful parameter of surface t•
perature for a variety of cover types is al110at 
never available. It mat be derived using correc
tive indices that vary according to radiation and 
the snOlf cover characterlatica of the various sur
faces. Lunardini's •a• factor correction (Lunar
dini, 1978} la one such corrective index. 

The second type of data available to us is 
recorded in temperature logs that have been ob
tained from deep drill holes in arctic regions 
(Lachenbruch and Marshall, 1969; Taylor and Judge, 
1979; Judge et al., 1981; Osterkamp and Payne, 
1981; Poitevin and Gray, 1982; Pilon, 1982). 'lbe 
fluctuations in the ground temperature profiles 
beyond the zone of zero annual amplitude reflect 
changes in the mean annual surface temperatures at 
the site, but interpretation of the amplitude aad 
periodicity of these temperature fluctuations ia 
not straightforward. A n1111ber of corrections have 
to be applied to the temperature prof lles to take 
account of thermal conductivity contrasts as well 
as of terrain variations in the vicinity of the 
drill hole, and assu-.>tlons have to be 111lde con
cerning the geotherul flux from the interior of 
the crust (Taylor and Judge, 1979; Pilon, 1982). 

'lbe third possibility is the use of proxy 
cllllllte data obtained from a series of indices at 
or belOlf the ground surf ace. 'lbese indices are 
based on geomorphologic, pedologlc, geochellical, 
and vegetatlonal information. 'lbey can take the 
climatic record mch farther back than the •teor
ological data, generally using radiocarbon dating 
for chronological control. However, use of such 
proxy data results in probl8118 of interpretation, 
which necessarily laply a certain degree of sub
jectivl ty and a fairly high margin of error in de
rivation of the tilling, direction, and amplitude 
of climate fluctuations. In this regard, let us 
examine one of the best established indices of 
climate change - pollen analysis. 

Pollen spectra from successively deposited 
layers of organic material in peat bogs and lake 
beds have frequently been used to reconstruct 
for11er vegetation asseablages at given sites (Fae
gri and Iversen, 1964; Short and Nichols, 1977; 
Richard, 1977, 1978). Because of the relationship 
bet'tll!en vegetation associations and cli•te zones, 
it becomes possible to draw SOiie inferences about 
formr clilllltes from the pollen stratigraphy and, 
through dating of the organic material, to have 
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SOiie chronological control on cli .. te transitions. 
A number of proble• mat be taken into account, 
hOlfever. In the f irat place, the pollen spectra 
in arctic and subarctic regions do not only re
flect the pollen rain derived froa the local vege
tation coa1a1Rity 1 but also significant and perhaps 
temporally variable long-distance transport froa 
forest regions to the south {Nichols et al., 1978; 
Blliott-Fiak et al., 1982). Secondly, it ia pre
sumed that there ia a aynchroni• between vegeta
tion change aa reflected in the pollen strati
graphy and climate change acting aa the causal 
factor. llichard {1977), in discussing climatic 
interpretation of pollen diagrams, suggests that 
vegetation succession tOlfarda a state of equili
brium with the climatic llilieu ia relatively rap
id, well within the temporal precision of the 
technique for llO&t basins of aedi•ntation. Fin
ally, although palynologically detendned changes 
in vegetation cover may give an index of the di
rection of climate change in term of a deteriora
tion or a•lioration of grOlfing conditions, it ia 
very difficult to translate such change into •an
ingful ter• for geotherml studies. Andrews et 
al. {1980) and Andrews and Nichols {1981) have at
tempted to use pollen transfer functions, using 
knOlfledge of 110dern pollen rain at control sites 
near •teorological stations across a range of 
vegetation zones in the Eastern Canadian Arctic, 
to accurately reconstruct temperature conditions 
in the gr011ing season during the late Holocene in
terval. However, the geotherml regi .. ia also 
related to winter temperature conditions and to 
&DOif cover, and these paramtera cannot aa yet be 
110delled by the pollen transfer functions. 

Other proxy data froa vegetation, such aa 
18at 16a ratios in buried tree trunks or in peat, 
tree-ring studies in living vegetation {Cropper 
and Fritts, 1981) and in buried macro fossils 
{Gagnon and Payette, 1981), geomorphological cri
teria such as the distribution of active and inac
tive periglacial landform {Barria, 1982), all 
present similarly serious obstacles to the 
straightforward interpretation of climate change 
aa it influences the geothermal regime. In addi
tion to the proble• of interpretation, there are 
often serious problems resulting froa difficulties 
in establishing a tilll! scale for the observed 
changes, either due to a total lack of in situ or
ganic material for 1 ~c dating or due to the large 
errors inherent in 1 ~c data obtained from ao• or
ganic materiala--auch aa soils. 

Aa a result of the various problems associa
ted with proxy data, it .. y be appropriate to ask 
the follOlfing question when considering the use of 
paleoclimatic data for given sites in arctic re
gions for geothermal studies; la it preferable to 
use a fragmentary record of locally derived proxy 
data with 110derate to poor chronological control, 
or ia it better to extrapolate to the given site 
froa a distant region, relatively continuous rec
ord& of climate change, perhaps using ao .. kind of 
transfer function baaed on present-day climate 
records? In this regard, we might •ntion the 
very COllplete cliaate records baaed on the 18<>/ 16c> 
cores available from Camp Century on the Greenland 
ice cap {Danagaard et al., 1970) and from the 
Devon Island ice cap in the Eastern Canadian Arc
tic {Koerner and Fisher, 1981). 'lbe latter path 
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might appear at first glance to be a reasonable 
one, but mat be followed cautiously. Recent cli
mate records for eastern and western Arctic re
gions of North A•rica {Fig. 1) do not ahOlf per
fect synchronism in term of wandng and cooling 
trends. I would venture to suggest that while the 
regionally available proxy data are undoubtedly 
difficult to relate to 11Ban annual ground surface 
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FIGURE 1 Bight-year running •an for annual air 
temperatures from 1940 to 1980 for selected sta
tions in arctic North America. A-1 and A-2 show 
data for stations in the tundra and boreal forest 
zones of Alaska. B-1 and B-2 show data plotted 
for corresponding vegetation zones in northern 
Quebec. 
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te11peratures. they do offer potentially valuable 
tools for the reconstruction of cli .. te change if 
they can be combined with a few deep hole te11pera
ture logs. Taylor and Judge (1979) have shown 
that knowledge of the general direction and age of 
cli .. te trends can. through application to the 
geother11&l data. be used to reconstruct the ampli
tude of such trends. 

One major difficulty will always remain in 
the use of the proxy data for paleoclimate recon
struct ions. The record. as regards detection of 
change in the various indices. the data of such 
change. and the derivation of paleotemperature 
curves. will al-ya beco• progressively more 1.
precise as one goes backward through time. 

With regard to prediction of future ef fecta 
of climate change on per11&frost and active layer 
conditions. it aight be appropriate to suggest the 
establishment of a series of 110nitoring stations 
associated either with arctic weather stations or 
with long-term construction projects. Brown's re
search in leevatin (Brown. 1978) and the data ob
tained at the McGill Subarctic Research Laboratory 
at Schefferville in Northern Quebec (Ada• and 
Barr. 1973; Nicholson. 1978. 1979) represent very 
isolated examples where 1a1lti-year acquisition of 
ground surface te11peratures through the various 
seasons has been attempted. The Schefferville 
data have been obtained for a 25-yr period. but 
even there the record is rather broken. What is 
needed for the North American Arctic is a series 
of recording stations frOlll the eastern and western 
arctic regions for both the continuous and discon
tinuous permafrost zones. As well as standard me
teorological data. each installation should be 
equipped to •aaure ground surf ace temperature. 
snow pack conditions. and ground temperature pro
files (at least to a depth of about 5 a) for a 
variety of surface cover types in the vicinity of 
the installation. In this regard. long-tera 110ni
toring activities planned in association with the 
future Mackenzie Valley pipeline in the vicinity 
of Nor11&n Wells in the Northwest Territories 
(Pilon. pers. com1a1n.) should provide good data 
required for future prediction of the effects of 
climate change. at least for the western arctic 
regions. 
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Soviet Contributions 
Thia section of the volume contains additional Soviet contributions to the 

conference. These include invited (p. 163) and contributed (p. 19S) papers and 
translations of abstracts from a special conference volume of papers published 
in the Soviet Union (p. 31S). (Problell8 of Geocryology, P.I. Melniltov, Editor
in-chief, Nauka, MoacOlf, 1983, 280 pp.) The translated abstracts were provided 
by the National Research Council of Canada. The invited papers were presented 
in a special aeaaion of the conference. The present version of the invited pa
pers was tranalated by Williaa Barr, University of Saskatchewan. As was the 
caae with the first proceedings volume, the c119era-ready copy for the Soviet 
contributed papers was prepared under the direction of the U.S. Organizing Com
mittee, follOlfing reviaion by Engliah-apealting readers. However, no attempt 
was made to standardize the transliteration, terminology or quality of the 
translationa. The Soviet papers were accepted for publication on the basis of 
Soviet review prior to submission to the U.S. Organizing Committee. 

Academician P.I. Melnikov (right) and Nikolai Grave, senior representa
tives from the USSR, exaaining the polar beara carved in ice for the 
opening reception of the Fourth International Conference on Permafroat, 
University of Alaska Fairbank• C411pus. 
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Invited Soviet Papers 

MAJOR TRENDS IN THE DEVELOPMENT OP SOVIET PERMAFROST RESEARCH 

P. I. Mel'nikov 

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

The author presents an overview of trends and achievements in Soviet permafrost 
research in recent years. He stresses both the progress in "pure science" areas 
and in practical applications of permafrost research. Within the first category 
would fall a major study (including mapping) of the geothermal heat flux in the 
permafrost zones; complex studies of energy exchange between soil. vegetation and 
atmosphere; and predictive studies of the possible impact on the permafrost of the 
widely publicized global warming trend due to the acc\IDulation of C01 in the 
atmosphere. A wide range of studies with a more practical flavor has also been 
undertaken. These include a study of naZedi (icings) in the mountains of Soviet 
Central Asia with a view to possible water supply; mapping of permafrost and pre
diction of the impact of development in the BAM zone; recoamendations as to environ
mental protection in the gas fields of northern West Siberia; and studies of the 
potential use of underground storage chambers in permafrost. to name only a few. 

Oeocryology. the science of frozen earth mater
ials. studies the composition, structure, con
ditions of formation and history of development of 
frozen. freezing and thawing earth materials. and 
also the processes and phenomena occurring in this 
zone of the earth's crust. Perennially frozen 
materials occupy one quarter of the area of the 
continents, including half of the territories of 
the USSR and Canada, three quarters of the area of 
Alaska. considerable parts of China and Mongolia. 
the northern parts of the Scandinavian countries, 
and the whole of Greenland and Antarctica. 

As a discipline geocryology emerged in the 1920s, 
i.e. during the Soviet period. Geocryological 
research in the USSR began to develop intensively 
in the thirties in connection with the economic 
development of the northern areas where a range of 
natural resources is concentrated. including 
minerals which are rare. very valuable. unique or 
in very short supply in the country as a whole. 

The development of the productive capacity of 
Siberia was critically complicated by the presence 
of permafrost. It was necessary to develop basic 
techniques and to work out special methods for 
constructing housing and industrial buildings. 
pipelines. roads for various purposes and airfields, 
for the rational extraction of minerals. to develop 
research into groundwater and to find new. effec
tive techniques for exploiting it. and to perfect 
techniques for improving agricultural lands in 
terms of both water balance and temperature. 
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At the present time the Permafrost Institute of 
the Siberian Section of the Academy of Sciences of 
the USSR plays a leading role throughout the country 
in this area of science. Moscow State University. 
the Institutes of the Ministry of Geology of the 
ussa. Gosstroy. and of other ministries and organi
zations have made a significant contribution to the 
development of this science. 

Co-ordination of the geocryological research 
carried out by academic and departmental research 
institutions and planning organizations in the USSR 
is effected by the Scientific Council on Terrestrial 
Cryology of the Academy of Sciences of the USSR. 

In our country geocryological research is planned 
on a multi-disciplinary basis; it involves the 
integrated combination of projects of a general. 
thermophysical and engineering nature. Basic 
research into either theoretical or regional geo
cryology embraces several problems. 

We study the thermophysical principles of the 
formation and development of the cryolithozone. 
Investigations are under way into the relationship 
between the earth's thermal fields and geological 
structures. into the evolution of the thermal state 
of the cryolithozone under natural conditions and 
under the influence of human activities. and into 
the laws governing the processes of heat exchange 
in the atmosphere/vegetation/soil system. 

As a result of the research which has been 
carried out we have identified the conditions 
controlling surface temperatures and the freezing 
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of the ground under the influence of the climate 
and of heat exchange with the atmosphere under 
various landscape conditions and in various environ
mental zones. The thermal regime of the materials 
has been defined for the main geostructures of 
Northern Asia: the West Siberian plate, the 
Siberian platform and the Verhkoyansk-Chukotka fold 
mountain area. 

For all the permafrost zones in these regions we 
have compiled the first map of the magnitude of the 
internal geothermal heat flux. We have identified 
areas with very low geothermal heat flux (the center 
of the Siberian platform) and with very high geo
thermal heat flux (the Verkhoyansk mega-anticlin
oriun), and also the peculiarities of the thermal 
regimes of depressed structures within which are 
deposited the deposits of oil and gas on the 
Siberian platform. It has been established that 
disequilibrium permafrost is widely developed; it 
is anomalously thick and has an anomalous tempera
ture regime, which does not correspond to the 
present climate and retains features of the cold 
periods of the past. 
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Theories of geothermal fields are successfully 
being worked out. We have created analytical models 
of the geothermal fields for homogeneous and non
homogeneous environments in areas with a complex 
relief. We have also developed methods for inter
preting geothermal data and the structure from a 
limited amount of data. 

For the first time, either in the USSR or in the 
world, we have carried out complex regime investig
ations of the process of energy exchange in the 
soil/vegetation/atmosphere system in various perma
frost and climatic zones. They have made it poss
ible to describe quantitatively the input-output 
processes of heat and moisture exchange between the 
atmosphere and the permafrost, and to establish the 
climatic conditions for the formation of seasonally 
and perennially frozen ground. We have achieved a 
number of results, new in principle, as to the 
physics of heat exchange in the snow pack and the 
vegetation cover. A new branch of the earth 
sciences has emerged, namely "thermophysics of 
landscapes," the basis of which rests on the energy 
balance techniques which allow one to characterize 
quantitatively the heat and moisture exchange 
between the individual components of the landscape. 

Important investigations have been carried out 
into the thermophysics of cryogenic phenomena. 
Theories have been developed as to the thermal 
abrasion of coasts which will allow us to solve 
a number of scientific and practical problems as 
to the proper exploitation of the natural resources 
of coastal areas. Basic principles are being for
mulated for predicting thermal abrasion processes, 
and on this basis, for the first time in the world, 
we are working out a universal methodology for pre
dicting the modification of shorelines of reser
voirs in the permafrost zone. This research will 
allow us to solve urgent scientific and practical 
problems associated with the exploitation of the 
natural resources of the near-shore zone of arctic 
seas and artificial water bodies. 

As a result of permafrost/geological investiga
tions we have taken cryolithology in a new direc
tion, focussing on the distribution in the perma
frost of ground ice, depending on the genesis, 
accumulation conditions and freezing of the 
sediments. 

The method of permafrost-facies analysis has 
been introduced into the practical side of geo
cryo logical research. Cryogenic textures are 
classified according to geological-genetic prin
ciples and a geological model of how they formed as 
terrestrial and submarine freezing proceeded has 
been proposed. 

On the basis of permafrost f acies analysis of 
paleontologically dated deposits in type sections 
in Yakutiya it has been shown that the age of the 
permafrost in the Aldan basin considerably exceeds 
300,000 years and that within the boundaries of its 
present distribution permafrost has never totally 
disappeared. There are data to support the exist
ence of stable permafrost in· the Kolyma lowland in 
the early Pleistocene, i.e. approximately 1.5 to 2 
million years ago. 

The data cited on the age of permafrost represent 
an important discovery by Soviet scientists. We 
have to expand the investigations in this direction 
and give them special emphasis. We have to link the 
evolution of the permafrost to climatic changes, and 
for this we must work in collusion with the clima
tologists. 

At the present time a great deal of attention is 
being paid to global climatic change. A warming of 
the global climate has been predicted due to the 
accunulation of C01 in the atmosphere. It is 
hypothesized that by 2100 the mean temperature of 
the planet will have risen by 2-3° as compared to 
present. Such a significant warming of the planet 
must provoke concern among us geocryologists since 
this undoubtedly would affect the thermophysical 
conditions of the permafrost materials. We have to 
predict what changes might occur in the permafrost 
in the various regions of the country when they 
occur. Will there simply be an increase in the 
temperature of the frozen materials or will they 
start to degrade? The geocryologists in every 
country must become involved on such predictions. 

Major investigations are under way to study the 
laws governing the formation and peculiarities in 
the utilization of groundwater in the permafrost 
zones. The Permafrost Institute has participated 
in the compilation of Volume 20 in the monograph 
series GidPogeoZogii SSSR [Hydrogeology of the 
USSR] which includes three maps: one on geocryo
logy, one on engineering geology and one on hydro
geology. 

A multi-disciplinary study of groundwater in the 
permafrost zones and the analysis and generalization 
of a vast amount of hydrogeological data accumulated 
by various organizations have allowed us to achieve 
the mapping of the permafrost hydrology of Eastern 
Siberia. For the first time in Soviet experience 
we have compiled for this vast region, with an area 
in excess of 7 million km', a map of permafrost 
hydrology regions at a scale of 1:2,500,000 which 
contains a vast amount of information. 

During the past few years at the Institute we 
have been developing in a rational fashion geo
physical methods for studying the dynamics of 
physico-chemical processes. By using them one can 
study the regime of changes in the physico-chemical 
composition of the rocks in the upper layers of the 
permafrost during the annual cycle. We have estab
lished that intense physico-chemical processes are 
going on not only in the active layer but also at 
greater depth, down to the zone of zero annual 
amplitude. 
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The lnstitute's geochemists have achieved some 
interesting results. They have discovered the 
effect of selective adsorption of organic compounds 
on the surface of oxides and of ice. It has been 
established that materials possessing strictly 
defined potentials for ionization are adsorbed from 
water solutions on the surface of oxides and ice. 
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A connection has been demonstrated between the 
electron structures of anions and their capability 
for beco•ing integrated into the crystal lattice of 
ice during the freezing of electrolytic solutions. 
It has also been established that the rate of 
migration of salts in frozen sands where no tempera
ture gradient exists is determined by the size of 
the charge on the surfaces of the mineral skeleton 
and of the ice. 

Geocryological conditions in the alpine regions 
of Kazakhstan and Central Asia are being systematic
ally studied. It has been established that the 
area of distribution of permafrost in these regions 
amounts to 170,000 km2, which is approximately six 
times greater than the total area of glacier cover 
in the mountains of Central Asia. Permafrost 
thickness in unconsolidated materials does not 
exceed 200 m but in bedrock it reaches 360 m in 
places. The volume of ice included in these frozen 
materials amounts to 687 km'. In the northern Tien 
Shan the lowest areas of permafrost appear at 
heights of 2500-2700 m above sea level and, in 
special locations, sometimes even as low as 1800-
2000 m. In the extreme south of the region, in the 
southern Pamirs, the lower boundary of permafrost 
occurrence rises to a height of 3600-3800 m. 
Studies are under way of the permafrost conditions 
associated with the formation of glacial mud flows 
which are a constant threat to many towns in 
Central Asia and Kazakhstan. A direct connection 
has been demonstrated between the glacial mud flow 
activity during the last decade and the retreat of 
the glaciers which has exposed extremely ice-rich 
till masses which, on thawing, are potential 
sources of glacial mud flows. The Institute has 
recommended methods of stabilizing the unstable 
moraines with taliks by artificially freezing them. 

Methods for mapping rock glaciers have been 
developed; data have been gathered on their struc
ture and their rate of movement is being determined. 
The role of rock glaciers in the transport of rock 
detritus is being assessed. And finally the need 
to take the movement of rock glaciers into account 
during construction in alpine areas has been 
demonstrated. 

A major object of permafrost investigations is 
na'Ledi (icings); considerable vol\llles of water 
accumulate in icings in the Tien Shan and the Pamir 
during the cold season. The volume of ice in the 
largest na'Ledi in the alpine areas of the Tien Shan 
and Pamirs in some years reaches many hundreds of 
thousands and even millions of cubic meters. 
Artificially increasing the volume of these naledi 
could be of great practical interest since induced 
accelerated melting of these same icings in sunaer 
could increase the discharge of the mountain rivers 
during the growing season when there is a particu
larly acute need for irrigation water in the foot
hills area. 

Investigations connected with the protection of 
the environment are being intensified. The first 
map of the Yakutsk ASSR has been compiled to show 

degrees of sensitivity of the surface to human 
activities. Our Institute participates in the 
research into and construction of almost all .. jor 
projects in Siberia, the Far East and the Far North 
and contributes to the development of recommenda
tions concerning rational use of the environment 
and to the creation of progressive techniques of 
construction on permafrost. 

At the present time we have established the 
permafrost conditions obtaining at all the diamond 
pipes which are being exploited, at all the tin 
deposits in the Northeast of the USSR, at the coal 
deposits of Southern Yakutiya and at all bedrock 
occurrences of gold and non-ferrous metals. 

Permafrost investigations extending over a number 
of years in the area of the Baykal-Amur Mainline 
have been completed. We have compiled and published 
geocryological maps at a scale of 1:5,000,000 and a 
monograph describing this region; the latter 
reflects current ideas on the main permafrost 
characteristics of the northern Amur oblast and of 
Khabarovsk kray, and of the Baykal and southern 
Yakutiya districts. It has been proven that over 
a very wide area permafrost is surviving thanks to 
the specific nature of the surface cover, rather 
than due to climate. Hence when these areas are 
developed and the surficial insulating cover is 
destroyed degradation of the permafrost, with all 
its negative consequences, is inevitable. The 
Permafrost Institute has published predictions as 
to changes in permafrost conditions associated with 
the development of the eastern part of the BAM zone. 
On the basis of these data a permafrost-seismic 
map was compiled by the Institute of the Earth's 
Crust of the Siberian Branch of the Academy of 
Sciences of the USSR; the data were also widely 
used by planning organizations in compiling tech
nical and working plans for the route of the BAM. 

On the basis of fundamental investigations in the 
area of engineering geocryology, major applied tasks 
have been solved with regard to controlling the 
temperature regime of foundation materials. the 
improvement of agricultural lands and the restora
tion of disturbed landscapes. The effectiveness 
of using a styrofoam insulating cover to reduce 
the depth of thaw in frozen materials has been 
determined. Completion of these investigations has 
allowed us to begin developing an extremely prom
ising method for controlling the depth of thaw and 
the ground temperature. This will open the way for 
more effectively increasing the bearing capacity of 
structural foundations and will considerably in
crease the operating safety of foundations. 

On the basis of long-term multidisciplinary 
investigations in the North of Western Siberia we 
have developed recommendations as to the protection 
of landscapes from disturbance and we have proposed 
methods for selecting building sites and methods 
for restoring areas disturbed during the laying of 
northern gas pipelines. We have compiled an 
"Interim manual for the protection of landscapes 
during the laying of gas pipelines in the Far North:' 
This is essentially the first attempt at a multi
disciplinary approach to enviroIDental protection 
in association with land use in the Far North. 

We have carried out a large number of applied 
investigations directed at solving the Food Program. 
A series of projects have been completed, aimed at 
optimizing methods of both channel and sprinkler 
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irrigation of hay lands and areas of fodder pro
duction in Central Yakutiya. Methods of irrigation 
regimes have been worked out and recommendations 
have been made as to increasing soil fertility. 

We have been pursuing research into surf ace 
deformations provoked by the thawing of ground ice 
as a result of the breaking-in of new arable land. 
In Central Yakutiya 20-30% of newly broken arable 
fields become uncultivable within 2-3 years due to 
the formation of the thermokarat trenches up to 1.5 
to 2 m deep along the line of ice wedges. Recom
mendations have been made as to the selection of 
areas suitable for cultivation. 

Much attention has been paid to the problems 
associated with using groundwater as a source of 
water supply. New principles for estimating 
reserves of groundwater and new methods for estab
lishing water-supply installations have been 
proposed. Methods of protecting operating water 
wells from freezing have been put into practice, to 
great effect. 

Along with YakutniproaZmag (Yakutsk Diamond 
Prospecting Research Institute) the Permafrost 
Institute has developed a new, progressive type of 
foundation for permafrost areas: reinforced con
crete piles equipped with built-in refrigeration 
devices using a naturally circulating coolant. 
They are being successfully used in building pro
jec ta and have led to a considerable reduction in 
labor costs, in the coat of building materials, 
and the overall weight of structures and have in
creased the operating safety of the structures. 
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Drilling-and-filling piles are ready to be intro
duced. Our studies have shown that their bearing 
capacity in permafrost materials is twice that of 
ordinary prefabricated reinforced concrete piles. 
Experimental studies into increasing the efficiency 
of refrigeration devices and the freezing of foun
dation materials by means of an insulating cover on 
the surface have also been successful. It is recom
mended that one use seasonally operating refrigera
tion devices in building cheap, relatively easily 
constructed earth dams up to 20 m high, with a 
frozen, impermeable core, for impounding reservoirs 
for drinking water and for the purposes of irrigated 
agriculture. The effectiveness and reliability of 
such structures has been demonstrated by those 
built for the diamond-mining industry. 

Long-term thermophyaical investigations by the 
Institute on the dam at the Vilyuy hydropower 
development have established basic laws governing 
heat and mass transfer in the coarse rock material 
of the flanks of the dam and in the fissured bed
rock of the dam's foundation; the intensity of water 
percolation was also determined. The valuable data 
accuaulated have been used in planning hydroelectric 
schemes in other permafrost regions. 

In view of the accelerating pace of development 
in the northern regions the problem of using perma-

frost materials as an environment for engineering 
structures is of particular interest. Thia has 
arisen from demands for rational use of resources 
and from economic expediency. One means of reducing 
the negative impacts of human activities on the 
natural environment is the effective use of under
ground chambers. The Permafrost Institute has 
developed a new technology for creating under
ground reservoirs in frozen sediments. Thia 
technology is safer, simpler to use and consider
ably more effective as compared to existing methods. 
The underground storage chambers in frozen sediments 
are designed for storing oil products, water, and 
for other purposes. In the agricultural areas of 
Yakutiya they have been effectively used for refrig
erating milk in a1.111111er and for farm water supply. 

I should like to emphasize the need for geocryo
logical studies in the following directions: 1) 
continuation and intensification of studies into 
geocryological processes in the permafrost areas; 
2) expansion of research into the complex impact of 
natural f actora on the freezing and thawing of the 
ground and the creation of generalized models of 
cryological processes; 3) development of research 
into the theory of geocryological prediction, since 
it is very important to know of changes in perma
frost conditions provoked by huaan activities and 
to develop reliable methods of geocryological 
forecasting in order to exclude the possibility of 
undesirable consequences; 4) expansion and inten
sification of the scientific fundamentals in terms 
of methods to protect the environment in permafrost 
areas, to which end we must establish reliable 
criteria for assessing the sensitivity of the land 
surface to anthropogenic activities and make recom
mendations as to the rational use of natural 
resources; 5) focussing of attention on geocryo
logical research on the arctic continental shelf 
in connection with the intensification of prospect
ing work in the search for minerals and with their 
impending exploitation; 6) continuation of research 
dealing with the construction of oil and gas pipe
lines in permafrost areas and the development of 
models of the optimal conditions for the laying and 
operation of pipelines with a view to ensuring safe 
operation and the maximum economy in terms of con
struction; 7) improvement of foundation construction 
to achieve the moat effective foundations in terms 
of both performance and coat. 

Soviet geocryologiata are directing their efforts 
to the further elaboration of basic problems in 
permafrost research and to the solution of practical 
problems which are of primary significance in the 
development of the northern areas of our country. 
Soviet geocryology has achieved major results in 
fundamental and applied research which have per
mitted us to aaa1m1e a leading position in the world 
in this area of scientific knowledge. 
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DRILLING AND OPERATION OF GAS WELLS IN THE PRESENCE OF 
NATURAL GAS HYDRATES 

A. I. Gritsenko and Yu. F. Makogon 

All-Union Scientific Research Institute of Natural Gas 
Moscow, USSR 

Natural gas hydrates have been found to occur widely where reservoirs of hydrocarbons 
occur in permafrost areas. Exploitation of hydrocarbons lying beneath the gas hydrate 
formations is likely to encounter serious problems. Specifically the heat transaitted 
from the hot drilling mud can result in the decomposition of the gas hydrates adjacent 
to the drill hole; this results in the release of large volumes of gas which can lead 
to a violent "gas kick" and the ejection of the drilling mud from the hole. The author 
demonstrates how this problem may be overcome by increasing the density of the drilling 
mud, reduction of its temperature, or by a combination of these techniques. 

Reserves of natural gas 1n a solid hydrate state 
located on land exceed 1 x 1014 a3, while those be
neath the ocean amount to about 1.5 x 1016 a3 
(Makogon, 1964, 1981; Trofimik et al., 1981; Judge, 
1981). Exploitation of the reserves located on land 
requires the solution of some radically new techni
cal problems. These problems arise from the unique 
properties of gas hydrates which saturate the pore 
spaces of gas bearing strata located in association 
with permafrost in the sedimentary cover of the 
earth's crust. 

The most important of the properties of gas 
hydrates in terms of the peculiarities of exploit
ing the deposits of hydrocarbons in areas where the 
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FIGURE 1 Conditions of gas hydrate formation. 
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gas hydrates occur include: an abrupt change in 
the specific vol\De of water and gas during phase 
changes; the extremely low permeability of gas 
hydrates and of porous rocks saturated with hy
drates; the low thermal conductivity of the hydrates; 
the significant lowering of the strength of rocks 
containing hydrates as they decompose; a sharp 
increase in pore pressure during their composition 
within a closed system; and an increase in capil
lary pressure as the hydrates accumulate in porous 
rocks. All these properties of gas hydrates dic
tate to a large extent the technology of drilling 
and operating wells in strata where gas hydrates 
are concentrated. 

Brief description of the hydrate formation 
zone and of gas hydrate deposits 

Theoretical calculations, geophysical prospect
ing, and drilling have revealed the widespread 
distribution of gas hydrate formations and deposits 
in frozen sedimentary rocks in the earth's crust. 
The depth of occurrence of the hydrate formation 
zone is determined by hydrostatic pressure, rock 
temperature, composition of the gas and minerali
zation of the water in the reservoir. As regards 
conditions on land the hydrate formation zone 
extends from depths of a few tens of meters to 1-2 
km. Figure 1 shows the equilibrium curve of hydrate 
formation for some coD1110n gases; Figure 2 presents 
a graph of the distribution of the hydrate forma
ti~n zone for methane, C02 , H2 S and natural gas 
with a specific gravity of 0.6 depending on the 
geothermal gradient. Figure 3 is a map of the 
distribution of the hydrate formation zone within 
the USSR (Barkan and Voronov, 1982). 

Beneath the ocean the hydrate formation zone may 
reach thicknesses of several hundred meters, 
depending on latitude, ocean depth, bottom water 
temperature, the geothermal gradient in the sedim
entary cover, hydrostatic pressure, composition of 
the gas and mineralization of the water, and in a 
n\Dber of areas exceeds 2 km. Figure 4 presents an 
approximate profile of the hydrate formation zone 
for conditions beneath the Beaufort Sea, compiled 
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FIGURE 2 Depth intervals of the hydrate formation 
zones for some gases in the sedimentary cover of 
the earth's crust. 
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from data provided by Dome Petroleum (Weaver and 
Stewart, 1981). 

Gas hydrate deposits, whose distribution may be 
local in nature where secondary gas hydrate de
posits have formed from free gas deposits during 
cyclical changes in rock temperatures, are found 
in the hydrate formation zone under favorable con
ditions. Such deposits are usually found beneath 
permafrost areas of the continents or beneath young 
seas where conditions do not permit the temperature 
of the rocks to rise above that of hydrate decom
posit ion, which would result in free gas formation. 

Initial formation of gas hydrates beneath the 
ocean usually coincides with the upper horizons of 
the sedimentary cover. The upper boundary of such 
hydrate deposits may lie at a depth of only a few 
tens of centimeters and the lower boundary at depths 
of several hundred meters. In some situations gas 
hydrates accumulate in pagoda-shaped masses (Emery, 
1974; Hakogon, 1982). 

Gas hydrate deposits contain vast reserves of 
gas in a solid hydrate form. The problems of 
exploiting these gas reserves are not discussed in 
the present paper; this is a separate, major topic. 

At considerable depths beneath the gas hydrate 
there may be reserves of hydrocarbons at high 
temperatures, namely oil, gas and gas condensates. 
Development of these deep, high temperature hydro
carbons necessitates the drilling and operation of 
wells which extend through the hydrate zone. Well 
drilling and operation in the zone of hydrate
saturated rocks involves a number of specific 
problems which originate with the properties of 
the hydrates during the phase transition to water 
and gas. 

FIGURE 3 Schematic map of possible hydrate formation (H 2 400 m) in the USSR. 
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FIGURE 4 Approximate profile of methane hydrate formation 
along longitude 134-132°w. 

The hydrates themselves act as a cementing agent 
in granular rocks which they saturate. With decom
position of the hydrates in some cases the rocks are 
converted into high pressure unstable zones. 

When the phase change from water to hydrate or 
vice-versa occurs the specific volume varies by 
26-32%; by contrast, of course the water-ice (or 
vice-versa) phase change involves a change in 
specific volume of only 9%. 

The specific volume associated with the gas
hydrate (or vice versa) phase change varies by a 
hundred times. In this situation, if the process 
of hydrate decomposition occurs in a confined space 
the pressure may increase by several orders of 
magnitude. For example when methane hydrate forms 
at 0°C, and then decomposes due to heating to a 
temperature of 100°C within a closed cell, the 
methane pressure increases from 2.6 MPa to 2500 MPa. 

Well Drilling Problems 

Strata saturated with hydrates are characterized 
by extremely low permeability which prevents loss 
of fluids from the drilling muds by seepage into 
the rock and the formation of a protective coating 
of clay on the walls of the drill hole. The ab
sence of a protective film on the walls of the drill 
hole where one is drilling with high temperature 
muds leads to intense heating of the adjacent rocks 
containing the hydrates and to decomposition of the 
hydrates. The latter phenomenon is accompanied by 
a marked weakening of the intergranular bonds and 
the resultant disintegration of the rocks adjacent 
to the drillhole. Associated with this extensive 
cavity development occurs; rock slippages may lead 
to bits janming. Discharge of gases under high 
pressure during decomposition of the hydrates may 
lead to intense gas kicks and to the ejection of 
the mud from the hole. 

Where mud temperatures, which in turn are affec
ted by the hydrostatic pressure in the mud column, 
are higher than the temperature of hydrate decom
position, intense decomposition will occur, 
accompanied by the release of large volumes of gas. 

Figure 5 presents curves which show the relation
ship between the voll.DDe of various gases contained 
in a unit volume of hydrates under equilibrium 
conditions. For comparison it also shows curves 
of the specific content of gas in a free state 
under identical temperature and pressure con
ditions. Comparison of the curves presented 
reveals that at hydrostatic pressures within the 
gas hydrates of up to 13.0 MPa (i.e. at depths of 
about 1300 m) the vol1.DDes of methane and C02 
released due to gas hydrate decomposition signifi
cantly exceed the vol\:llles of gas which could be 
held in a free state under similar conditions. For 
heavy gases which form structure II hydrates the 
comparable depth is about 550 m. For example in 
rocks at a depth of 750 m and a temperature of 
~10°C, 1 m' of pore space filled with methane 
hydrate will yield 157 nm' of gas, while 1 m3 of 
pore space filled with free methane will yield 85 
nm'. 
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FIGURE 5 Gas content in a unit volume vs. 
pressure and temperature in a free and 
hydrate state for CH4 and co2• 
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FIGURE 6 Mud density required to prevent 
methane hydrate decomposition vs. tempera
ture and depth of gas-hydrate reserve. 

The depth at which the volumes of gas in the 
free and hydrate states contained in a unit volume 
of rock are equal is determined by the equation: 

22.4p8P0 Tz 
H • T0 y(Mg + 18n) • M 

where: PH • hydrate density in g/cm' 
P0 • atmospheric pressure in MPa 
T • temperature at depths H and K 
z • coefficient of supercompressibility 

of the gas in the reservoir conditions 
T0 • 273.16K 

y • mean density of mud in reservoirs in 
g/cm' 

Mg • molecular density of hydrate gas 
n • ratio of water to gas in the hydrates. 

The intensity of hydrate decomposition and blow
outs of the drilling muds are dictated mainly by 
the amount by which the mud temperature exceeds the 
equilibriwa temperature of the hydrates in the 
rocks. Released gases are discharged into the 
drillhole, the drilling muds become degassed, 
lowering their density and resulting in a violent 
mud blowout from the hole. In this situation the 
pressure of the released gas is dictated by the 
temperature at which the hydrates decompose rather 
than by hydrostatic pressure. 

However a mud blowout is accompanied by an abrupt 
intensification in the process of hydrate decom-
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FIGURE 7 Minimum density of drilling mud to 
prevent decomposition of natural gas (spec. 
gravity 0.6) hydrate as a function of mud 
temperature and depth of hydrate deposit. 

position which leads to significant cooling of the 
rock in the area where the decomposition occurs and 
to a dampening of the decomposition process (the 
process of hydrate decomposition is accompanied by 
heat absorption to an amount exceeding 400kJ per kg 
of the hydrate). 

Intense cavity formation, jamning of drill bits, 
degassing and blowouts of the mud as a result of 
hydrate decomposition may be avoided by increasing 
the density of the drilling mud, lowering its temp
erature below the equilibriwa temperature by a com
bination of these measures. 

The appropriate density of the drilling mud Py 
which will eliminate the problem of hydrate decom
position in strata which are being drilled may be 
determined by the equation: 

1()1 p pty 
Py • H g/cm' 

where Ppty is the equilibrium pressure correspond
ing to mud temperature ty 

H is the depth of the gas hydrate deposit 
in meters 

Pp may be determined from the equation: 

log Pp l.415+0.0417(ty+O.Ol ty1 ) in 
the case of methane 

log Pp • 1+0.497 (t + 0.005ty•) in the 
case of natural gas with a 
specific gravity of 0.6. 

Figures 6 and 7 show the curves of drilling mud 
densities necessary to ensure hydrostatic pressures 
which will exceed the decomposition pressures of 
hydrates of methane and of natural gas with a 
specific gravity of 0.65, depending on the depth 
and on the mud temperature. 

By applying Figures 6 and 7 to the examples of 
drilling into methane hydrate under the following 
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conditions: 

depth of gas hydrate deposit (N) • 500 and 
1200 m; 

temperature of gas hydrate • 2° and 18°C; 
equilibrium temperature t • 6.5° and 19°C; 
hydrostatic pressure in tCe hydrate Pb • 5 and 

12 MPa; 
and mud temperature ty • 0°, 5°, 10°, 15° and 

20°C; 

we can determine the density of the drilling mud 
necessary to prevent hydrate decomposition. 

In the case of the upper hydrate deposit where 
ty • 0°, 5°, 10°, 15° and 20°C equilibrium pressures 
will be 2.6, 4.5, 7.5, 13.0 and 23 MPa respectively. 
The mud density necessary to prevent decomposition 
of the hydrates will be 0.52, 0.9, 1.5, 2.6 and 
4.6 g/cm' respectively. As can be seen from the 
values just quoted if the mud temperature is main
tained between 0° and 5°C this will totally elim
inate hydrate decomposition in the reservoir and 
will ensure safe drilling conditions. If the mud 
temperature is maintained between 10° and 15°C it 
is necessary to increase its density to 1.5 to 2.6 
g/cm'; and at a mud temperature of 20°C it is 
effectively impossible to prevent hydrate decom
position by increasing the mud density (a mud 
density of at least 4.6 g/cm' would be necessary). 
One can ensure normal, trouble-free drilling in 
this latter situation by using a combination of 
techniques, namely by lowering the mud temperature 
to 12.5°C and by increasing its density to 2 g/cm'. 

In addition I would recommend a closed system of 
drilling whereby high wellhead pressures are main
tained. For example when Py = 2 g/cm' and ty • 
20°C it is necessary to maintain a wellhead pressure 
of 36 MPa, although this will greatly complicate 
the drilling operation. 

In the case of a gas hydrate deposit lying at a 
depth of 1200 m and with mud temperatures of 0°, 
5°, 10°, 15° and 20°C the equilibrium pressure will 
be similar to those of the upper part of the 
deposit (with identical gas composition) i.e. 2.6, 
4.5, 7.5, 13.0 and 23 MPa. The mud pressure neces
sary to prevent hydrate decomposition will be 0.22, 
0.38, 0.63, l.l and 1.92 g/cm' respectively. 

Where one is estimating permissible temperatures 
and the requisite densities of drilling mud for 
drilling in gas hydrates one has to know the com
position of the hydrate-forming gas and the equil
ibrium values for pressure and temperature. In 
each specific case, on the basis of technological 
limitations and economic considerations, one can 
then recommend certain values for the density and 
temperature of the drilling mud. 

Problems Arising During Well Operation 

During the exploitation of high-temperature oil 
or gas deposits located beneath a gas hydrate de
posit the rocks surrounding drill holes heat up. 
If the temperature in the hydrate deposit rises 
above the equilibri1m1 temperature, decomposition 
of the hydrate occurs, whereby the hydrate changes 
phase to free gas and the ice into water. If the 
hydrate deposits are confined top and bottom 
between impermeable strata and the rocks are highly 
saturated with hydrates, when the rocks near the 
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drillhole heat up, the decomposition will occur in 
a closed cell. It is well known that hydrate de
composition is accompanied by an abrupt increase in 
pressure (Hakogon, 1964). 

Under certain conditions the gas pressure pro
voked by hydrate decomposition in a closed cavern 
around a drillhole may considerably exceed the rock 
pressure and may result in the collapse of the 
drillhole with all the resulting consequences. 

Increases in pressure and temperature follow the 
equilibrium curve to the point where the hydrates 
are either totally decomposed or where the stress 
produced in the surrounding rock and in the sides 
of the drillhole reaches a critical value and 
failure occurs. 

Figure 8 presents curves of the relationship 
between pressure and gas temperatures associated 
with decomposition of methane hydrate in a confined 
space, with various levels of dynamic collapse of 
that space in which the hydrate decomposition is 
occurring. 

Prevention of the collapse of drillholes being 
operated through hydrate-saturated rocks may be 
achieved by reinforcing the well, by using casing 
with a high thermal resistivity through the hydrate 
deposit which would eliminate the heating of the 
adjacent rocks above the equilibrium temperature of 
the hydrate, by using either active or passive 
insulation techniques. In some cases the necessary 
effect may be achieved by lowering the temperature 
of the mud at the well bottom. 
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FIGURE 8 Pressure vs. gas temperature during 
methane hydrate decomposition in a limited 
volume. 
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THE IMPACT OF INSTALLATIONS FOR THE EXTRACTION AND TRANSPORT OF GAS ON 
PERMAFROST CONDITIONS IN WESTERN SIBERIA AND COMPREHENSIVE ENGINEERING 

GEOLOGY FORECASTING OF RESULTANT CHANGES 

Yu. F. Zakharov, L. D. Kosukhin, and Ye. M. Nanivskiy 

Ministry of the Gas Industry 
Tywaen' , USSR 

The bulk of the installations associated with the extraction and transport of natural 
gas represent major, constant sources of heat emission. The gas fields now being 
developed in northern West Siberia are in areas of ice-rich sediments such that settle
ment on thawing would greatly exceed acceptable limits. Hence the need for prediction 
of the possible interaction between a variety of structures built using various 
techniques and the underlying frozen sediments is paramount. The article outlines 
the steps in developing such a forecasting model with a view to selecting the optimum 
design for gas field structures and to developing an effective program of monitoring 
of their performance. 

The development of the gas fields of Western 
Siberia has been accompanied by a wide range of 
intensive mechanical, hydrostatic, thermal, 
chemical, electrical and other forms of operations 
on frozen, thawing and freezing materials. The 
types of operations listed lead to severe and 
irreversible man-induced changes in the geobotanical 
environment, some of which may be anticipated in 
planning decisions, but many of which have turned 
out to be unforeseeable. Evaluation of changes in 
the geological environment, and especially in 
permafrost conditions, represents the basis for 
selecting design options in terms of engineering 
preparation of a site, minimizing temperature 
oscillations, and the choice of many aspects of 
design and technological aspects of buildings, 
installations and communications, and even in 
terms of plans for exploitation of the gas deposits. 

An essential element in the evaluation of changes 
in the permafrost environment is long-term quan
titative prediction of such changes. Interactions 
between the producing installations associated with 
gas extraction and distribution and the geological 
environment occur at many levels; moreover they may 
occur only once, or may be ongoing. As a result it 
is extremely difficult to isolate the results of 
each impact, its component parts, and the geological 
processes which it provokes. It is equally diffi
cult to make specific forecasts, either general or 
local, of these impacts and processes, taken 
separately. But without such specific forecasts, 
general or local, it is impossible to achieve com
plex predictions of the consequences of the aggre
gate of all the interactions between the gas 
industry and the geological environment during the 
design stage for gas field operations. 

The overwhelming majority of structures associ
ated with gas extraction and transport represent 
major and constant sources of heat emission, and 
hence critically alter the thermal balance of the 
geological environment, leading to significant 
thawing of the permafrost materials and to loss of 
bearing strength. 

Throughout the gas fields now being developed in 
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Western Siberia the ice content of the permafrost 
materials is such that settlement on thawing would 
considerably exceed acceptable limits in the case 
of the overwhelming majority of the gas production 
installations. This has led to widespread use of 
preliminary thawing of the frozen sediments, and 
ubiquitous use of pile foundations and gravel pads 
during construction on the gas fields. Thus con
struction and operation of the installations 
associated with gas extraction and transport simul
taneously lead to fundamental changes in the hydro
geological, geodynamic and geochemical conditions, 
the parameters of which depend entirely on the 
geological and geocryological peculiarities of the 
gas-bearing region. 

Present designs of installations for extraction 
and transport of gas on frozen, thawing and freezing 
sediments which take into account only their thermal 
and mechanical interactions are inadequate. It is 
possible to increase the reliability of gas pro
ducing and gas transport systems by identifying, 
predicting and taking into account at the planning 
stages changes in all elements of the geolog~cal 
conditions, without exception. The omission or 
underestimation of any change, even in an apparently 
secondary element, may lead to the prediction being 
less reliable and to its being ignored during the 
design process. Hence the design for the construc
tion and operation of gas fields in the permafrost 
zone must rest on the basis of comprehensive engin
eering and geological forecasts. ~.ost importantly 
the gas field design must be seen as a single 
dynamic system, which we may refer to as a geo
technical system. Such a system possesses a whole 
range of specific and latent properties which 
effectively combine to reflect the entire aggregate 
of interactions (on various timescales and at 
various levels) between the geological environment 
and the production facilities of the gas industry 
during the entire designed lifetime of the gas field. 
For the purpose of comprehensive engineering
geological predictions the functioning of this 
geotechnical system must be examined as an aggregate 
of various ongoing changes in the geological envir-
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onment along with, in particular detail, all the 
elements of the original engineering-geological 
conditions existing at the time when the design 
for the operation of the gas field was first for
mulated. During the process of this examination it 
is essential to obtain and analyze various types of 
information and, on the basis of an acceptable 
scheme for extraction, and of acceptable recoverable 
reserves of gas and gas condensates, to carry out 
the necessary predictive calculations of the follow
ing parameters: 1) the drop in reservoir pressures 
and dehydration of the strata being exploited; 2) 
extraction of mineral particles from the producing 
strata along with the gas, condensates and water; 
3) compaction of the producing strata; 4) warping 
of the overlying strata; 5) surface subsidence; 
6) raising of the groundwater table due to surface 
subsidence and development of the field; 7) accumu
lation of surface drainage in depressions due to 
surface subsidence; 8) changes in the temperature, 
nature and properties of the surface sediments due 
to waterlogging and changes in other engineering
geological processes; 9) changes in any other 
elements in the engineering-geology conditions due 
to the planned construction and to disruptive human 
activities in terms of the specific planned instal
lations for gas extraction and transport. 

The complexity of such forecasts is further 
increased by the need to take into consideration 
scientific and technical advances in the gas 
industry which are not yet co111Don property and have 
not been included in operational designs but have 
already proved their effectiveness in industrial 
experiments, and hence can and must be brought into 
operational use during the designed lifetime of the 
gas field. In addition to those parameters derived 
by the process of traditional engineering explora
tion, the attainment of such long-term, comprehen
sive quantitative engineering geology forecasts 
demands the identification and evaluation of a 
whole range of parameters concerning geological 
conditions: 1) the coefficient of linear tempera
ture-related deformation of mineral and organic 
soils and peat; 2) maximum sustained strength of 
the frozen materials; 3) coefficients of thermal 
conductivity and apparent electrical resistivity of 
frozen and thawed materials; 4) specific electrical 
conductivity and dielectrical penetrability of 
frozen and thawed materials; 5) thixotropic and 
rheological properties of thawed materials; 6) the 
phase composition of HiO in the materials at various 
temperatures; 7) composition of organic materials, 
soluble salts and exchangeable cations in thawed 
materials; 8) content of ferrous oxides, aluminum 
oxides, oxides and protoxides of iron, amorphous 
acids and carbonates in thawing sediments; 9) 
capillary vacuum, capillary moisture capacity, water 
loss and the coefficient of filtration anisotropy 
in thawing and freezing materials; 10) flow lines 
in bog water, and other parameters. 

To provide comprehensive engineering geology 
predictions using both traditional sources and 
these additional sources of information it is 
essential to carry out comprehensive long-term 
geological investigations at many levels. The 
focus, content, time frame and scale of these 
investigations can be determined by using a flow 
chart of objectives, closely related to a geo
dynamic model of the functioning of a predictive 
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geotechnical system. The methodological basis for 
predicting changes in conditions affecting the 
engineering geology is the comparative geological 
approach based on analysis of formations, facies 
and paleogeographical and paleo-geomorphological 
conditions and on other methods of studying the 
geological environment, and based on constant and 
widespread use of spatial and time analogs. In 
studying the elements of the engineering-geology 
conditions and the technology of the gas industry 
a qualitative and quantitative evaluation is made 
of the parameters of both aspects with a view to 
determining the limits of possible acceptable and 
optimal changes in both. Special attention is paid 
to studying the mobility and stability of links 
between elements and to the identification of the 
roles of individual factors affecting those elements. 
The study proceeds by identifying the character and 
form of the functional relationship between the 
obligatory structures of geotechnical functions. 
At the same time studies also focus on the capacity 
for resisting the altered engineering geology con
ditions and restoration of the equilibrium, upset 
as a result of human activities. One of the tasks 
of planning investigations is to establish the 
symptoms for the changes occurring in the engineer
ing geology conditions and any portents of critical 
parameters in order to provide a monitoring service 
to engineering geologists which will give accurate 
and reliable signals and diagnostic signs of the 
onset of any developing defects or failures in 
installations associated with gas extraction and 
distribution. All information on engineering 
geology conditions and on changes in those con
ditions, correlated with potential planning 
decisions re development and construction of a gas 
field, is examiDed from the point of view of systems 
and factor analysis during the process of compre
hensive engineering geology predictions. 

The algorithm of such predictions may be divided 
into seven steps, each of which may in turn be 
divided into a number of stages. Comprehensive 
engineering geology predictions begin with the 
following: 1) a scientific hypothesis as to 
possible changes in engineering geology conditions 
and the consequences associated with the implemen
tation of specific activities during the development 
of gas resources in a specific area; 2) the creation 
of a working hypothesis, a plan for the operation of 
the designed geotechnical system, and a sequence of 
geological processes in association with implemen
tation of potential design decisions. 

The second step involves the process of studying 
the structure and clarifying the limits of the geo
technical system being forecast and the testing of 
the working hypothesis as to how it functions. This 
stage ends with the translation of the hypotheses 
into a conceptual, graphic information model of the 
system and the execution of a qualitative compre
hensive forecast. 

On the basis of such prediction, a program of 
investigations, experiments and of practical and 
analog modelling is implemented; a geodynamic 
cause-and-effect model of the functioning of the 
geotechnical system with all the anticipated 
variants is built and a corresponding computer 
program is created. The geodynamic model represents 
a hierarchical system of models: imitative and 
optimizational, balanced and dynamic, graphic and 
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matrix-type, reflecting the structure of the system 
being modelled and its interrelations with other 
systems, and describing the interaction of instal
lations for the extraction and distribution of gas 
with frozen, thawing and freezing sediments and all 
the other components of the geological environment. 
The analytical expression of such a system of models 
is synthesized by a n1m1ber of determined, stochastic, 
euristic and dialogic algorithms and is aimed at 
achieving a predictive evaluation of the develop
ment and operation of the gas field. 

The geocryological components of such a model 
include the possible, anticipated and inevitable 
quantitative changes in temperature, ice content of 
the sediments, depth of seasonal freezing and thaw
ing, and the cryogenic processes (thermokarst, 
frost-heave, frost cracking, thermal erosion, 
solifluction, naLed (icing) formation, etc.) which 
develop in association with well drilling or with 
the erection and operation of buildings, installa
tions and coD111unications, in association with re
pair and maintenance work, or in association with 
various forms of economic or non-productive h1m1an 
activities in the cryolithozone of Western Siberia. 
The incompleteness of our knowledge as to the nature 
of complex thermophysical processes and of heat and 
mass exchange in sediments in association with their 
interaction with heat-emitting installations does 
not allow us to formulate adequately the dynamics 
or the results of cryogenic processes in mathema
tical expressions. Analytical relationships used 
at present describe these processes only very 
sketchily and require a large n1m1ber of ass1m1ptions 
and considerable generalization of the information 
being predicted. Hence it is impossible to make 
geocryological predictions without field studies of 
the dynamics of heat and moisture exchange and the 
changes they provoke in the sediments, in order to 
obtain many numerical parameters in predicting the 
interaction of specific planned installations for 
the extraction and distribution of gas with frozen, 
thawing and freezing sediments. Owing to the 
exceptionally high mobility of the elements of the 
geocryological component in the model, evaluation 
of the magnitude of the changes occurring when one 
builds and operates gas field installations is a 
labor-cons1m1ing task which can be handled only by 
means of a prolonged program of regular observa
tions at various levels and by large-scale field 
experiments. These investigations are carried out 
in both artificial and natural sediments and also 
in materials lying beneath covers, installations, 
gravel pads, soil or vegetation covers and under 
peat accumulations. A study of the dynamics of 
seasonal freeze-thaw in sediments and of the 
peculiarities of the details of their temperature 
regime is carried out under natural conditions and 
where the conditions have been disturbed by man, 
and also during the course of the associated cryo
genic processes as they occur, namely frost heave, 
solifluction, thermokarst, frost cracking, naLed 
(icing) formation, thermal erosion, etc. In the 
process evaluations are made of the impact on the 
nature and magnitude of such processes of soil, 
vegetation and artificial coverings and of engin
eering operations associated with planned instal
lations for the extraction and distribution of gas. 
At the same time detailed observations must be made 
of the heat balance of the atmosphere/soil system 

in different landscapes, of the formation, distribu
tion and melting of the snow cover, and of a wide 
spectr1m1 of climatic parameters in order to identify 
the extremes and annual mean values. 

The operations listed above comprise the third 
and fourth steps in comprehensive forecasting. At 
the same time one has to undertake an analysis of 
the current state and trends in the development of 
the gas industry and of the associated branches of 
construction and of the economy. In the case of 
long-range forecasting it is essential to take into 
consideration social/political factors which are not 
conducive to easy prediction but which have an 
impact both on the entire process of operating the 
geotechnical system and on the development of its 
individual elements. In the first instance it is 
necessary to predict specific policies of state 
limitations on utilization of the environment, on 
allocation of resources, and on rigorous applica
tion of the norms for environmental protection. 
Such predictions of the development of the techno
logical environment represent the fifth step in 
comprehensive engineering-geology forecasting. 

The penultimate step involves morphological 
analysis of the data, utilization of techniques of 
"matrix interaction" (which the authors of the 
method, Gordon and Helmer (1969) consider to be "a 
method of analysis which allows systematic investi
gation of the results of the potential interaction 
of elements in an aggregate of events"), organiza
tion of the data in a form suitable for computer 
and graphic handling, analysis of the comprehensive 
qualitative forecast and a synthesis of specific and 
local forecasts into a unified forecast, and finally 
the predictive calculations themselves. The seventh 
and concluding step in a comprehensive engineering
geology forecast encompasses forecasting expertise, 
the development of recoumendations as to its applic
ation, and also the injection of the results into 
planning any engineering-geology monitoring of the 
geotechnical system for which the forecast is being 
prepared. 

For comprehensive engineering geology purposes 
three types of methods of scientific-technical 
prediction may be applied: that of technical in
dicators and expert evaluation; extrapolation and 
analogy; and modelling, whether analytical analog, 
or natural. Analytical methods are the most widely 
used, both in constructing the geodynamic model and 
in the predictions themselves. They are based on 
calculations selected from geomechanics, geodynamics, 
hydrodynamics, thermodynamics, whether applied in 
that sequence or concurrently, which occur in the 
course of man-induced changes in engineering geology 
conditions. The procedures of comprehensive engin
eering geology prediction consist of multi-step 
integration of the selected schemes of calculation 
which make up the aggregate of discrete and differ
ential equations in a single forecast, based on 
such cybernetic methods of prediction as the con
struction of predictive flow diagrams, morphological 
analysis and "matrices of interconnections." 

The results of comprehensive engineering geology 
forecasting may be stated in four ways: graphic
ally, in tabular form, verbally, or cartographic
ally. The most effective method of presenting a 
forecast is as a scenario. I have suggested pre
senting a forecast in the form of such a scenario 
where the results of the forecast are expressed 
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along with the technology for implementing the 
accepted design solutions and with the development 
plans for the technical components of the system. 
On being compared with the characteristics of 
development of the technical components, the results 
of the forecast are translated into a dynamic means 
of determining the most effective possibilities for 
eliminating the negative consequences of intense 
human activities in the area of environmental 
modification in the permafrost zone. Using this 
scenario one can easily formulate alternative 
variants of the forecast, constrained by the non
simultaneity of the intended design solutions at 
the early stages of planning and the ambiguity of 
the forecast data. 

On the basis of the results of both specific and 
general geocryological forecasts and of comprehen
sive engineering-geology forecasts one may specify 
the technical design for exploiting gas fields, 
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compile technical designs for the operation and 
building of gas pipelines, and also formulate a 
program for engineering-geology monitoring of the 
operation of gas extraction and distribution 
systems. 

One may ensure the reliability of installations 
for the extraction and distribution of gas on 
frozen, thawing and freezing sediments by means of: 
1) changes in the content and technology of designs, 
whereby not only the technical designs of indiv
idual installations and conmunications must be 
developed, but also integrated designs for entire 
geotechnical systems (gas well installations; main 
gas pipelines, etc.) on the basis of comprehensive 
engineering-geology forecasts; 2) purposeful and 
effective operation of such systems; and 3) engin
eering-geology monitoring of the building and 
operation of such systems. 
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ENGINEERING GEOCRYOLOGY IN THE USSR: 
A REVIEW 

S. S. Vyalov* 

Research Institute of Foundations and Underground Structures 
Moscow, USSR 

In this review of engineering strategies in permafrost areas the author stresses that 
in view of the rapidly expanding scale of developments in the North, the engineer 
commonly is unable to select the most favorable site, in terms of permafrost conditions 
and hence must be prepared to deal with any permafrost conditions. From this premise 
the article proceeds to a study of building techniques involving either the preserva
tion of permafrost or its elimination. In each case a variety of techniques and 
examples of their adoption are presented, along with a discussion of methods of calcu
lation of the forces and bearing capacities involved. Examples of the more innovative 
techniques discussed are the use of artificially refrigerated piles in the case of 
techniques aimed at preserving the permafrost, and the use of localized prior thawing, 
specifically around the supporting piles, in an area of "warm" permafrost with a high 
ice content. 

Engineering geocryology, as an applied branch of 
the science of geocryology, arose in response to 
practical needs, especially in connection with the 
building of the Transsiberian Railway in the late 
nineteenth-early twentieth centuries. In its 
modern form engineering geocryology embraces the 
study of the interactions between various types of 
engineering structures and permafrost, whether in 
the role of foundation, environment or building 
material, and also the development of methods for 
controlling these interactions. The theoretical 
fundamentals of engineering geocryology are the 
physics, thermophysics and mechanics of frozen (or 
more accurately frozen, freezing and thawing) 
sediments. The physics of frozen sediments exam
ines the physical and chemical relationships between 
the sediments as a multi-component system and 
studies the mechanics of the freeze-thaw processes. 
Thermophysics embraces the conditions of heat and 
mass exchange in the system comprising environment/ 
structure/ground and describes the process mathe
matically. Mechanics examines the laws governing 
the behavior of frozen/freezing/thawing sediments 
under load and establishes the relationships, 
expressed mathematically, between stress, strain, 
temperature and time. Inclusion of the time factor 
is dictated by the fact that the processes of the 
impact of heat and load on the sediments change 
with time, while the frozen ground itself possesses 
clearly expressed rheological properties (creep and 
long-term strength); accordingly its stress-strain 
condition changes with time. Hence the modern 
mechanics of frozen ground is based on the theory 
of rheology. 

Each of the above-mentioned aspects of engineer
ing geocryology has become quite well developed and 
has attained a number of major achievements. But 
the development of each aspect has proceeded autono
mously without proper consideration of the inter
dependences which exist, although the connections 
between the physical, thermophysical and mechanical 
*Not present; summary presented by N.A. Grave. 
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processes operating within the sediments are incon
testable. In fact temperature is one of the main 
factors determining both the mechanical properties 
of frozen ground and its behavior under load. But 
the temperature regime of frozen ground experiences 
constant change both as a result of changes in air 
temperature and as a result of the thermal impact of 
installations. The properties of the ground will 
accordingly change with time and these changes can 
be identified only by examining the thermal and 
mechanical processes together. 

It is evident that an integrated examination of 
this type can best be effected on the basis of the 
thermodynamics of irreversible processes inasmuch as 
it is precisely the thermodynamic equations that 
embrace expenditures of both thermal and mechanical 
energy. At the same time equations of thermo
dynamics derive from phenomenological relationships 
without examining the physical essentials. Hence, 
with a view to achieving greater generalization it 
is convenient to produce baseline laws governing 
the deformation and destruction of frozen materials 
on the basis of examining physical concepts per
taining to the mechanics of the process. Such an 
attempt has been made by the author (Vyalov 1978a) 
and by others. On the basis of an experimental 
study of the microprocesses occurring in the 
materials during deformation and protracted des
truction, peculiarities and laws governing changes 
in the structure were identified. The changes 
included the displacement and reorientation of 
particles and the development of structural faults, 
while on the basis of kinetic theory they were 
considered to be thermally activated processes. By 
using Boltzmann's equation, which relates the 
displacement of particles to the activating force, 
a strain equation was derived which established the 
relationship between the strain rate and its 
magnitude and the stress, temperature and time. 
With certain simplifications this equation may be 
converted into the well-known phenomenological 
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exponential equation of deformation, although with 
physical parameters. 

On the basis of laws governing the accumulation 
of structural defects revealed by micro-structural 
investigations, an equation of long-term failure 
was derived and was subsequently generalized on 
the basis of thermodynamics. It was assumed that 
ground failure begins when the influx of entropy 
reaches some critical value dependent on reaching 
some degree of structural damage to the ground 
(intensity of accumulation of faults). As a result 
a physically based equation of long-term strength 
was derived which relates the magnitude of the 
destructive load to the time to failure and to the 
temperature. 

The resultant equations of strain and long-term 
failure, based on physics, allow one to make calcu
lations as to strain and strength in frozen ground 
at any given moment; this includes predictions for 
the entire operating life of the installation. The 
above-mentioned equations allow one to take into 
account the variability in time of both thermal and 
force components. 

In discussing the simultaneous examination of 
both thermal and force components one may note the 
following. At the present time the thermophysical 
and mechanical problems are being solved separately, 
and in the solution of the mechanical problems 
parameters determined by the solution of the ther
mophysical problems on the same site are being 
substituted in solving the mechanical problems. 
Thus the mechanical state of materials is being 
determined on the basis of some field temperature 
(e.g. the annual maximum temperature). However 
ground temperatures vary with time, both as a 
result of variations in air temperature and as a 
result of the thermal impact of the installation. 
Mechanical processes in the materials (creep, long
term strength changes) are also proceeding with 
time. Hence it is essential to be able to describe 
the synchronous operation of these processes. 
Unfortunately such a combined equation has not yet 
been achieved. But once one has solved the 
theoretical thermophysical equation (and this has 
been achieved both in the USSR, by G. V. Porkhayev 
et al. and abroad) it is possible to regard this 
solution as the starting point for solving the 
mechanical problem. However to do this it is 
necessary to derive the strain and long-term 
strength equations with parameters which vary with 
time and which determine the dependence of the 
mechanical process on temperature. As mentioned 
earlier the author has achieved these solutions; 
they can also take into consideration a load which 
varies with time. 

It is extremely important to take the above
mentioned circumstances into account in making 
practical calculations, as will be demonstrated 
further. 

Control of the Interactions between 
Structures and Permafrost 

The marked differences in the properties and 
behavior under load of sediments in the frozen and 
thawed states have dictated that one identify two 
separate principles for using these sediments in 
terms of their interaction with structures, i.e. 
whether the sediments are maintained in the frozen 
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state (Principle 1), or whether they are allowed to 
thaw (Principle 2). This distinction appeared 
spontaneously during the early period of construc
tion on permafrost and was incorporated in the 
Bui7,.ding Standards and Rules fol' Design of Founda
tions on Perma[?'Ost (1976) and the Manual for these 
standards (1978), both of which apply throughout 
the USSR. In the following discussion I shall 
examine the use of permafrost materials as a foun
dation for buildings and installations in accord
ance with the above-mentioned documents. 

In the case of construction based on Principle 
1, the main problem is to maintain the sediments in 
a frozen state throughout the operating life of the 
structure. The simplest way involves building a 
naturally ventilated foundation. This method has 
been used by Russian engineers since early in the 
century and was described by Stotsenko (1912). The 
theoretical basis of the method was presented in 
the 30's by N. A. Tsitovich. The first major con
crete building to use this method was a thermal 
power station built in Yakutsk in the 30's; it is 
still operating quite successfully. 

Subsequently the method of construction whereby 
the permafrost is preserved has been widely adopted, 
especially in the northern areas of permafrost 
occurrence. The buildings in cities such as 
Yakutsk, Mirnyy, Noril'sk, etc. have all been built 
using this method. 

The method of construction whereby the perma
frost is first thawed also emerged early this 
century, with reference to construction in the 
southern areas of permafrost occurrence, in cities 
such as Chita, Petrovsk-Zabaykal'skiy, etc. The 
main problem connected with the use of this method 
was to prevent major damage to buildings as a result 
of ground settlement during thawing. Hence the 
buildings were reinforced with rigid girders, straps, 
etc. and attempts were made to select building 
sites where thaw settlement of the ground would be 
minimal. 

But in recent years, in the light of the large 
scale of the operations, conditions affecting 
construction in the North have become substantially 
more complicated. In the North we have begun to 
build multi-storey (9-12 storey) buildings, to 
erect industrial installations with large spans and 
hence with heavy foundation loadings. Hence the 
need for strength and durability in these structures 
has increased proportionally, yet on the other hand 
the need for economic effectiveness has also in
creased. But the main thing is that nowadays we 
cannot select the most favorable site in terms of 
the permafrost conditions. We have to build on 
sites dictated by the needs of technology or design; 
this is especially important in terms of building 
transport installations (railroads, highways, pipe
lines, electricity transmission lines, etc.). Hence 
one has to be able to deal with any permafrost 
conditions, including the least favorable conditions. 
In particular, in terms of construction in areas 
near the southern limits of permafrost one invari
ably encounters plastic-frozen ''warm" permafrost 
sediments (very close to 0°C), which at the same 
time possess very high ice contents. In many cases, 
in addition, the permafrost here is discontinuous 
in terms of both vertical and horizontal distribu
tion. It has also become necessary to build on 
sites with massive ground ice bodies, whereas 
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previously such sites weTe generally avoided, and 
also on mineralized frozen ground, whose bearing 
strength is sharply reduced, but whose suscepti
bility to deformation is increased, and on frozen 
peat deposits. Finally, we have had to build on 
permafrost in areas with high seismicity. 

All of this has called for a new approach to 
construction on permafrost. While earlier we 
attempted to adapt our construction techniques to 
the behavior of the permafrost this method is now 
found to be ineffective. In fact we are now every
where encountering situations where due to perma
frost conditions ("warm" permafrost with an unstable 
regime) or due to technological or construction 
peculiarities of the structure (large spans, heavy 
loadings on the floor, or a "wet" technological 
process) it is difficult to maintain the sediments 
in a frozen state by the simplest methods (i.e. the 
normal ventilated foundation), and where it is 
impossible to allow the sediments to thaw while the 
structure is in use, since this would lead to 
serious settlement, which would be inadmissible 
even if the structure were reinforced. Hence 
instead of adapting the construction techniques 
to the behavior of the permafrost beneath the 
structure by one means or another, we have to pro
vide the frozen materials with specific geotechnical 
properties which will ensure the conditions neces
sary for the operation of the installation. In 
other words it is essential to be able to control 
the interaction of the permafrost and the structure 
erected upon it. 

Where one uses the technique of preserving the 
sediments in the frozen state, control of those 
properties is achieved by regulating the thermal 
regime of the foundation materials and especially 
by effecting supplemental refrigeration where these 
sediments are "warm" plastic-frozen materials. The 
cooling is usually achieved by means of the external 
winter air, i.e. by utilizing the severity of the 
northern climate. The principle on which this 
method is based involved the difference in mean 
annual temperature between the air and the frozen 
ground, the air temperature being a few degrees 
lower. For example, cooling of the ground from 
-0.5°C to -2.5°C will triple its strength. 

Where materials in the thawing condition are 
utilized, control of the properties involves regu
lating the thaw regime. Once the structure is in 
operation unregulated thawing is permitted only in 
rare cases where the permafrost materials possess 
only a low ice content and hence the settlement on 
thawing will be only minor. But in the majority of 
cases one encounters ice-rich materials which result 
in drastic subsidence on thawing. If one uses the 
thawing technique in this situation one can reduce 
the magnitude and variability of the subsidence by 
means of prior thawing of the sub-foundation sedi
ments, in which case the bulk of the settlement 
will have occurred prior to erection of the struc
ture. 

One should note that in order to control the 
forces involved in frost heave, which affects 
foundations during seasonal freezing of the ground, 
physical-chemical methods have been used quite 
successfully; in particular, treatment of the 
surfaces of the foundations or of the sediments 
themselves with special greases and additives. 

Design formula derived on the basis of the ideas 
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presented above were presented by the author in a 
review article at the Third International Confer
ence on Permafrost (Vyalov 1979). Here I shall 
discuss examples of construction where these tech
niques have been applied. 

Construction with Preservation of the 
Permafrost 

The traditional method of preserving the perma
frost by means of a naturally ventilated subfloor 
(which represents the simplest technique of con
trolling the temperature regime) is quite efficient 
when the sediments are solidly frozen (i.e. very 
cold) and where the building is not very wide. But 
right now in Yakutsk, where almost all the modern 
buildings have been built using this method, con
struction has begun on the headquarters of the 
building industry, a structure whose main floor 
area occupies 160 x 200 m. It turned out to be 
impossible to provide natural ventilation to the 
subfloor of such a structure and hence they had 
recourse to building a system of air extraction 
shafts inside the building, along its central 
longitudinal axis. In other cases (garages, etc.) 
the supply of cold air to the sub-foundation sedi
ments is achieved by using ventilation ducts placed 
in a sand-and-gravel pad beneath the floor, either 
extending below the entire building or just adjacent 
to the foundations. This method has been used 
effectively (both in the USSR and abroad) for quite 
a long time. More promising in the long term is a 
new method of refrigerating the ground using hollow 
ventilated foundations. They are constructed in the 
form of hollow, corrugated pallets and are laid on 
sand-and-gravel pads beneath the floor of the build
ing, whereby the cold external air circulates 
through the hollow ducts of this foundation (Figure 
1). Hence these foundations combine the functions 

y 

FIGURE 1 Corrugated ventilated foundations com
bining the functions of a load bearing unit and a 
refrigeration device. 
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of both load-bearing design and of a cooling 
device. 

One should note that while in the case of 
solidly frozen "cold" permafrost it is sufficient 
just to maintain its natural temperature, in the 
case of plastic-frozen "warm" permafrost it is nec
essary to lower its temperature in order to convert 
the sediments from the plastic-frozen to the solidly 
frozen condition. Accordingly, when making thermal
technological calculations of the system embracing 
a building and its foundations the required tempera
ture of the foundation is predetermined and on the 
basis of that temperature the construction and 
thermal regime for the operation of the subfloor is 
dictated. The method of calculation developed by 
G. V. Porkhayev is specified in the Standards and in 
the associated llanuaZ. A similar approach is also 
used for cooling frozen sediments using ventilated 
ducts, hollow foundations, etc. 

It has been demonstrated in practice that by 
using various cooling devices, including ventilated 
subfloors, it is possible to lower the mean annual 
temperature of sub-foundation permafrost by several 
degrees. But it will take several years (1-3) after 
erection of the structure to achieve this lowering 
of the temperature. Hence in calculating the bear
ing strength of a foundation this lowering of 
temperature cannot be taken into account and enters 
the calculations only as a safety margin. In order 
that the bearing strength of the foundation has been 

~-4 -8 Bmin 
~ 

P• const 

• t 

fl ~ 
~----R ___ •_R_m_in_ 

- . 

~--~~~s_m_a_ •• ' 
FIGURE 2 Processes, varying with time, which should 
be taken into account in calculating the bearing 
capacity and strain on frozen sediments forming the 
foundation of a structure: 
a) changes in temperature of frozen sediments ~ 

with time; 
b) variations in load P with time; 
c) reduction, with time, of the long-term strength 

of sediments R where 0 • constant and P is also 
constant; 

d) development over time of creep strain S where 0 
is constant and P is also constant. 

adequately increased by the time the full load of 
the structure has been placed upon it, it is neces
sary to lower the temperature of the ground prior 
to or during construction. Various methods are 
used for this. They include clearance of snow 
from the building site prior to the start of con
struction, the blowing of cold air into holes 
drilled for subsequent emplacement of piles, and 
the refrigeration of those piles with C01 • But the 
use of thermal piles is particularly effective. 

In the Soviet Union use has been made of thermal 
piles, both with a liquid cooling agent~namely 
kerosene (this type of pile was first proposed by 
the Leningrad engineer, S. I. Gapeyev) and with a 
gas/liquid cooling agent~amely freon. In some 
cases the thermal piles are built into the structure 
of the foundation. This method, i.e. installation 
of reinforced concrete piles with liquid refrigera
ting devices (thermal siphons) built into them, was 
used in the construction of nine-story buildings 
in one of the subdivisions of Mirnyy at the sug
gestion of the Permafrost Institute of the Academy 
of Sciences of the USSR. A paper presented by 
Hel'nikov (1979) at the Third International Perma
frost Conference was devoted to this topic. 

In other cases the thermal piles are installed 
independently of the foundation and operate simply 
as cooling devices. This type of thermal pile 
(using freon as a cooling agent) has been widely 
used in Vorkuta in particular. The practical 
problems of using thermal piles in the North, their 
design and methods of relevatn calculations are con
sidered in Vyalov (1983) and in Buchko et al. (1978). 

Taking into Account Variations in 
Temperature and Loading 

In examining the problem of regulating the 
temperature regime of foundations in permafrost it 
is necessary to proceed from the following state
ments. 

In general the temperature regime of the refrig
erated sediments is dictated by the initial cooling 
prior to construction, cooling during the course of 
operation of the building by means of a ventilated 
crawlspace (or ducts) and additional cooling by 
means of special devices such as thermal piles. 
All of this cooling proceeds against the background 
of the natural regime of the ground temperature, 
which is variable over time and is dictated by air 
temperature fluctuations. Thus the resultant mean 
annual temperature of the frozen ground for any 
point in the foundation can be expressed as a curve 
which will reflect the lowering of the mean tempera
ture and subsequent attainment of a minimum constant 
value; this curve will also reflect seasonal fluc
tuations dictated by variations in the natural air 
temperature (Figure 2). Both the strength charac
teristics and mechanical properties of the sub
foundation materials will also vary accordingly 
with time. 

Under the influence of an external load the pro
cesses of creep deformation and reduction of the 
strength of the materials will develop simultane
ously with time. At the same time the external 
load itself may change with time, both during the 
construction period and while the structure is in 
operation (Figure 2). The challenge is to design 
a method of calculating the bearing strength and 
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the settlement of the foundation which will take 
all these processes into account. The method des
cribed was worked out by the author and presented 
in his work Te1'1110svai v stroteZ'stve na Severe 
[Thermal piles in construction in the North] (1983) 
on the basis of equations of long-term strength and 
of creep deformation of frozen sdeiments with tem
perature variations and load variations over time, 
which he had derived earlier. These equations were 
presented at the Third International Permafrost 
Conference (Vyalov 1978a, 1978b). 

Figure 3 presents the results of determinations 
of the bea~ing capacity of piles in permafrost under 
various temperature regimes. If one regards the 
maximum mean monthly temperature of the sediments 
6 • 0.3°C as being a calculated one, the value for 
the bearing capacity P will be least and we will 
assume it to be unity (Diagram 1). If one takes 
into consideration the sinusoidal change in the 
mean monthly temperature along with a simultaneous 
lowering of the temperature due to the provision of 
a ventilated crawl-space and installation of thermal 
piles, then the value of P will increase by 1.51 
times (Diagram 2). One should note that if in order 
to simplify the calculation one substitutes maximum 
values, changing in step-wise fashion (Diagram 3) 
or linearly (Diagram 4) for the sinusoidal oscil
lations in temperature, the value of P will increase 
1.18 or 1.48 times. If at the same time the load 
is taken to be increasing throughout the construc
tion period rather than constant, the value of p 
will increase 1.78 times (Diagram 5). And finally, 
if the sediments are pre-cooled from -0.3° to -l.2°C 
and one also takes into consideration subsequent 
cooling then the value of P increases by a factor 
of 4.2. 

Thus the proposed method.of taking into consid
eration the temperature variations in the sediments 
allows one to determine the bearing capacity of the 
foundations under a wide range of temperature 
regimes in the subfoundation materials and to 
increase substantially (by a factor of from 1.5 to 
4) the designed bearing capacity of the foundation. 

One should note the great significance of taking 
into account the variability of the load on the 
foundations. Even if one considers only the in
crease in load during the construction period (as 
occurs in reality) then the designed value of the 
bearing capacity increases by a factor of 1.64 (see 
diagrams 4 and 5). 

But an even greater effect is achieved when one 
takes into account the short-term impact of climatic 
loads, namely snow, wind, or the forces of frost 
heave. This is particularly important for light 
structures, e.g. pipelines, electricity transmis
sion lines, and also for buildings constructed of 
light materials, in that for such installations 
these loads are critical. At the present time the 
short-term impacts of loads are not taken into 
consideration and the strength characteristics of 
the sediments built into the design are calculated 
on the basis of the maximum mean monthly tempera
ture in suamer. In fact the maxim\Dll climatic 
loading as a rule does not coincide in time with 
the maximum ground temperature, which in fact 
coincides with the minimum bearing capacity of the 
materials. Thus, for instance, the maximum forces 
associated with frost heave develop in winter, when 
the ground temperature is certainly not at its 
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FIGURE 3 Bearing capacity of pile P with various 
temperature regimes in permafrost. 

maximum, but rather is close to its minimum value. 
An analogous situation may be observed when one 
considers snow and wind-induced loads. Thus Figure 
4 presents graphs (in relative units) of the change 
over time in the wind load (N) acting on an elec
tricity transmission pylon in the Vorkuta area 
(curve 2) and changes over time in the bearing 
capacity + of its foundations, which involve 
thermal piles (curve 1). The maximum value of N 
is reached in March, whereas the minimum value of 
the bearing capacity (~) is reached in July-August. 
The curve of variation in the ratio N:+ over time, 
which dictates the necessary designed area of the 
thermal piles supporting the transmission pylon (F) 
(curve 3) reveals that the lowest value for this 
ratio occurs in August. This ratio is half what it 
would have been had one taken a maximum value for 
N and a minimum value for $. 

Foundations 

Without dwelling in detail on the type of foun
dations used where the method of preserving the 
permafrost has been adopted in construction, in 
that this question will be discussed at a panel 
session at this conference, I wish to focus only 
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FIGURE 4 Changes over time in wind loading N on an 
electricity transmission pylon (2) and in the bear
ing capacity $ of a thermal pile (1) and the 
designed value for the area of a thermal pile F (3). 

on the following aspects. The major type of foun
dation used in construction according to the first 
principle involves the use of piles. Perfection 
of the technique has been achieved by the composi
tion of the slurry grouted into the bore hole; the 
slurry composition now selected (a sand-lime 
mixture) is designed to achieve optimal adfreezing 
strength and to ensure conditions of equal shear 
strength between the slurry and the surface of the 
pile and at the contact with the surrounding frozen 
sediments. In order to increase the bearing capac
ity of the pile we have begun using (e.g. at Noril'
sk) gravel pads are placed beneath the butt end of 
the pile and tamped down aa the pile is installed. 
In the case of soft materials (saline or plastically 
frozen) concrete expansions of the foot of the pile 
are being used (e.g. at Yakutsk). Methods of test
ing pile performance in permafrost have been con
siderably improved by means of test loadings; 
standards for such tests have been developed. 

Methods of calculating and installing founda
tions in saline, peaty or ice-rich sediments and 
even in ground ice have been developed in fair 
detail. These tooics are discussed in the follow
ing works: Vyalov et al. (1976, 1980), LenZNIEPP 
(1977), Gaydayenko (1978), and Roman (1981). 

One should note that where ferro-concrete pile 
foundations have been used, cases of frost-damage 
to the concrete of the pile within the active layer 
have been found. This can be explained by the 
extreme temperature and moisture conditions affect
ing the upper part of the emplaced pile during 
seasonal freeze-thaw in the active layer. Measures 
have been developed to prevent this phenomenon; 
they mainly involve prevention of the penetration 
of soil moisture into the concrete of the pile, and 
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increasing its frost-resistance. These topics are 
discussed by Poluektov (1983). 

Construction where the Permafrost has 
Been Allowed to Thaw 

Where one uses the method whereby the frozen 
sediments beneath a foundation have been en~~uraged 
to thaw, this introduces the need to solve the 
problems: 1) of determining the shape of the thaw 
zone beneath the structure and its evolution over 
time; 2) of determining the strain and strength 
characteristics of the thawed sediments; 3) of 
developing methods of reducing the magnitude and 
variability of settlement in the thawed foundation 
materials; and 4) of developing methods of calcu
lating the combination of forces involved in the 
interaction between the structure , its foundation 
and the supporting thawed sediments • 

The methods for making the thermal-technical 
calculations involved in thawing foundations are 
presented in the BuiZding Standal'ds and RuZes and 
in the Manuai to them, as well as in the books by 
G. V. Porkhayev and V. V. Dikuchayev. Values for 
the thermophysical properties (e.g. thermal con
~uctivity, heat capacity) for various types of 
sediments in both frozen and thawed conditions and 
supplementary monograms for calculating such values 
are also presented in these works. To obtain more 
accurate results a computer was used and programs 
for such calculations have been developed. 

A coefficient of thawing, A, which determines 
settlement due to thaw and is independent of 
load So, and a coefficient of compaction a • Sp/p, 
describing the settlement due to compaction beneath 
the load and the weight of the sediment itself, are 
used as the calculated deformation characteristics 
of the thawing sediments, i.e. S • So + Sp • h(A+ 
ap) where h is the thaw depth at a given point. 
Laboratory determinations of the coefficients A and 
a were made by means of testing sediment samples as 
they thawed under pressure, but without any possi
bility of lateral expansion. But these experiments 
were of a supplementary nature. The major experi
ments were field tests using a heated press. 

The methodologies of both laboratory and field 
tests complied with the appropriate standards. 
Strength characteristics (adhesion, angle of inter
nal friction) were determined for the usual shear 
tests although the physical characteristics (density, 
moisture content) which the sediments ass\IDed after 
thawing were also taken into account. 

Reduction in the amount of settlement is 
achieved by controlling the thawing process. The 
most effective method involves prior thawing. As a 
result of this thawing the bulk of the settlement, 
i.e. settlement due to thaw (S • Ah) and part of 
the settlement due to compaction under the sedi
ments' own weight (Sg • ayh2), occurs prior to erec
tion of the building. Subsequent settlement, 
occurring during operation, is reduced to a minimum. 
The prior thawing may involve only part of the total 
depth of the potential depth of thaw, the amount 
being determined by calculation (Figure 5). The 
thawing is usually achieved by using either hot 
water or electrical heating. A number of buildings 
has been erected using this method in Vorkuta, 
Magadan oblast, and elsewhere, but sometiaes solar 
heat alone is sufficient. 
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FIGURE 5 Prior thawing of sub-foundation perma
frost sediments: 
a) thawing beneath the entire building using a 

strip foundation; 
b) local thawing on sites where piles are to be 

emplaced. 
1. previously thawed sediments. 
2. designed zone of thaw throughout operational 

life of the building. 
3. permafrost. 
4. local zones of thawing. 

An interesting example is provided by the design 
• of the foundations of buildings in Severobaykal'sk 

where the permafrost conditions in the construction 
site were unfavorable. The permafrost here is 
unstable, with a temperature close to 0°C. Although 
the sediment consists of gravel, it is distinguished 
by a high content of ice inclusions and on thawing 
it subsides drastically. But once thawed and com
pacted the gravel can serve as a good foundation. 
These sediments are 10-14 m thick, underlain by 
good, ice-free gravel. In such a situation it was 
difficult to maintain the frozen condition of the 
foundation materials since this would require 
specialized, expensive methods, and it was impos
sible to allow thawing during the course of opera
tion of the buildings in that this would lead to 
excessive settlement. lforeover the situation was 
complicated by the high seismicity of the area. 
It was decided to excavate a deep pit, leave it 
open for a sU111Der, thereby encouraging the thawing 
of part of the underlying sediments by solar heat, 
on the assumption that subsequent settlement of the 
entire sedimentary stratum would not exceed accept
able values. The foundation used took the form of 
a rigid, boxlike system which would not only 
support the above-ground structure but would also 
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tolerate any remaining settlement and any seismic 
activity. All of this was calculated using a com
puter program which modelled the system encompass
ing the building, its foundation and the sediments 
beneath. 

In the example cited the volume of sediments to 
be thawed was minor, and hence it could be achieved 
by natural processes. In the majority of cases 
prior thawing requires a great deal of expensive 
and protracted work. Hence a method of local prior 
thawing has been developed whereby the thawing is 
limited only to where the foundations are to be 
emplaced. In this case sill or pile foundations 
are used (see Figure 5). 

The design of the foundations in one of the new 
towns of Western Siberia may serve as an example. 
The sediments beneath the building site consist of 
ice-rich silty sands. Just as in the previous 
example the permafrost here is unstable, with a 
temperature close to 0°. Construction using the 
technique of preserving the permafrost was tech
nically and economically inexpedient. But it would 
be impermissible to let the sediments thaw out 
during the operation of the structures, since this 
would lead to major settlement. The solution was 
prior thawing, but in view of the great thickness 
of the permafrost, thawing the sediments beneath 
the site of every building in town would be extreme
ly labor-intensive. Hence the technique of local 
thawing was adopted, the foundations used being 
single piles or Broupings of piles. When the piles 
were being emplaced the thawed sediments beneath 
them were compacted, thus increasing the bearing 
capacity of the sub-foundation sediments. Thus 
piles are being widely used in construction not 
only where the permafrost is preserved, but also 
where it is allowed to thaw. 

A description of this and other methods of con
struction on thawed sediments is presented in 
tiel'nikov and Vyalov (1981). 

Combined Operation of the System Encompassing 
a Building, its Foundation and the Underlying 
Thawed Sediments 

The erection of buildings on permafrost sediments 
which have been allowed to thaw, even when this 
thawing has occurred prior to construction, is 
always associated with the possible incidence of 
increased settlement. Hence along with measures 
to reduce settlement it is also essential to take 
measures to ensure that the design of buildings can 
absorb such settlement. One method sometimes used 
for buildings of frame construction involves a 
design which provides great flexibility, e.g. by 
means of an arrangement of hinged joints, pliable 
connections, etc. In such cases uneven settlement 
will not provoke excessive strains. 

Another, more common method, involves the 
opposite approach, namely increased structural 
rigidity so that the structure can absorb the ex
cess stresses from uneven settlement. This is 
achieved by reinforcement of all structural com
ponents of the building, the introduction of 
additional reinforcing members, and the breaking up 
of the structure's stress components into individual, 
rigid blocks. The foundations are also usually 
built with extra rigidity, in the form of transverse 
girders, a boxlike construction system, rigid slabs, 
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etc. But where one uses prior thawing it is also 
possible to use foundations, including pile foun
dations, which stand separately from each other. 

Foundations involving girders, slabs, etc. DI.1st 
be built in conjunction with the design of the 
above-ground structure. Calculation of the details 
of the total system embracing the building,.its 
foundations and the sediments beneath, involves 
both determining the degree of settlement and its 
progress through time, and determining the forces 
invoked by that settlement in the foundation itself 
and in the above-ground structure, whereby the 
foundations are seen as a component part of the 
structural system of the building. The method of 
computer calculation of these aspects has been 
developed for civil buildings by the Leningrad 
institute LenZNIIAP and has been presented in 
articles by L. E. Neymark, V. V. Dokuchayev, etc. 

When one examines the interaction between 
thawed sub-foundation sediments and the foundation 
of a building the following initial assumptions are 
made. Taking into consideration the curvilinear 
outline of the zone of thaw beneath the building 
the settlement in the sediments beneath the strip 
foundation will be variable along its length. In 
keeping with this the reactive forces transferred 
by the sediments to the underside of the foundation 
will also vary. In the marginal parts of the foun
dation strip, where the depths of thaw and the 
amount of sediment settlement are least, a concen
tration of pressure will occur and the reactive 
forces will reach maximum values P • P$. In the 
central part of the foundation strip where thawing 

a. 

b. Sp 

FIGURE 6 Diagram of foundation design. 
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a) elastic-plastic model of sub-foundation sediments 
showing relationship of settlement compaction 
Sp to load; 

b) diagram of interaction between the foundation 
strip and the sub-foundation sediments; 

c) diagram of reactive pressures in the sediments. 

and settlement are at a maximum the reactive forces 
are minimal and may even equal zero if the thaw 
settlement in the sediments (So) is greater than 
the flexure of the foundation strip and the sedi
ments "pull away" from it (Figure 6). The curved 
outline of the surface is determined by the change 
in the amount of settlement (So) along the length 
of the foundation beams (where prior thawing has 
been effected this value is close to zero). The 
amount of reactive pressure can be determined by 
solving the equation for the flexure of beams on 
an elastic foundation. In this connection the 
design model used for thawed sediments is the 
elastic-plastic model, the elastic strains in which 
are described by Winckler's theory of local strains. 
The bed coefficient in this model is determined as 
the ratio of load to the amount of compaction 
settlement (C • P/Sp) at any given point. 

Conclusions 

In concluding this review article I should like 
to mention that the development of engineering 
permafrost studies has allowed us to erect a wide 
variety of structures on permafrost materials, 
including multi-storey buildings and large indus
trial installations, under any permafrost condi
tions. But of course this demands a thorough 
preliminary engineering-geology reconnaissance and 
careful design decisions which observe all the 
requirements of building standards and regulations 
and which are based on technological and economic 
comparisons of possible variants; and naturally 
construction must be carried out so that all the 
requirements of this type of industrial work are 
met. One should also note that despite the 
achievements I have listed there are still a number 
of questions which require further investigation. 
We hope that the solutions of these problems will 
be achieved through the joint efforts of academic 
geocryologists and construction engineers in all 
the countries where permafrost occurs. The organi
zation of international conferences on permafrost 
such as this will undoubtedly facilitate such joint 
efforts. 
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THE CONSTRUCTION OF DEEP PILE FOUNDATIONS IN 
PERMAFROST IN THE USSR - A SlltHARY 

A.V. Sadovskiy 

Research Institute of Foundations and Underground Structures 
~~ow.~n 

The results of scientific research and exper
ience related to the construction of pile founda
tions in the U.S.S.R. have been put forth in the 
u.s.s.R. Building Codes and Regulations under the 
headings "Building Pads and Foundations in Perma
frost" (1977) and "Design Guidelines for Construc
tion Pads and Foundations in Permafrost Soils" 
(1980). 

There are a number of different types of 
piles and techniques for driving them. Some of 
these different types of piles are: reinforced 
concrete, metal, wood, combined, casing, and col
umn piles. 

The basic principles for pile selection are 
based on calculations of load-bearing capacity and 
pile deformation (i.e. settling in compliant fro
zen and icy soils). 

Calculations of frozen piles with respect to 
load-bearing capacity are based on long-term shear 
resistance along the lateral surface of the piles 
(i.e. adfreeze resistance) and long-term resist
ance to pressure under the lower end of the pile. 
The rec0111111ended design values for these strength 
characteristics are given in the construction 
codes. Deformation calculations are derived from 
consideration of nonlinear settling creep. 'nle 
problem is solved using computer-generated finite 
elements and is subsequently reduced to the simp
lest formulas with auxiliary nomogr8118. In addi
tion, it is also solved for a general formula that 
includes equations for settling creep and long
term integrity. 'nle use of a generalized formula 
111akes it possible to determine, simultaneously, 
both deformation and integrity over time. 

Horizontal load is calculated by looking at 
the lateral fixation of the pile in permafrost un
der varying conditions, such as depth of seasonal 
thaw and the temperature of the frozen soils. 

Calculations for end-bearing piles are based 
on the pressure resistance of the underlying rock 
and the integrity of pile materials with regard to 
longitudinal bend. Additional negative friction 
loads are also taken into consideration. 

'nle physical nature of adfreeze strength was 
studied with emphasis on the foniation of an ice 
film at the point of contact of the pile with the 
frozen soil. The frozen soil's shear resistance 
was taken as the sua of the adfreeze strength at 
point of contact and the friction forces occurring 
due to radial soil compression. An equation for 
long-term frozen soil shear resistance was de
rived. A method of pile calculation in weak soils 
(i.e. those having high saline or ice content) was 
developed for a condition during which the resist
ance strength of the ground solution is equal a
long the lateral surf ace of the pile and along the 
perimeter of the borehole. 
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Temperature-dependent values for maximum 
shear resistance along the surface of the piles 
(reinforced concrete, metal, wood) were calculated 
for various types of frozen soils. 

Increased load-bearing capacity of piles and 
cost-effectiveness are the result of: 

the use of composite wood/reinforced 
concrete and wood/metal piles; 

the use of pebble or gravel fill in a well 
with piles that have expanded concrete 
bases; 

selection of the optimal soil solution 
that is poured into the well; 

artificial cooling of high-temperature 
permafrost soils, including the use of 
thermo piles; 

the use of drilling piles in which con
crete comes into contact with the frozen 
soil; 

the improvement of calculation methods, 
beginning with variable temperature and 
loads. 

Existing methods for calculation of variable 
temperatures and loads are based on consideration 
of the worst possible conditions (highest frozen 
soil temperature) and the worst combination of 
loads. Actually, the soil temperature is variable 
over time due to fluctuations of the air tempera
ture, underground cooling systema, and thermo
piles. Pile loads are also variable over time. 
This is related to the pile's construction period 
and to short-term forces, specifically climate 
(snow, wind, heave). Haxim1a loads, however, do 
not coincide with the minimum load-bearing capa
city. Snow, wind loads, and heave forces, for ex-
1111ple, attain their maximum values in the fall and 
winter, while the smallest load-bearing capacity 
of the frozen earth coincides with the summer 
months. Consideration of this factor is particu
larly important for structures such as pipelines, 
ramps, tranSllission lines, and buildings made of 
light materials. 

Calculation methods that allow us to account 
simultaneously for variability of loads over time, 
soil temperature, long-term integrity, and set
tling have already been developed. 

Calculation methods for the construction of 
piles under special frozen conditions such as 
heave-ice soils, underground ice, and salty frozen 
soils have been developed. When building on soils 
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where thawing may occur, aa a rule, end load piles 
are used, which look like large deep supports or 
drilling piles. Suspended piles are also used in 
conjunction with preliminary local thawing of the 
frozen soil and compression of submerged piles. 

During laboratory trials of pile 110dela a re
lationahi p baaed on kinetic strength theory was 
determined between specific adfreeze strength and 
model dillenaiona. 

Field trials of piles are conducted at large
acale aitea. 'ftleae teats have been standardized. 
A new quick (approximate) teat method in which the 
assigned pile load ia attained using a dynemometer 
baa also been developed. 'ftle initial dynemometer 
atreaa ia assigned, which then becomes .eaker aa 
C011preaaion of the buried pile increases. Stress 
ia determined baaed on stabilization of pile set
tling. 

Future research will involve the following: 
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Improvement of pile-driving techniques in 
permafrost and coarse-grained soils; 

Improvement of pile construction; 

Improved usage of piles in frozen soils; 

Increased longevity of concrete piles; 

Improvement of calculations, tables, and 
110110gr&11S; 

Standardization of international testing 
procedures; 

Collection of data related to adfreeze 
strength and load-bearing capacity in a 
wide range of conditions, which can then 
be compared in order to establish recom
mended characteristics. 
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CRYOGENIC PROCESSES ASSOCIATED WITH DEVELOPMENTS 
IN THE PERMAFROST ZONE 

N. A. Grave 

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

The article first reviews the type of cryogenic processes (thermokarst, thermal 
erosion, thermal abrasion, frost heave, frost cracking and solifluction) likely to 
be induced by disturbance of the surface in permafrost areas, focussing on the 
probable variations in intensity under different conditions of climate, vegetation 
and ice content. The impact of the abandoned Salekhard-Igarka railway on the environ
ment, and the degree of recovery achieved after 22 years are presented in a case 
study from near the southern limit of continuous permafrost, and are compared with 
the results of a study of the Fish Creek drilling sites (Alaska), 28 years after 
abandonment. Finally the author presents maps of surface sensitivity to disruption 
by human activities (with four classes of sensitivity) for both the USSR and North 
America. Using these he compares the areas with varying sensitivities in the two 
cases, and concludes that while some 7% of the total permafrost area in the USSR is 
extremely sensitive to disruption, the equivalent percentage in North America is 
less than 2%. 

Hl.IDan activities in the permafrost regions 
inevitably lead to the disturbance of the vegeta
tion, soil and snow cover and even of the under
lying sediments and bedrock. Cryogenic geomorpho
logical processes such as thermokarst, thermal 
erosion, thermal abrasion, solifluction, frost 
heave and frost-cracking of the ground are thereby 
activated, dampened, or reactivated at sites where 
they had not occurred previously. 

The primary prerequisite for the development of 
cryogenic geomorphological processes is the pres
ence of ~O which may be converted from the solid 
to the liquid phase or vice-versa under the influ
ence of changing external conditions. The physics 
of the processes of ice formation, water migration, 
and of the phase changes in frozen, freezing and 
thawing materials has still not been adequately 
studied, although some theories as to these pro
cesses do exist (Kudryavtsev 1978). At the same 
time generally accepted explanations of the cryo
genic processes which produce specific landforms 
have been established. 

Cryogenic geomorphological processes usually 
operate together rather than separately, although 
one main process will be dominant in shaping the 
relief. The lead role will be assumed by different 
processes under different environmental conditions. 
The major factors determining the leading process 
are the ice content and grain-size of the material 
and the local topography. The water content of the 
soil and the depth to the permafrost table play a 
major role in frost heave. Climatic conditions 
exert a major impact on the intensity of the geo
morphological processes. 

These processes operate according to the same 
laws whether under natural conditions or in areas 
disturbed by human activities, although the rates 
at which they operate may vary substantially. 
Removal of vegetation and soil cover in areas with 
ice-rich sediments will provoke active development 
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of thermokarst, thermal erosion, thermal abrasion 
and cryogenic slope processes, and this active stage 
may last from 2-3 to 10 years. Thereafter the 
processes will gradually die away and as material 
accumulates from the slopes and becomes vegetated 
the surface will stabilize. If no further disturb
ance of the surface occurs, over the subsequent 
10-20 years the cryogenic processes will cease or 
will continue to operate at a rate comparable to 
that in an undisturbed area. Frost heave or frost 
cracking will be activated where snow cover is 
removed (Sukhodrovskiy 1979; Grechishchev et al. 
1983). 

Processes resulting in the disturbance of the 
surface and of the topography, namely thermokarst, 
thermal erosion, thermal abrasion and, in certain 
cases, solifluction (in the widest sense of the 
term) are the most hazardous in terms of h1.1Dan 
activities in permafrost areas. Thermokarst 
develops in areas with low relief. The iamediate 
cause is an increase in the depth of the active 
layer as a consequence of the removal of the vege
tation and soil cover, or of the waterlogging of 
the surface as a result of the ponding of water 
where surface flow has been intercepted. 

The probability of thermokarst increases with 
increasing ice content in the soil. But the appear
ance of thermokarst also depends on the nature of 
the vegetation which was removed since this will 
dictate differences in the depth of the active 
layer as between the natural and the disturbed 
conditions. Thus, for example, this difference is 
greater in areas with a moss tundra than in those 
with non-sorted circles; or in areas with a larch 
tayga with a moss ground cover as compared to 
meadow areas. As a result the probability of 
thermokarst will be greater where larch forest or 
a moss tundra cover is removed than in areas with 
covers which are less effective insulators, 
although the ice content of the soil is the same in 
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both cases (Grechiahchev et al. 1983; Turbina 1982). 
The probability of thermokarat and the intensity 

of its development will vary under different envir
ot111ental conditions even in areas with extremely 
ice-rich sediments. The outer coast and interior 
lowlands of Northern Siberia and Alaska may serve 
aa examples. A considerable proportion of their 
surfaces is underlain with old clay-silt loams 
which include very large Pleistocene and Holocene 
ice wedges and 11&Ssive ground ice bodies. Extreme
ly intense thermokarst develops with the removal of 
the vegetation and soil cover in the tundra and 
forest-tundra where the summers are relatively warm 
and the surface ia sufficiently moist. In polar 
deserts, which embrace the arctic islands of both 
America and Eurasia and the extreme northern areas 
of the Siberian mainland and are characterized by a 
brief, cool summer and a discontinuous lichen cover, 
removal of the lat:ter usually does not provoke deep 
thawing of the ground ice masses. But in Central 
Yakutiya when, in connection with agricultural 
activities, the taiga vegetation ia removed from 
the surface of ancient terraces which are also 
underlain with clay-silt loams with massive ice 
inclusions, thermokarst develops only weakly and 
dies 811ay at a very early stage. This is associ
ated with the aridity of the relatively long, hot 
summers, during which evaporation exceeds precipi
tation (Grave 1983). Evidently an identical pat
tern may be observed in Central Alaska. 

In areas where ground ice masses have developed, 
either as wedges or sheets, the development of 
thermokarat usually reflects the shape of these 
masses, especially the moat widespread form, namely 
ice wedges associated with tundra polygons. In the 
initial stages this leads to a lowering of the sur
face and the production of a h11111110cky microrelief, 
i.e. baydahaNkhy (cemetery mounds) separated by 
water-filled trenches. The greatest amount of 
thawing, resulting in small ponds, is observed at 
the intersection of ice wedges. More acute stages 
of thermokarst development are represented by thaw 
lakes. On the tundra such lakes coamonly migrate; 
young ice wedges develop in the exposed areas of 
their beds and then, without any human interference, 
soon begin to melt. As a result a micro-relief of 
frost-heave polygons will emerge (Tomirdiaro 1980). 

Thermokarst ass\llles different forms in areas 
where segregation ice has formed thin ice streaks 
in the frozen sediments. Here the depressions 
which develop after the removal of the vegetation 
and snow cover take the form of small, flat
bottomed pits. Thermokarst pits and ponds also 
form where peat and earth humnocks are sliced off 
during the levelling of a construction site. 

The necessary conditions for. the development of 
thermal erosion are a surf ace gradient and the con
centration of drainage. In ice-rich sediments 
thermal erosion is closely related to thermokarst 
and thermal abrasion. The slopes of thermal eros
ional forms are further complicated by solif luction. 

Thermal-erosional gullies of man-induced origin 
have been investigated in detail on the tundra in 
the northern parts of Krasnoyarsk kztay (Sukhodrov
skiy 1979). The direct cause of the appearance and 
growth of thermal-erosional gullies in a construc
tion site was the increased surface runoff due to 
the melting of snowdrifts near buildings, the dis
charge of industrial and domestic waste water onto 
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the surface, and the seepage of water from water 
lines. 

Where these flows were eliminated or reduced, 
the gullies partially filled with deposits which 
had crept down from the side slopes and their 
growth was checked; but when the flows were renewed 
or intensified they began growing again. Nonethe
less 10-20 years after the active phase of develop
ment, the gullies stabilize and become vegetated. 
Typically these forms reach dimensions of 1 km in 
length, several tens of meters in width, and up to 
20-30 m deep. They coamonly have a dendritic 
pattern in plan view. 

Thermal abrasion due to human activities most 
often reveals itself in the destruction of the 
shores of reservoirs developed in ice-rich sedi
ments in permafrost. Cases are known where intense 
destruction of sections of the sea coast has occur
red due to h\IDan activities; here thermal abrasion 
was generally accompanied by thermal erosion, 
thermokarst and solifluction. Thermal abrasion 
induced .by h\IDan activities has been investigated 
along the shores of the Vilyuy Reservoir, produced 
by the damming of the Vilyuy River (Sukhodrovskiy 
1979). The shores of the reservoir are developed 
in trap rocks, broken by vertical tectonic fissures 
into blocks and underlain by plastic rocks. Here 
thermal abrasion assumes a peculiar character. The 
plastic rocka beneath the blocks of trap rock began 
to absorb water once the level of the water bad 
risen and began to be compressed when loaded. The 
water entering the cracks between the blocks would 
freeze in winter, wedging the sides of the fissures 
apart even more. In summer, as a result of thermal 
abrasion, the ice in the cracks melts, the blocks 
slide into the water, are broken up, and are 
carried away into the reservoir in the form of 
gravel. Deep clefts in the shoreline result. 

Where the vegetation and soil are disturbed by 
h\IDan activities on the sea coast or on the shores 
of lakes or rivers in the Arctic, and where those 
shores are developed on ice-rich materials, the 
resultant thermokarst significantly exacerbates 
thermal abrasion processes. Shores such as these 
break up into blocks which collapse into the water 
and the shoreline retreats relatively rapidly, 
threatening any structures built on it. Concurrent
ly with this retreat ground ice masses forming the 
coastal cliffs gradually become covered with slump 
deposits which ultimately put a halt to the action 
of the waves by forming thermally eroded terraces 
and an extensive beach. Further destruction of the 
coast occurs due to thermokarst and thermal erosion. 

In the case of slope processes, removal of the 
vegetation and soil from gentle slopes developed on 
ice-rich sediments leads to an increase in the 
depth of the active layer and an increase in its 
moisture content. The slow processes of solifluc
tion accelerate into mud flows. Observations have 
shown that this process may attain velocities of 
1 m per minute. Flat-bottomed troughs and areas 
where the surface has been lowered by thermally 
induced mass movement, up to 50 m in width form on 
slopes as a result of these processes. The pro
cesses do not persist actively for long. Thus on 
the slopes in cuttings on the Tayshet-Lena railway 
developed in ice-rich sediments this process ceased 
after 5-6 years (Sukhodrovskiy 1979). 

Frost heave occurs during the freezing of the 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


active layer or during the formation of a season
ally frozen layer in areas where no permafrost 
exists. Hunan activities in areas with heave-prone 
materials, the associated destruction of the vege
tation and soil covers and the compaction or remov
al of the snow cover, in general lead to differen
tial heaving of affected areas. Pipelines, whether 
buried or above ground, may experience differential 
heave where geocryological conditions are particu
larly variable; to prevent this thorough prelimin
ary predictive investigations are essential. 

Frost-cracking of the ground, sometimes called 
cryogenic cracking, is widespread in areas where 
developments are being undertaken, as investiga
tions in Western Siberia have shown (Grechishchev 
et al. 1983). Where the snow cover is removed 
cryogenic cracks may occur in areas where they had 
not developed beneath a snow cover. The depth of 
cryogenic cracks increases with decreasing ground 
surface temperatures and decreases as the tempera
ture at the depth of zero annual amplitude in
creases. The depth of the cracks also increases 
with a decrease in the moisture content of the 
frozen ground. Thus, for example, in northern 
Western Siberia the depth of cracks in sandy-loamy 
soils with a moisture content of 20-25% reaches 
9 m but where the moisture content is 25-30% it 
reaches only 6.5 m. The dimensions of the poly
gonal crack-bound blocks decrease as the ground 
surface temperature decreases, and vary between 10 
and 20 m in northern Western Siberia. Calculations 
have shown (Grechishchev et al. 1983) that the 
highest stresses in pipelines as a result of cryo
genic cracking in areas where snow has been 
removed can be expected in clayey materials. 

Predictions of changes in geocryological con
ditions and of the development of geomorphological 
processes as a result of man-induced disturbances 
of the vegetation, soil cover and sediments may be 
arrived at either by calculation (Fel'dman 1977) or 
by the recently developed method of geocryological 
engineering analogy (Grechishchev et al. 1983). 
This latter method is of particular interest since 
it is based on investigations of developed areas 
continued over many years. By selecting landscapes 
undisturbed by hUDan activities, but otherwise 
identical to the developed areas, one has ~n 9ppor
tunity to follow and predict the probable changes 
which will result from various kinds of develop
ment. As an example the work cited above presents 
the results of investigations along a section of 
the route of the now abandoned Salekhard-Igarka 
railroad. This section is located in the sporadic 
permafrost zone, the permafrost islands coinciding 
with hU111110cky peatlands and bogs. Large-scale air 
photos of this section of the line, flown prior to 
the start of construction (1949), and 15 years later 
after work on the line had been abandoned (1966) 
were studied, and data from engineering site in
vestigations were analyzed. Control studies were 
made in the sUDDers of 1973 and 1974. 

190 

During construction of the railroad the forest 
was cut down, both winter roads and permanent 
corduroy roads were built, the vegetation cover was 
removed, and the soils were stripped off to depths 
of 0.2 to 0.3 m. Trenches and ditches were dug, 
temporary buildings and installations were erected, 
drainage was blocked and lakes lowered, while 
individual areas were either drained or became boggy. 

In areas without permafrost where the forest was 
removed and where snow was removed in the building 
of winter or corduroy roads, the depth of seasonal 
freezing initially increased and frost heave was 
observed; this led to the destruction of the cor
duroy roads. After a few years these sections 
began to become overgrown and after 22 years a 
sparse birch forest with a ground cover of grasses 
and mosses bad developed on the surface, while bogs 
had developed in cuttings. The seasonal freezing 
depth had decreased to values comparable to those 
under natural, undisturbed conditions. 

Elimination of the vegetation and destruction of 
the microrelief during the laying of temporary roads 
across flat, boggy areas and peat plateau areas 
where permafrost was present led to an increase in 
the depth of s\Dllll!r thaw, sometimes to depths of 
4-5 m, and in these areas thermokarst ponds 
appeared. Later, however, the topography became 
covered with vegetation and 22 years after the 
disturbance the depth of sU1111er thaw bad decreased 
again and thermokarst had almost totally ceased. 
These observations allow one to predict the results 
of man-induced disturbances of the surf ace in areas 
where industrial developments are taking place. 

Comparable investigations have been pursued 
along the routes of operating gas pipelines and on 
drilling sites. Similar investigations of the con
sequences of disrupting the vegetation and soil 
covers while drilling oil wells in the area of Fish 
Creek in Northern Alaska have been carried out by 
.American specialists, 28 years after disturbances 
occurred (Lawson et al. 1978). The wells were located 
on the tundra in the continuous permafrost zone in an 
area with widely developed ice wedge polygons. The 
disturbance to the surface here was due to the saae 
causes as in the case of the route of the railroad 
mentioned earlier, with the addition of the spillage 
of diesel fuel. The surface disruption provoked 
thermokarst and thermal erosio~, which are still per
sisting at the present time. 

These exmples cited from the continuous perma
frost zone with ice-ric~ sediments (Alaska) and 
from a zone of sporadic permafrost near its southern 
limit (Salekhard-Igarka) demonstrate that the 
"healing" of man-induced thermokarst and restoration 
of the vegetation occurs considerably more slowly in 
the Far North than in the more southerly parts of 
the permafrost zone. 

On the basis of both experimental data and cal
culations, predictive maps showing the distribution 
of the parameters of frost cracks which will result 
from removal of the snow cover have been compiled 
for the northern part of Western Siberia (Grechish
chev et al. 1983). The distribution zones delin
eated illustrated both the depths of the cracks and 
the dimensions of the polygons, both of these 
parameters being related to the distribution of 
average January air temperatures in the area. Thus 
the dimensions of the polygons increase from 10 to 
20 m from northeast to southlrest, while the depth 
of the cracks increases in the opposite direction 
from 3 to 9 m. 

Cryogenic geomorphic processes initiated by 
huaan activities within the permafrost region are 
conditioned by the sensitivity of the surface to 
technogenic operations. Analysis of the data in 
the literature on ice contents, thermal settling, 
grain sizes of the frozen materials and physical 
geographical conditions in the permafrost zone 
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Legend : 
1-4: Regions with different degrees of 

surface stability predominating: 
lA - very unstable 
lB - very unstable 
2 - unstable 
3 - slightly stable 
4 - relatively stable 

- I A 16 - Z llIIlIIIIl J [Il]]]] 4 

H~='H s 12'.S)5 61 

5: Regions with permafrost islands and 
sporadic permafrost 

6: Southern boundary of the permafrost 
region 

7: Southern boundary of the region of 
continuous permafrost and massive 
permafrost islands. 

FIGURE 1 Map of the permafrost zone in the USSR illustrating sensitivity of the surface to removal 
of the vegetation and soil covers during development 

within the USSR has peI111itted me to delimit four 
classes of surface sensitivity to removal of the 
vegetation and soil covers during industrial devel
opments, and to illustrate their distribution in 
teI111s of a schematic map (Grave 1983). A comparable 
map has also been developed for North America. The 
two maps are presented as Figures 1 and 2. 

To a certain degree these maps also illustrate 
the dominant cryogenic geomorphological processes 
operating on the surface, which would be activated 
or reactivated by man-induced disturbances. 

In regions lA and lB with highly sensitive sur
faces, the dominant process would be theI111okarst, 
with the addition of theI111al erosion and theI111al 
abrasion in the north. In region lA this would 
involve deep thermokarst associated with the melt
ing of massive ice wedges, whereas in region lB the 
tbermokarst would be limited only to the early 
stages of development . 

In zone 2, also with an unstable surface, the 
dominant process would again be thermokarst, but 
operating on less massive ice wedges and on segre
gation ice to produce primarily shallow, flat 
depressions in the surface. The role of solifluc
tion and creep would be more signiticant 

In region 3, with only a mildly unstable surface, 
solifluction and mass movement phenomena, including 
rock glaciers, assume a more important role. In 
region 4, with relatively stable surfaces, a major 
role is played by slope processes, including 
catastrophic processes such as rock slides, mud
flows, etc. 

The geographical distribution of the predominant 
surface types, in terms of their sensitivity to the 
removal of vegetation and soil covers, is shown in a 
generalized, schematic fashion on the regionalized 
maps of the permafrost zones of the USSR and North 
America presented as Figures 1 and 2. 

It is interesting to calculate the areas occupied 
by the surfaces with various degrees of suscepti
bility to thermokarst; this has been done by S. P. 
Gribanova using a planimeter for the zones of con
tinuous and massive-insular peI111afrost in the USSR 
and North America (Table 1) . 

The accuracy of the figures presented is rela
tive, and corresponds to the accuracy of the chosen 
zone boundaries delimited on the maps. At the same 
time the interrelationships of the areas of the 
delimited zones are fairly obvious . 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


.. ,.r==::::1 • ....... r-..i:~~""l 

11Il11E::j. 
llIIIIIIIJ· Ej, 

Le Send 
1-4: Regions with different degrees of 

surface stability predominating: 
lA - very unstable 
lB - very unstable 
2 - unstable 
3 - slightly stable 
4 - relatively stable 

192 

S: Regions with permafrost islands and 
sporadic permaf roat 

6: Southern boundary of the permafrost 
region 

7: Southern boundary of the region of 
continuous permafrost and massive 
permafrost islands. 

FIGURE 2 Map of the permafrost zone of North America illustrating sensitivity of the surface to the 
removal of the vegetation and oil covers during development 

TABLE 1 Approximate areas of varying degrees of 
surface susceptibility to man-induced thermokarst 
(thousands of km•) 

Degree of surf ace Area 
susceptibility 

USSR North America 

IA Extremely susceptible 559 40 
lB Extremely susceptible 161 55 
2 Susceptible 2,800 750 
3 Slightly susceptible 1,600 2,600 
4 Relatively stable 1,900 1,410 
Total area of continuous 

and massive-insular 
permafrost 7,020 4,864 
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In the USSR widespread extremely sensitive sur
faces occupy an area in the order of 720,000 km2, 
representing about 7% of the entire permafrost zone 
(including the discontinuous and sporadic zones), 
or about 10% of the continuous and massive-insular 
permafrost zones. In North America extremely sen
sitive surfaces occupy approximately one seventh of 
this amount (about 100,000 km2), representing less 
than 2% of the area with continuous and massive
insular permafrost. It is obvious that only some 
parts of the total area of the permafrost zone is 
susceptible, if developed, to catastrophic settle
ment and disruption of the surface and to irrever
sible changes in the landscape in a direction which 
is undesirable from the h1m1an viewpoint. 

Further investigations should be directed to pin
pointing the consequences of h1m1an activities in the 
permafrost zone and to perfecting the mapping of 
areas which are particularly hazardous in this 
respect, both with regard to the enviromnent and to 
society. 

LITERATURE 

Fel'dman, G. M., 1977, Pl'Ognoa tel'lpel'Cltul'nogo 
IVJahima gz"Untov i raavitiya kztiogennykli pl'Otses
sov [Prediction of soil temperature regimes and 
of the development of cryogenic processes]: 
Novosibirsk, Nauka, 191 pp. 

Grave, N., 1983, A geocryolo~cal aspect of the 
problem of envirooaental protection, in: Pro
ceedings of the Fourth IntsrnatiODlll COnference 
on Permafrost: Washington, D.C., National Acad-

193 

eav of Sciences, p. 369-373. 
Grechishchev, S. Ye., N. G. Moskalenko, Yu. P. Shur, 

et al. 1983, Geol<Piologicheskiy pl'Ognoa dlya 
Zapadno-SibiPskoy gaaonosnoy pl'Ovintsii [Geocryo
logical prediction for the West Siberian gas
bearing province]: Novosibirsk, Naulta, 180 pp. 

Kudryavtsev, V. A., ed., 1978, Dbshchee mePalotove
dsniye (geol<Piologlya) [General permafrost 
studies (geocryology], second edition, revised 
and enlarged: Moscow, Izdatel'stvo l!EU, 464 pp. 

Lawson, D. E., J. Brown, K. N. Everett, A. W. 
Johnson, V. Komarkova, B. M. Murray, D. F. 
Murray and P. J, Webber, 1978, Tundra distrubance 
and recovery following the 1949 exploratory 
drilling, Fish Creek, Northern Alaska: CRREL 
Repon 78-28, Hanover, NH, 91 pp. 

Sukhodrovskiy, v. P., 1979, Eksogennoye ztel'yefobra
aovaniye v kPiolitoaone [Exogenic relief forma
tion in the cryolithozone]: Moscow, Naulta, 
277 pp. 

Tomirdiaro, S. V. , 1980, LBssovo-ledovaya formatsiya 
Vostoomuw Sibii'i. ·" poad7'1B111 pU[/stotsens i 
golctsene [The icy-loess formation in Eastern 
Siberia in the late-Pleistocene and Holocene]: 
M:>scow, Nauka, 184 pp. 

Turbina, M. I., 1982, Evaluation of geocryologic~l 
conditions in the valley of the middle Amga, in 
connection with the agricultural deyelopment of 
the area (based on the example of the Betyun' 
area, in: Tezrrrrika pochv i goPnykli pol'Od v kholod
nykh ra'io1J11.kh. [Thermal aspects of soils and bed
rock in cold regions]: Yakutsk, Permafrost 
Institute, SO AN SSSR, p. 135-141. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


Contributed Soviet Papers 

THE PHYSICOCBEMICAL NATURE OP '111E PORHATIOlf OP UNPROZElf 
WATER IN PROZElf SOILS 

Yu. P. Akimov, E. D. Yershov, and V. G. Cheveryov 

Geology Department, Moscow State University 
Moscow, USSR 

The paper examines how the liquid phase of HiO is influenced by the basic physico
chemical factors in permafrost: average size of particles and pore-spaces, poly
dispersity and heteroporosity, specific surface, surface energy, structural bonds, 
composition of the solutions in pore-spaces, temperature, etc. The trend of the 
curve showing the relationship between the unfrozen water content and temperature 
is described theoretically; physics-based constants are an integral part of the 
formula used in calculating this relationship. The surface energy of the mineral 
skeleton of the soil is found to be dominant in dictating the presence of HiO in 
the liquid phase; the contribution made by the quasi-liquid film on the ice surface 
was proved to be non-critical. As one proceeds from macro to microporous soils and 
from coarse to fine ones, the percentage of capillary water increases and that of 
film water decreases. It was shown that the relaxation time of unfrozen water does 
not exceed one hour. The correlation between typical soil moisture contents and the 
amount of unfrozen water was explained on a physicochemical basis; the thermodynamic 
characteristics of the unfrozen water are also discussed. The relationships between 
the pbysicochemical and petrographic parameters of frozen soils were demonstrated 
and on this basis the rules governing the formation of liquid HiO in soils of 
differing genesis, age and granulometric, chemical and mineralogical compositions 
are demonstrated and explained. 

The present-day physics, chemistry, and mech
anics of frozen soils are impossible without 
studying the interaction between soil skeleton 
particles and water. Many aspects of this inter
action are the same as or similar to the inter
action of water with mineral particles at positive 
temperatures. 

It was a great achievement for soil physical 
chemistry when changes in the properties and struc
ture of bound water were proved to be influenced by 
mineral particles. The reverse influence of water 
on structural parameters of the particle surface, 
for example, on paranieter "b" of their crystal 
lattice (Osipov 1979) also has an important effect. 
Minerals, having great surface energy, make water 
molecules nearest to their particles reorient in 
such a way that the structure of the nearest water 
layers most fully corresponds to the location of 
active surface centres of particles, i.e. to the 
surface structure of the mineral. Naturally, lower 
water temperatures result in further transmission 
of this type of structuring to water at greater 
distances from the surface (since an increase in 
temperature promotes diffusion of the oriented 
water structure due to thermal motion), increased 
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differentiation between the surface structure and 
that of associates and more surface energy at the 
disposal of the mineral particles (Saveljev 1971). 
Thia is well-illustrated by the quantitative in
crease of loosely and tightly bound water that 
occurs as the temperature drops (Yershov et al. 
1974). 

Lowering the temperature below 0°C leads to a 
new water phase--ice. It is acknowledged now that 
ice in frozen soil is not an inert body. Having 
considerable surface energy and water-absorbing 
capacity, ice itself causes the formation, close to 
its surface, of a thin layer of intermediate-phase 
water at both the ice-air and ice-liquid water 
interfaces. Likewise, the structuring activity of 
unfrozen water also has an impact on ice since its 
0-0 atomic gaps get larger (Kurzayev et al. 1977), 
Thus, it turns out that unfrozen water has multiple 
layers; the water close to the surface of soil 
particles is bound mostly by them and water close to 
the ice surface is bound mostly by ice, while its 
interstitial portion is under the orienting effect 
of both surfaces. This explains the nonmonotonic 
relationship between unfrozen water density and 
aqueous film thickness (Anderson and Morgenstern 
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1973) and the minimal heat of the ice water phase 
transition at the initial freezing temperature of 
tightly bound water (about -7°C), where enthalpy 
variation at ice-water transition varies from 
tabular values by a factor of 6 (Anisimov and 
Tankaev 1981). 

Absence of an orienting ice surface causes 
monotonic change in the orientation of water 
molecules as they move away from the particle 
surf ace and a monotonic decrease of water-ice 
transition heat to zero when the moisture in un
frozen water is close to hygroscopic and the temp
erature is about -70°C. 

A series of interesting publications, dedicated 
to the li~uid phase content in frozen soils, has 
appeared in the last five years. The use of methods 
such as the NMR-spin echo permits us to deduce that 
unfrozen water may have at least two categories, 
which differ sharply in their molecular mobility 
(Ananyan et al. 1977). The mobile liquid phase 
content is not permanent and decreases as the temp
erature drops according to the relationship between 
the unfrozen water content (Wu) and temperature (t). 
The amount of water in the liquid phase showing very 
low mobility varies little with temperature and is 
close to maximUD hygroscopic moisture. 

One of the new research trends in this field 
relates to the relaxation time of unfrozen water 
(Danielyan and Yanitsky 1979, Yershov et al. 1979). 
The non-equilibrium of water transitions is caused 
by three major factors: delay in water transitions 
(discounting the effect of soil minerals), delay in 
transformation of soil texture and structure, and 
delay in mineral skeleton-water interaction. It 
has been shown that after the temperature has been 
set, it takes unfrozen water an hour to reach an 
equilibrium value, with the relaxation time depend
ing on the mineralogical composition, texture, and 
structure of the soil. 

Using soils of different genesis, composition, 
texture, structure, and properties a series of com
prehensive studies has revealed the physicochemical 
content of the liquid phase in frozen soils. For 
the first time in world practice the structure of 
soil pore spaces has been studied using mercury 
porosimetry; the unfrozen water content has also 
been determined by the contact method and others. 
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The contact method for determining the liquid 
phase content is simple, reliable, applicable to a 
wide range of temperatures and accurate to approxi
mately ±0.3%. This method does not require special 
equipment:....the only thing needed is a refrigerating 
cabinet with a temperature control device to main
tain isotropic distribution and to record tempera
tures with an accuracy of ±0.1°C. For investiga
tion purposes, 3x4x0.5 cm cooled plates, made of 
dried-up soil, are covered on the two largest faces 
with plates of ice or the same soil, which has been 
water-saturated and frozen. Using polyethylene film 
they are made waterproof, pressed on top and put 
into the refrigerating cabinet at the required 
temperature. When the dry plates come into contact 
with the ice, liquid exchange and saturation of the 
dry soil with water take place due to intensive 
air, film, and capillary water transfer. The ther
modynamic equilibriUD of three liquid phases and the 
discontinuation of water exchange occur some time 
later; depending on mineraological composition, the 
texture of the soil, and the temperature, this time 

interval may last from several to 24 hours. The 
total moisture content in the initially dry plates 
corresponds to the equilibrium content of unfrozen 
water at a given temperature (Yershov et al. 1979). 

The importance of structural and adsorptive char
acteristics in the formation of the liquid phase 
content in frozen soils depends on a synthesized 
interdependent relationship between pore space 
structure and the specific active surface of soils. 

The results of experiments carried out on frozen 
soils having different moisture and size of ice 
crystals allows us to conclude that the quasi-liquid 
film on the ice-air interface in the total unfrozen 
water content is nonessential. 

It has also been proved experimentally that the 
surface energy of the mineral skeleton can be 
reduced by using water repellants, resulting in a 
sharp drop in the soil's liquid phase content 
(Yershov et al. 1979). 

This indicates that the llllfrozen water content is 
almost entirely dependent on the liquid phase of 
water in small-diameter nonfreezing capillaries and 
on film water close to the surface of mineral 
particles. 

As macroporous soils are gradually replaced by 
microporous ones, the specific surface becomes less 
important, while the pore space structure acquires 
greater significance. Thus, the pore space struc
ture is the most important factor in formation of 
unfrozen water and ice in microporous soils, especi
ally at high temperatures. 

To estimate the content of water not freezing in 
small-diameter capillaries we can consider the fact 
that the distribution of pole volUDes by radii can 
be well-described by lognormal law (Yershov et al. 
197 9): 

1 lg ri 
V • V(O < r < ri) • v -- f .. 0 (J .n:; 

r -
exp{- (lgr - mr>2 d lg r (1) 

2a2 
r 

Here, V0 is total pore volume; V is the volume 
of pores having a radius smaller than r1; crt, mr 
are root-mean-square deviation and mode, respec
tively. 

We can then use the relationship between the 
absolute drop of freezing temperature (6T) of water 
in capillaries and their radius (r): 

2wwa To 
lg r •lg PL 

w -w 
88 SW - lg 6 T' 
w 

(2) 
wa 

where: Wwa• Wsa• wsw are specific interfacial 
energies (water-air, soil-air, and soil-water 
respectively); T0 is a normal freezing temperature; 
p, L are density and specific heat of water tran
sitions, respectively. 

On substituting lg6T for y, lg r for x and 
2w T w -w 

lg ~ • sa sw for b, equations (1) and (2) 
pL wwa 

may be combined to give the volume of water not 
frozen at 6T1: 
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FIGURE 1 Influence of heteroporosity (a) and average pore radius (b) on unfrozen 
water content-temperature relationship in frozen soils: 1 - kaolin (or • 0.18, 
f • 102 nm; s • 15 m2/g); 2 - Cambrian illite clay (or• 0.41.r • 102 nm; s • 16 
m2/g); 3 - light loam (r • 0.4 • 103 nm; or• 0,58); 4 - heavy sandy loam (f • 2 • 
103 nm. or• 0.58). 

... 
v. v - 1 - J exp <

o oy./2n b-y1 
} dy. (3) 

with my • b - mr· Assuming that unfrozen water 
density is a tabular value. Wu can be set equal to 
the sum of all its components (capillary and film 
water): 

PVo .., (y- my> z 2T ic2 l/s 
Wu•--= J exp {- --2-} dy + <p.~T·1 ) 

"y~2~ b-y1 20y LoU 

2T ic2 1/3 
<1111a-1111w-'llwa>s1 + (p1h1) <111sa-111sw-fllwa)s. (4) 

where Bi and s are specific ice-air and mineral-air 
interfaces; wit• Wiw are specific ice-air and ice
water interfac1al energies; ic is the minimum size 
of a drop at which one can begin to detect liquid 
properties. 

The second term of the right member determining 
the share of the quasi-liquid film on the ice sur
face is of minor importance in the formation of 
unfrozen water. The first term determining the Wu
pore space relationship of the structure may be 
replaced by an approximate linear form: Wu vs 
l~T. Actually, the Wu-temperature relationships 
in these coordinates are linear. which indicates 
the particular importance of pore space structure 
in unfrozen water. The specific surface size, 
therefore. does not exert direct influence on the 
liquid phase content. The reason is that, even at 
low moisture contents, ultracapillary pores, which 
determine the specific surface size, turn out to 
be full of water. This iaaediately reduces (by 
1-3 orders) the specific surface size, i.e. the 
size of the surf ace that is capable of further 
water binding. 

These experiments have shown that when soils 
are mixed, the proportional sU11111ation of pore space 
structures and specific active surfaces leads to 
additivity of the unfrozen water content (Yershov 
et al. 1979), i.e. Wu ia equal to the mean-weighed 
conte9t of unfrozen water produced by calculating 
the W~ values for the i-th soil composing the 
mixture: 

n i 
W • L Wu al. 

u i•l 

where ai ia a ahare of the i-th soil in the mixture. 
The material presented above helps in under

standing the physicocbemical peculiarities of Wu
temperature relationship. The range of intensive 
phase tranaitions ia observed to be broader in 
soils characterized by more uniform pore apace, 
small average radius of pores and larger specific 
active surface (Figure 1). In addition, the un
frozen water content at low temperatures is larger 
in nonuniformly porous soils and smaller at high 
temperatures. when compared to monoporous ones 
(Figure 1). The nature of pore volume distribution 
by radii probably accounts for the S-shaped 
relationship between the unfrozen water content and 
temperature obtained in the experiments of various 
authora. These conclusions made it possible to 
determine the phyaicochemical nature of unfrozen 
water formation in soils of different mineralogical 
composition, texture and structure. 

To make a pure assesament of the· influence of 
soil dispersity on the Wy value. two caaes should 
be conaidered. In the first case polydispersity is 
the same (estimated by the root-mean-square devi
ation (od) of the P!rticle size) while the average 
aize of particles (d) differs. This allows for a 
more precise analysis of the effect of particle 
size. Representative soils are heavy silty loam 
(d • 10 mcm), light silty loam (d • 30 mcm), and 
coarse-grained light sandy loam (d • 100 mcm). 
The "d value is equat·to 0.65 in all soils. The 
reduction of particle size can first be detected by 
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F!GURE 2 Relationship between average pore radius 
(r) and root-mean-square deviation (ad) of particle
size distri2ution a! different averag~ sizes of 
particles (d): 1 - d • 1 • 104 run; 2 - d • 2 • 104 run. 

a reduction of the average pore radius (approxi
~mately 10 times), as seen in Figure 2, and secondly, 
by an increase in specific surface. The sharpest 
increase in the unfrozen water content occurs when 
the particle size changes from 100 to 30 mcm, and 
in heavy loam the liquid water phase content is 
3-4 times greater (depending on temperature) than 
in sandy loam. It should be noted that due to 
availability of montmorillonite in light loam, its 
specific surface is larger than that of a heavy one. 
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In the second case, the influence of polydis
per!ity is determined by selecting soils similar 
ind value and different in polydispersity (ad). 

Increased polydispersity makes the pore space 
structure much thinner (Figure 2) while the 
specific surface expands at a slower rate. There
fore, in heavy sandy loam, fairly uniform in grade, 
the unfrozen water content is 1.5 times smaller 
than in light loam. The greater importance of un
frozen pellicular water and the smaller, compared 
to loam, importance of the capillary component of 
unfrozen water results in a more even Wu(t) rela
tionship in sandy loam, since the content of 
unfrozen film water varies slowly at t < -4°C 
(Figure 1). 

With a decrease in average particle size and an 
increase in polydispersity (these being the main 
features of sand-clay transition) the unfrozen 
water content grows larger and the range of inten
sive phase transitions wider due to proportional 
reduction of the average pore size (Figure 2) and 
the specific active surface of soils. During sand
clay transition, the capillary water increases, 
while unfrozen pellicular water decreases. In this 
case, the film thickness decreases by approximately 
one order, which is caused by a decrease in the 
specific surface energy (Rusanov 1967), and by a 
more rapid, compared to large particles, lowering 
of the force field stress as the mineral soil 
particle moves away from the surface (Andrianov 
1946). Nevertheless, Wu increases as the transition 
to soils having small average size particles takes 
place, due to reduction in the size of the pore 
spaces and a rapid increase in the specific active 
surface of soils. 

It is known that the unfrozen water content at a 
temperature lower than -1°C is maximum in montmoril
lonite clay, minimum in kaolinite clay, and medium 
in illite clay, although the specific water
absorbing capacity of montmorillonite clays is 
lower than that of kaolinite clays (Osipov 1979). 
The given soils are characterized by small specific 
surface energy and plasticity of the montmorillonite 
crystal lattice, which promotes high particle dis
persity and an additional, in contrast to minerals 
with a nonplastic lattice, mode of pore volume 
distribution by radii in the area of r < 10 run; 
this, in turn, increases the content of unfrozen 
water in montmorillonite clays. The small particle 
size and high polydispersity of montmorillonite 
clays, in which the high unfrozen water content 
results from a small average radius (about 30 run) 
of intra-aggregate pores, facilitate this effect. 
Despite its large particle size, high polydis
persity of illite clay resulting from its mineral
ogical composition, as well as the smaller average 
size of pores and very nonuniform pore space, make 
its unfrozen water content much larger than in 
kaolinite clay, even though their specific surfaces 
are practically the same (Figure 1). 

A typical feature of the capillary mechanism of 
unfrozen water formation is its behavior at 
temperatures close to 0°C. In this case the Wu 
rate of change attains hundreds of percent per 
degree. ~.oreover, in soils with different mineral
ogical composition high initial rates of change 
occur in the water-phase content at various 
temperatures. For kaolinite clay it comprises 
approximately -0.6°C, for montmorillonite clay~ 
approximately -0.3°C. This attests to the import
ance of the second (the third for bentonite) mode 
of pore volume distribution by radii, which depends 
on the size of interaggregate pores. The average 
size of bentonite microaggregates is twice that of 
kaolin despite very disperse grading. Accordingly, 
the size of interaggregate pores in bentonite is 
greater. This explains the rapid increase in the 
unfrozen water content in kaolin which at a temp
erature higher than -O.s•c becomes considerably 
larger than in bentonite (Figure 1). 

Interaction of salts with the mineral skeleton 
surface and water governs the relationship between 
the unfrozen water content and soil salinity. Soils 
with a relatively small specific surface (both 
sands and clayey soils) are characterized by great 
dependence of the water phase content on salinity 
because particles of the diffusion layer of ions 
are but slightly suppressed by the diffusion layer 
close to the surface. At the same time suppression 
of the diffusion layer of ions is quite noticeable 
in soils having well-developed specific surface. 
This results in three ranges of the Wu-salinity 
relationship (Yershov et al. 1979). The lower the 
cryoscopic constant of this salt solution, the 
broader the range of weak salinity impact. When 
the diffusion layer of soil particles is completely 
suppressed by the diffusion layer of ions, an 
increase in Wu from salinity is in line with the 
theoretical relationship. The influence of pore 
solution concentration on the water phase content 
in frozen soils can be presented as a tangent vari
ation of the slope angle of the straight line show
ing the relationship between the unfrozen water 
content and temperature and plotted according to a 
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FIGURE 3 Relationship between unfrozen water 
content and temperature in siliceous soils: 
1 - diatomite; 2 - diatom clay; 3- tripolite; 
4-opoka. 

logarithmic dependence. This influence can be 
estimated using cryoscopic constant of the solution 
which is dependant upon the ionogenic capacity of ' 
salts and the interaction of ions with each other 
and with water molecules. 

Thus, there exist complex inter-relationships 
between the unfrozen water content, structural and 
adsorptive parameters of soils, their grading and 
chemical and mineralogical compositions. These 
relationships are dictated by the conditions of 
formation and lithogenesis of dispersed deposits. 
Research into these relations should help us to 
explain the behavior of the unfrozen water content 
in soils of different geogenetic types (Yershov 
et al. 1979). 

The explanation of the nature of unfrozen water 
formation is applicable not only to loose soils but 
also to tightly bound ones~sandstones, argillites, 
aleurolites, and siliceous soils (diatom clays 
diatomites, tripolitea, and opokas). Siliceou; 
soils clearly show how their age influences their 
unfrozen water content. In the course of gradual 
transition from diatomites to tripolites, resulting 
trom diagenesis and catagenesis, the volume of 
r • 4.102 nm pores decreases and, accordingly, the 
volume of those with a radius smaller than 10 nm 
increases. The next stage of lithogenesis results 
in disappearance of r • 4•102 nm pores typical for 
diatomites and the formation of distinct bimodal 
distribution of pores by radii that changes for 
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unimodal in opokas, where the pore radius is less 
than 10 nm. Thus, the volume of pores with this 
radius increases from zero in diatomites to 20% in 
tripolites and to 80% or greater in opokas, while 
the total pore volume decreases in all these soils 
Accordingly, the unfrozen water content decreases • 
at high temperatures Ct > -l.5°C) and increases at 
low ones. In opokas, however, the change in W 
values is less noticeable (Figure 3). u 

REFERENCES 

Ananyan, A. A., Golovanova, G. F., and Volkova, 
E. V., 1977, Issledovanija sistemy kaolin-voda 
me~odom spino~ogo eha. Transactions "Svyazan
naJa voda v dispersnyh sistemah," issue 4: 
~.oscow, Hoscow University Publications p. 172-
177. • 

Anderso~, D., and Morgenstern, N., 1973, Physics, 
Chem~stry and Mechanics of Frozen Ground. Pro
ceedings of the Second International Permafrost 
Conference: !akutsk: Washington, D.C., National 
Academy of Sciences. 

Andrianov, P. I., 1946, Svyazannaja voda pochv i 
gruntov: Moscow-Leningrad, USSR Academy of 
Science Publications. 

:Anisimov, M. A., and Tankaev, R. U. 1981 Plav
lenije l'da vblizi ghidrofil'noi' poverhnosti. 
Journal of Experimental and Theoretical Physics 
v. 81, iaaue 1(7), p. 217-225. ' 

Danielyan, Yu. S., and Yanitsky, P.A., 1979, 
leravnovesnye effekty v protsessah promerzanija 
vlazhnyh gruntov. Transactions of the Siberian 
Research Institute of Petroleum Industry, issue 
47. p. 171-182. 

Kurzayev, A.B., Qulividze, V.I., and Ananyan, 
A. A., 1977, Spetsifika fazovogo perehoda vody 
na poverhnosti biologhicheskih i neorganicheskih 
dispersnyh tel pri nizkih temperaturah. Trans
~ctions "Svyazannaja voda v dispersnyh sistemah," 
issue 4: Moscow, Moscow University Publications, 
P• 156-166. 

Osipov, V. I., 1979, Priroda prochnostnyh i 
deformatsionnyh svoistv glinistyh porod: Moscow, 
lfoscow University Publications. 

Rusanov, A. I., 1967, Fazovyje ravnovesija i poverh
n~stnyje yavlenija: Leningrad, "Himija" Publica
tions. 

Saveljev, B. A., 1971, Fizika, himija i atrojenije 
prirodnyh l'dov i myorzlyh gornyh porod: Moscow 
Moscow University Publications. ' 

Yershov, E. D., Akimov, Yu. P., Cheveryov, V. G., 
and Kuchukov, E. Z., 1979, Fazovyi sostav 
vlaghi v myorzlyh porodah: Moscow, Moscow 
University Publications. 

Yershov, E. D., Shevchenko, L. V., and Yershova 
G. G., 1974, Vlijanie temperatury na energhiju 
svyazi gruntovoi slaghi. Transactions "Merzlot
nyje issledovanija," issue XIV: Moscow, Moscow 
University Publications, p. 151-160. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


EFFECTS OF VARIATIONS IN THE LATE?IT HEAT OF ICE FUSION IN 
SOILS ON INTERACTION OF BOREHOLES WITH PERMAFROST 

M. A. Aniaimov, R. U. Tankayev, and A. D. Ulantaev 

Research Institute of Petrochemical and Gas Industry 
Moscow, USSR 

Experimentally derived values.of varying latent heats of fusion of ice <mia.> in 
samples simulating permafrost aver a temperature range of -30°C to 0°C are cited. 
The value ~ii.a was shown to be heavily temperature-dependent and at -5°C it is more 
than six times leas than the heat of fusion of homogeneous ice. Calculations of the 
thermal interaction of boreholes with permafrost have demonstrated that for £layey 
materials adjustments in the calculated radii of warming due to changes in Alim may 
reach 150-300%. 

Thermal calculation is a foundation for predict
ing the interaction of boreholes with permafrost. 
In computer calculations of thermal interaction of 
boreholes with permafrost one should take into 
account that at temperatures below zero, heat con
duction of frozen rocks is complicated by water 
migration to the frozen front and that heat capacity 
is complicated by heat of ice fusion being absorbed 
in the temperature range between 70°C and 0°C. 
Simple estimations show that for the actual frozen 
soils and rocks in temperature range between -10°C 
and o•c. 80-99% of heat capacity is determined by 
the heat of ice fusion occurring in the rock pores. 
The heat of ice fusion in the frozen rocks is one 
of the moat important physical properties that 
governs, in the final analysis, the choice of 
methods for protecting the structures against harm
ful effects of permafrost. 

Litvan (1966) was the first to demonstrate ex
perimentally the possibility of change of ice 
fusion heat in permafrost rocks. Plooater and 
Gitlin (1971), Brun et al. (1973), Berezin et al. 
(1977) and Mrevliahvili (1979) investigated the 
integral heat of ice fusion in disperse systems of 
different origins. Their papers show that as the 
moisture content in the samples decreases, the 
integral molal heat of fusion is reduced. When the 
samples have a water content corresponding to 1-2 
effective monolayers the heat becomes equal to zero, 
However, as far as we know, the data obtained by 
these authors were not used for thermal calcula
tions since it was impossible to relate the integral 
heat of ice fusion to ''mean" fusion temperature. 
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Figure 1 schematically illustrates a heat 
capacity anomaly steaming from the fusion of ice 
mass unity in permafrost rocka. The integral molal 
heat of fusion is equal to the shaded area bounded 
above by the relation curve of molal heat capacity 
of water in the sample and temperature and below by 
the consistent part of this relationship. Accord
i!l.I to more precise calorimetric (Mrevlishvi li 
1979, Anisimov and Ta~yev 1981) and dilatometric 
(Litvan 1978) data the temperature at which fusion 
starts is about -70°C for different samples. Gen
erally, a low-temperature branch of the heat 
capacity anomaly curve is not a smooth function of 

FIGURE 1 Sche11atic relationships between heat 
capacity (Cp) and liquid water content <Mi.> and 
temperature (T) in a sample of frozen rock. 
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temperature and may be complicated by the peaks, 
which are due to either characteristic features of 
the crystalline structure of the mineral rock 
skeleton (Anderson and Tice 1971) or eutectic& of 
salts dissolved in water (Mrevlishvili 1979). 
Evidently, integral molal heat of fusion is too 
crude a characteristic for such a complicated pro
cess to take place within a range of some tens of 
degrees. 

To describe ice fusion in disperse systems the 
authors have introduced the concept of differential 
molal heat of fusion (Anisimov and Tanksyev 1981) 
and developed a method of experimental determina
tion. Thermodynamic definition of this value is 
expressed as follows: 

at constant pressure: 

dT • iiiii"" • 
L 

(1) 

where (Affm)p is the isobaric molal differential 
heat of ice fusion in rocks; Alim is variation of 
the soil sample enthalpy due to fusion; T and P are 
temperature and pressure; ACp and flmt are respec
tively the excess isobaric heat capacity of the 
sample due to fusion and the variation of moisture 
content in the sample at AT. 

Figure 1 schematically illustrates the method of 
determination of initial data for the calculation 
(4ffm)p according to formula (1) from experimentally 
derived relationsh!ps between Cp(T) and mi.CT). 
When determining 4Hm the following conditions 
should be observed: 

1. Both initial relationships should correspond 
to the equilibrium state of a sample. 

2. The condition AT«CTm -Ti) should be observed. 
3. Independent methods should be used to obtain 

both relationships for one and the same sample. 
4. When calculating ACp, the data on the sample's 

phase relationship should be taken into account, 
i.e. mi.CT). 

In our experiments the heat capacity of samples 
was obtained by adiabatic calorimetry. The error 
of heat capacity measurements was less than 0.2%. 
The dependence of the sample's <mi.> moisture con
tent upon the temperature was obtained by the wide 
line NHR method suggested by Kvlividze and Kurzayev 
(1979) 1 who kindly provided the authors with a 
research sample and a table of their own results. 

Just like Litvan (1966, 1978) and Plooster and 
Gitlin (1971) in our investigation we used a quartz 
glass-water system as a model sample. To make the 
sample aerosil, tiny spheres of quartz glass, diam
eter 2ooi, specific surface 140 m2/g, was mixed 
with distilled water or, in the case of sample 3, 
with a weak NaCl solution, and then degassed. 

While calculating Ctuim)p 1 the value AT avera~ed 
to about 0.2°, which corresponds to about 1/300 of 
the entire range of fusion. The total error of the 
values (AHm)p varied from ±15% at -2°C Eo ±50% at 
-30°C. The relationship derived for CM!m)p and T 
is given in Figure 2. The dotted line indicates 
the limits of possible variations of (AHm)p caused 
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by measurement errors CAHm>p· 
The relationship CAHm)p(T) has been obtained for 

the first time and, consequently, it is impossible 
to compare it directly with the data obtained by 
other authors. Nevertheless, indirect confirmation 
of the data obtained is possible. 

The values of differential molal heat of fusion 
can be calculated based on differential molal heat 
of water vapor adsorbtion on quartz glass according 
to the formula: 

(2) 

where ~ and §8 are the values of differential molal 
entropy of water vapor and ice respectively at 
temperature T. Calculation of AHm from formula (2) 
has certain drawbacks: it has to be assumed that 
differential adsorbtion molal heat (Aita) is not 
dependent upon the temperature. There were no data 
taken at different temperatures because of experi
mental difficulties. The values AHa are obtained 
for the samples of low moisture content only, which 
corresponds to low freezing points and results in 
large errors. Nevertheless, Figure 2 shows clearly 
that the values Alim calculated in this way agree 
satisfactorily with our data. The results of the 
Alla determination are taken from the paper of 
Yegorova et al. (1963). 

Along with the relationship (tJlm) (T) a &'lllllll&ry 
relationship between the integral moral heat of ice 
fusion (Qm) in disperse systems of different origin 
and the temperature of ice fusion completion (Tm) 
is given (see Figure 2). Our relationship (AHm)p(T) 
allows the relationship Qm(Tm) to be completely 
explained which confirms the reliability of our 
data. However, comparison of data on the integral 
heat of ice fusion allows for an interesting con
clusion. 

As seen from Figure 2, in different disperse 
systems such as crystalline Al1 0,, porous quartz 
glass, aerosil and biological object (DNA), the 
values of integral heat of ice fusion are almost 
the same at similar temperatures Tm. However, the 
scatter of each author's experimental data still 
corresponds to their deviation from the common 
relationship, which may be constructed from the 
data obtained by all the authors. This permits a 
well-founded hypothesis on the universality of 
relationshie Qm(Tm) and, consequently, the rela
tionship (AHm)p(T), at least in the temperature 
range from -15°C to 0°C, In this temperature range 
pre-melting is likely to be controlled by ice 
surf ace properties and is not dependent on under
lying properties. This conclusion is of great 
practical significance, because it allows one to 
use a common relationship for any geological 
genetic type of permafrost rock and soil. 

Thus, differential fusion heat allows one to 
describe in detail the heat capacity anomaly within 
a wide range of temperatures resulting from ice 
fusion in permafrost rocks. It is necessary to 
estimate the extent to which the variations of 
fusion heat affect tn~ results of calculations 
for the thermal interaction of structures with 
permafrost. To achieve this, we must first assume 
th~t the derived relationship is universal and that 
only its specific surface needs to be known in order 
to describe the ice fusion in frozen rocks. There 
is doubt that this assunption is applicable where 
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FIGURE 2 Relationship between differential heat of ice fusion <ABa>p and temperature 
T: +, e, • represent samples 1, 2, 3 containing 31.6i 4.8; 6.2 grams of water per gram 
of aerosil respectively (our data). The values for ABa have been calculated from formula 
(2) -(%). Relationship between integral molal heat of ice fusion(~) and temperature of 
ice fusion completion ('fm): o - porous glass (Litvan 1966); (Cl) - aerosil (Plooster and 
Gitlin 1971, @ - in Al203 (Brun et al. 1973); @ - DNA (Mrevlishvili 1979). 

there is only a comparatively narrow temperature 
range but the initial temperature of permafrost is 
rarely -10°C. Besides, mineralization of formation 
water has not yet been taken into account. This is 
a matter for future study. 

Computers have been used in the calculation of 
thermal interaction of the borehole with permafrost. 
The following initial data were taken into account 
in the two-dimensional solution for heat conduc
tivity: the borehole is surrounded by a homogen
eous stratum of frozen rocks. Density of the 
mineral skeleton is 2.5 g/cm'. Complete water and 
ice content in the rock varies between 30% (by 
vol.) at the surface to 20% at a depth of 300 m. 
The initial temperature of permafrost varies 
between -4°C at a depth of 25 m to o•c at a depth 
of 300 m. Temperature on the hole wall shows 
linear variation from 20°c at the well head up to 
30oc at a depth of 300 m. In addition, various 
seasonal temperature variations at the surface and 
the heat flow from the formation have been exam
ined with rock specific surface varied. 

The computations have shown that a correction 
to the size of the thawing zones in case of rocks 
whose specific surface is less than 5 m'-/g is not 

essential for engineering calculations. Such rocks 
include sand and sandstone. For the rocks with the 
specific surface 10 m'-/g, however, the thawing zone 
radii, where changes of heat of ice fusion in the 
rock have not been considered, are underestimated 
by 1.5 times. With an increase in specific surface 
the difference in calculation results increased and, 
in the case of rocks with high clay content and a 
specific surface of 30 m1 /g, the thawing zone radii 
differed by 3 times. The calculation program has 
allowed computation of both the temperature profile 
in the vicinity of the borehole and the position of 
the ice fusion front. In the case of particularly 
clayey rocks with low moisture content the ice 
fusion front and o•c temperature profile did not 
coincide. 

Figure 3 illustrates the calculation results of 
the position of the o•c isotherm 1,245 days after 
start-UP of the borehole "operation" for a rock 
specific surface of 20 m1 /g. 

It is cODDon knowledge that the specific surface 
of clays may attain several hundred square meters 
per gram of soil. Calculations of thermal inter
actions of structures with permafrost soils and 
rocks made without considering the actual physical 
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FIGURE 3 Position of the computed 0°C isotherm 
1,245 days after the beginning of permafrost rock 
warm-up. Solid and dotted lines respectively show 
the position of the isotherm with allowance for 
(~Hm)p(T) and without such an allowance. Z is the 
borehole depth (meters); r is the distance from the 
borehole centerline (meters). 

pattern of ice fusion in frozen rocks are unreal
istic. However, since layers of pure montmoril
lonitic clays rarely occur, such a case is atypical. 
atypical. 

The conclusion may be drawn that a detailed 
study of ice-water phase transitions in frozen 
rocks made by modern techniques of experimental 
physics would provide a considerable increase in 
the precision and reliability of thermal calcula
tions in permafrost. 
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MASS TRANSFER IN THE SNOW COVER 
OF CENTRAL YAKUTIA 

A. L. Are 

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

On the basis of ten years of experimental research it has been established that the 
intensity of mass transfer in the snow pack is temperature-dependent and reaches its 
maximum at snow temperature above -20°C. The mean rate of vapor diffusion in snow 
layers near the base of the pack varies between (2.0-2.5) x io- 3 g/cm2 per day. The 
"norms" were obtained for snow sublimation for all types of landscape in Central 
Yakutia, e.g. 12 DID on meadows; 5.5 DID in pine forest; 6.2 DID in larch forest; and 
8.5 11111 on lake ice. The value for mean daily sublimation of snow is determined on 
the basis of the air humidity deficit and the wind velocity. Ten-day sublimation 
totals were determined on the basis of the absorbed radiation. 

During the last decade, mass transfer in the 
snow cover of Central Yakutia has been explored by 
the Permafrost Institute of the Siberian Branch of 
the USSR Academy of Sciences in studies of the snow 
cover effect in the permafrost thermal regime. The 
methods and first results of these investigations 
are reported in Pavlov (1965) and Are (1972, 1978a, 
1978b). The snow cover is regarded as an independ
ent natural component in conjunction with the 
entire variety of wintertime natural conditions. A 
study is made of the aqueous vapor diffusion within 
the snow cover thickness, of its surface evapora
tion and snow recrystallization processes, result
ing from mass transfer under naturally occurring 
conditions. 

There are presently very few in-situ measure
ments of the aqueous vapor diffusion rate in the 
snow cover: in the European part of the USSR these. 
have been made in the Caucasus (Kuvaeva 1961, 1972) 
and in localities near Moscow (Pavlov 1965), where
as for continental regions which are characterized 
by longer snow cover, only data obtained in Trana
baikalia (areas south of Lake Baikal) and Western 
Siberia are available (Kolomyts 1966, 1971). 

Experimental measurements of snow sublimation 
are considerably more numerous. These have been 
carried out in various physiographical regions. 
Empirical formulae have been derived for sublima
tion assessment. But as far as Siberia and the 
North-East of the USSR are concerned, the data are 
still very meager. However, in such drought-ridden 
areas as Central Yakutia the determination of snow 
sublimation losses is of vital importance for 
calculating water resources. 

Years of stationary observations have revealed 
that in Yakutia the shallow snow cover is charac
terized by a high degree of recrystallization, 
during which in a very short time the greater part 
of the snow depth (up to 70-90%) assumes a deep
hoarfrost structure (Are 1972). Deep-hoarfrost 
crystal formation begins in the early days of the 
formation of a stable snow cover, whose density 
does not exceed 0.09-0.13 g/cm'. It assumes a 
continuous course and within 3 or 4 weeks the 
original snow structure disappears completely in 
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the snow layers at the base of the pack and a 
deep-hoarfrost horizon with a well-defined 
"fibrous" structure develops. 

The investigations carried out by Kuvaeva (1972) 
in the Caucasus have shown that the formation and 
development of deep-hoarfrost crystals occur at a 
rate of aqueous vapor diffusion in excess of l.3-
l.5x10-3 g/(24 hr•cm2) and a mean air temperature 
below -10°C. Such conditions are characteristic 
of the formation period of the snow cover in the 
regions of Yakutia, where only one event of a 10-
day-average air temperature was observed to be 
well above -10°C in the past decade. 

Vapor diffusion measurements have indicated 
that the mean diffusion rate in snow layers at the 
base of the pack varies from (2.0-2.5) 10- 3 g/(24 
hr•cm2) to (3.0-4.0) 10- 3 g/(24 hr•cm2 ), depending 
on soil moisture and weather conditions during the 
cold season. The mean diffusion rate, as measured 
in Western Siberia (Kolomyts 1977), is of the same 
order of magnitudel but varies over a wider range 
from (1.5-2.5) 10- to (3.5-5.0) 10- 3 g/24 hr cm2 ). 

Near Mt. Elbrus the mass transfer rate is signifi
cantly lower (Kuvaeva 1972), and its maximum, equal 
to 3.0 10-3 g/(24 hr•cm2) was observed only during 
one of five winter seasons during the period of low
est air temperatures. 

It is known that when the snow's temperature is 
comparatively high, a thin quasi-liquid layer is 
formed on the surface of its crystals, whose 
molecules have considerable mobility (Ushakova et 
al. 1968). By increasing the snow's temperature 
the thickness of this layer increases and the 
molecular mobility intensifies; under such con
ditions the rate of sublimation-induced growth of 
crystals also increases. The maximum rate of sub
limation recrystallization is probably in a temp
erature range of from -5 to -15uC. The tempera
ture-dependence of the snow cover recrystallization 
rate was confirmed through experimental observa
tions in Khibiny Mountains (Savelyev et al. 1967). 
A relationship between .the vapor diffusion rate and 
the snow cover temperature was found also in a 
study of mass transfer in the snow cover of Western 
Siberia, where at snow temperatures below -10°C the 
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TABLE 1 Intensity of Water Vapor Diffusion i • 10- 3 g/(24 hr • cm1 ) and Thermal Properties of 
the Snow Cover in the Winter of 1976-1977 

h • 5 CID h • 10 CID 

Period 
t l1t i t l1t i t l1t i l1z l1z l1z 

In a larch forest (near a lake) 

23-29 Dec 
22 Dec-2 Jan 
2 Jan-10 Feb 
10-20 Feb 
20 Feb-1 Mar 
1-10 Mar 

23-29 Dec 
29 Dec-2 Jan 
2 Jan-10 Feb 
10-20 Feb 
20 Feb-1 Mar 
1-10 Mar 

-31.2 
-33.4 
-28.0 
-26.2 
-26.8 
-27.4 

-18.7 
-25.2 
-22.6 
-14.6 
-15.7 
-17.3 

1.4 

0.9 
0.5 
0.5 
0.4 

2.0 
2.2 
1.6 
0.9 
0.8 
1.4 

2.0 -35.1 
1.9 -33.2 
1.9 -31.3 
2.5 -26.8 
2.0 -27.1 
2.7 -26.0 

On ice of 

14.1 -19.4 
7.4 -26.2 
7.2 -18.9 

18.3 -16.8 
18.3 -14.9 
12.9 -14.3 

0.8 3.4 -33.6 1.0 2.6 
0.6 1.6 -33.6 0.7 1.3 
0.7 1. 7 -30.2 0.1 1.6 
0.4 2.0 -27.2 0.3 1.9 
0.5 2.3 -30.2 0.5 0.8 
0.4 2.0 -27.0 0.4 2.0 

a lake 

2.2 19.0 -27.8 1.8 8.3 
0.9 6.9 -29.6 1.4 4.2 
1.5 7.3 -22.5 1.2 5.3 
1.2 18.2 -18.6 1.4 12.6 
1.1 21.4 -17.6 0.9 13.0 
1.4 5.6 -20.3 0.9 8.0 

Note: t is the mean temperature of snow layer (°C) in which diffusion is being measured; 
l1t/l1z is the temperature gradient of this layer (°C/cm). 

increase in the mass transfer rate was detected 
only up to gradients of 0.55-0.60 °C/cm. At 
higher differences in temperature the diffusion 
rate is practically independent of the temperature 
gradient (Kolomyts 1977). 

The most favorable conditions of mass transfer 
are created within the warmest near-soil snow layer, 
where the vapor concentration gradient is greatest. 
The mass transfer rate in the snow cover decreases 
both with height and in the process of subsequent 
snow cooling during the winter insofar as the 
recrystallization rate is determined not only by 
the temperature gradient, but also by the tempera
ture itself. 

The highest rate of mass transfer in Yakutia was 
measured in the snow cover on lacustrine ice 
(Table 1). The obtained data show that in the snow 
cover at a level of 5 cm above forest soil the 
average winter diffusion rate comprises 2.2 10- 3 

g/(24 hr 0 cm 2 ). At the same level in the snow cover 
on lacustrine ice it comprises 13.0 10-' g/(24 hr· 
cm1 ), i.e. six times the former. In addition, the 
winter-average temperature gradients in the same 
snow layer are l.4°C/cm on the lake and 0.6°C/cm 
in the forest, i.e. they differ by a factor of 2 
only. Such a high rate of mass transfer is due to 
the warming effect of a lake not frozen to the 
bottom. The temperature in the lower snow layer 
here averages about 8-10°C higher than in the same 
layer in the forest and on individual days this 
difference reaches 12-15°C. The relationship 
between the water vapor flow rate and the snow 
cover temperature is shown in the diagram (Figure 
1), according to which a significant increase in 
the rate takes place at snow temperatures above 
-20°C. Figure 2 shows vapor diffusion rate versus 
temperature and temperature gradients. The largest 
rate of diffusion flow at the same temperature 
gradients, as follows from the diagram, corresponds 
to the range of lower snow layer temperatures from 
-6 to -15°C. 

L·fO-~ 
'J/C24hr-cm2 ) 

• 
20 

10 

O+-~~~~....-~~~~""T""~~~~"""'T'"~ 

-10 -20 -JO -40 t,•c 

FIGURE 1 Vapor diffusion intensity as a function 
of snow temperature based on depth. 
I - on lake ice 
II - on the shore of a lake 

During the winter of 1976-1977 (from 4 October 
to 14 March) 0.430 g/cml of material was carried 
away from the soil surface of a dry glade while 
that removed from a snow layer 10 cm high above 
soil-top amounted to 0.209 g/cm', i.e. 2 times 
less. 

Years of observations of snow sublimation have 
revealed a high annual variability in the total 
amount, associated with the annual variability of 
the weather. A norm of the snow sublimation rate 
has been obtained for all the basic types of land
scape of Central Yakutia. For wide-open, forest
free regions it is about 12 mm or 16% of the amount 
of solid precipitation during the cold season. In 
some years the evaporated amount of moisture can 
exceed one-quarter of the entire winter moisture 
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FIGURE 2 Relationship of the water vapor diffusion 
intensity i with temperature and temperature 
gradient 6t/flz in a snow layer 0-10 cm thick. 
The range of negative temperatures is: I - 30-35°C, 
II - 24-29°C, III - 18-23°C, IV - 6-15°C. 
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storage, i.e. it can substantially diminish, in 
the overall budget, the contribution from solid 
precipitation to melt flow and soil imbibition. 
Sublimation under the canopy of a pine forest is 
less than in open areas by a factor of 2.5. 

In a larch taiga the sublimation in closed 
glades averages 9.7 DID while under a forest cover 
whose canopy is less dense than that in a pine 
forest due to the shedding of the needles, it is 
less by a factor of 1.5. The snow sublimation on 
the lacustrine ice surf ace is 36% less than that 
in a glade that stems from air thermal inversion in 
the deep basin of the lake. 

The seasonal variation of snow sublimation, which 
has been studied using daily measurements, demon
strates the following features. In the coldest 
season from the beginning of winter till mid-March 
the sublimation intensity is low which is associ
ated with the low temperature of the air and, sub
sequently, the snow cover's surface. From the 
second half of March the air temperature rises 
appreciably and snow sublimation intensifies. For 
the last 10-day period of March it constitutes 60% 
of the monthly total, or 1.9 DID. In April the 
sublimation rate continues to increase and its 
10-day-averaged suns are 2.7, 3.7, and 5.3 DID. 
Figure 3 shows a plot of sublimation intensity 
versus ambient temperature. The rather high 
relative humidity and a weak wind, which charac
terize Yakutia winters, result in the lowest sub
limation {curve 1). As the ambient temperature 

-.JO t,°C 

FIGURE 3 Relationship of snow sublimation with ambient temperature, daily mean relative hunidity 
of air W{%) and daily mean wind speed V {m/s). 

1 - W • 60 - 75% V • 1 - 4 m/s 
2 - w • 50 - 59% v a 5 - 6 m/s 
3 - W < 50% V > 6 m/s 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


increases there is an increase in snow's surface 
temperature and the humidity gradient of the air 
layer closest to the surface layer rises which 
leads to increasing sublimation. Within the range 
of air temperatures from -20 to 0°C the sublimation 
rate is greater, the lower the relative h\IDidity 
and the stronger the wind (curves 2 and 3). The 
figure shows that the best conditions are created 
at air temperature above -10°C. 

The data from 190 daily measurements of evapora
tion from the snow surface have been used to obtain 
the empirical relationship 

E • (193 + 18V) • 10-5 • d, 

where E is the sublimation rate from the snow 
surface, mm/24 hr; 

V is the daily mean wind speed at 17 m 
altitude, m/s; 

(1) 

d is the daily mean deficit of air h\IDidity, 
Pa. 

The correlation coefficient for the relationship 
obtained is 0.75±0.05. The error of determination 
of sublimation value by the formula (1) as compared 
to the measured value is ±0.01 mm/24 hr. 
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According to analysis of the existing regional 
formulae, made by Kuzmin (1974), errors in calcu
lation of the value for daily snow sublimation are 
on the average 2-3 times greater than those of its 
in-situ measurements. However, as the time interval 
increases, the errors decrease. Therefore formula 
(1), like other regional formulae, may be recommend
ed for calculation of the mean sublimation rate for 
extended periods, a ten-day period, a month, and 
more. 

During the typically radiant spring weather in 
Central Yakutia, when because of fair weather with 
some clouds and the high transparency of the dry 
air the solar radiation intensity is very great, 
the absorbed solar radiation plays a decisive role 
in snow sublimation and melting. In analytic terms 
this relationship can be roughly expressed as: 

E 72 • 10-s<ln - O. 927, (2) 

where E is the 10-day total of evaporation, mm; 
Qn is the 10-day total of the absorbed 

radiation, cal. 
The correlation coefficient of this relationship 

is 0.74 ±0.11. The calculation error for the 10-day 
total sublimation, as compared to the measured sum, 
is ±0.16 -· 

Research results indicate that despite extremely 
severe climatological conditions the intensity of 
mass transfer is high in the snow cover of Central 
Yakutia. The temperature of the snow cover itself 
makes a crucial contribution to this process. A 
long-term "normal" of sublimation from the snow 
cover surface has been obtained for the major types 
of landscape in Central Yakutia: wide-open areas, 
coniferous and larch forest, lacustrine ice. An 
empirical relationship between the daily mean 
evaporation of snow and the humidity deficit of air 

and wind in addition to the relationship between a 
connection of 10-day sublimation totals and absorb
ed radiation have been established. These, then, 
can be used to calculate the water balance. 
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POSSIBLE APPLICATIONS OF FOAM CEMENTS IN PROTECTING THE 
ENVIRONMENT IN CONNECTION WITH WELL DRILLING 

V. Bakshoutov 

Research Institute of Petrochemical and Gas Industry 
Moscow, USSR 

The article presents the results of investigations into the application of crystallo
chemical intensification of the oil-ell foam cements of the "Aerotam" type (aerated 
plugging material) with densities of 800 to 1600 kg/m3 and thermal conductivities of 
0.35 to 0.55 W/m2 °K at temperatures from -10°c to +160°c. It demonstrates that 
cement slurries of the "Aerotam" type may find wide industrial application for pro
tecting the environment in well construction and as "passive" thermal insulation for 
cementing the casings of oil and gas wells in permafrost areas, and also as a super
light plugging material for cementing casings under conditions of abnormally low well 
pressure and intense grout absorptions. Thawing of the permafrost during drilling 
and operation of wells in oil and gas condensate fields leads to irreversible 
ecological damage. Various methods of "active" and "passive" thermal protection are 
used; to prevent such thawing, in either case practice has shown that the best 
results have been achieved by the application of special plugging materials with 
high thermal insulating properties, namely foam cements, for well cementing. 

In 1974 for the first time we obtained a plug
ging foam cement slurry with density of 800-1300 
kg/m' and thermal conductivity factor of 0.35 
W/m2°K, which normally hardened at temperatures as 
low as -10°C with the formation of the cement stone. 
which after two days of consolidation had a bending 
strength of from 0.3 to 1.2 HPa (Bakshoutov 1976, 
1977). 

Further work made it possible to modify foam 
cement slurries of the "Aerotam" type for low and 
high temperatures. Composition, properties, and 
the results of pilot studies under different con
ditions are cited in the works (Bakshoutov 1977-
1981). 

Plugging foam cement slurries consist of the 
following components: 

1. Mineral viscous~coDDDercial products or 
special oil-ell cements and mixtures for specific 
applications. 

2. Liquid for mixing the cement-calcium
alkalinity solution (~co, +KOH) for low tempera
tures, salinated water and drilling mud for high 
temperatures and salt aggression. 

3. Liquid emulsifier (foamer)~SAA (surface 
acting agents) or surfactants of the alpha-olefin 
sulphonate or "Afrox-200" (USA) type, and also 
sulphanol, liquid soaps, thermoresistant SAA (for 
example, polymetilensulphometilen-phenolate natrium, 
alkylethoxylated sulphate) and others, that are 
selected based on the type of mixing liquid and the 
thermal conditions to provide the foaming of the 
slurry and to obtain a stable foam with high foam 
quality and compressive strength. 

4. Hard emulsifier (the foam stabilizer)~syn
thetic (aerosil, butoxy-aerosil) and natural (mould, 
flask, tripoli) preparations of silica with high 
dispersion ability, and various mud powders. In 
addition, it stabilizes the bubbles of air in the 
cement slurry. 

5. The pores colmatater-the polymer silic-
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organic liquid of the HSW-type (used in a calcium
alkaline medium), silicate soluble or kasein (for 
water and mineralized liquids for cement mixing). 
It colmatates the permeable capillary pores in the 
structure (texture) of the cement stone. 

6. Air (Bakshoutov 1976-1981) or nitrogen 
(Hootman 1982)~to decrease the density of the 
slurry and of the cement stone. 

To obtain a highly stable foam cement slurry and 
to optimize its composition a Box-Wilson experiment 
is conducted, which, with a total number of tests 
n • 16, makes it possible to describe the mathema
tical model of the process and to find its optimlDD. 
As the optimization parameter the Sp~stability of 
foam cement slurry--was used. For the low
temperature "Aerotam" modification the adequate 
regression equation looks like 

y • 89.9x0 + 2.88x1 + l.13x2 + 4.63x3 + 

where y • parameter of Sp in %; 
xo, x1, x2, x3, x~ •concentration of cement, 

of calci1DD-alkalinity solution for cement mixing, 
of liquid and of hard emulsifiers, and of the poly
meric additive, in mass %. 
Planning which was done shows that to obtain a 

foam cement slurry with Sp • 100% its composition 
must include: 

5% water solution of calcium-alkalinity solution 
(K2C03 +KOH); 0.5% of liquid, 0.05% of hard emul
sifiers, and up to 0.9% of the polymeric additive. 

The results of research on the relationship 
between the strength of the foam cement stone and 
its density, processed with the assistance of a 
"Vang-2200" micromodule computer according to the 
"Basic" programme, showed that the curves are 
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described using an equation of the second degree: 

where a is the compressive strength, in MPa and p 
is the density of the cement stone, in kg/m3, with 
a reliability equal to 0.93-0.99; the coefficient 
of correlation (correlation factor) is equal to 
0.96-0.99. 

Research on the water absorption kinetics of the 
foam cement stone has shown that the samples with 
the polymeric additive of the optimum composition 
have a water absorption factor about three times 
less than the same samples without the colmatating 
additive, which helps the stone keep its good 
thermoinsulating properties in the well both during 
drilling and while the well is in operation. 

The most important characteristic of the foam 
cement is its structural porosity, i.e. the dis
tribution of pores in the volume of the cement 
stone according to their sizes, mainly influences 
its strength, permeability, thermoinsulating pro
perties, etc. 

The study of the structural porosity of the foam 
cement stone by measurement of mercury porosity at 
low and high pressure shows that the increase of 
hardening pressure decreases the total porosity 
from 79 to 55%. 

Analysis of the research results allows us to 
distinguish three groups of pores: impermeable 
micropores with a radius of 50-500 A, medium radius 
of 500-10,000 1, and the permeable micropores with 
a radius of more than 10,000 1. As the hardening 
pressure increases, the volume of impermeable micro
pores grows, and the volume of the medium-radius 
pores and micropores drops (Table 1). 

TABLE 1 Porosity 

p € r1 > lO~l>r2 103l>r3 102l>r~ 
(MP a) (%) 10~1 >10 31 >102A >sol 

3.0 55 30.2 21.0 35.4 13.4 
2.0 58 33.6 26.0 28.4 12.4 
1.0 64 44.2 14.9 29.5 11.4 
o.s 68 45.7 23.2 22.1 9.0 
0.1 69 56.9 16.0 21.4 5.7 

This provides for the formation of a denser ce
ment stone structure with increased strength and 
decreased permeability. 

The structure of the foam cement stone was also 
comprehensively studied by raster and translucent 
electron microscopy to obtain the photos of the 
pores with high depth and image definition. 

Air pores of the foam cement stone arranged in 
the volume of hardening system are separated by 
viscous partitions of varying thicknesses, from 1.5 
µm and less, up to the thickness of the particles 
of hard emulsifier and the surfactant adsorption 
layer. 

If the liquid film of the foamer covers the 
surface of an air bubble immediately after the foam 
cement is mixed, then during further hydration of 
mineral particles its thickness may gradually 
decrease until it disappears, when the air pores 
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will freely communicate, forming easily permeable 
micropores and channels 10 to 18 ).1111 in size. Al
drich and Mitchell (1976) define their range of use 
by the magnitude of foam cement porosity with the 
inclusion of surfactants: Highly porous with 
relative porosity more than 52% are well permeable 
for liquid and gas can be used for plugging the 
bottomhole zone of sand-drifting (sand-flowing wells; 
cements with low porosity where the capacity for bub
ble co-unication is low may be used for cementing 
casings. 

As the foam cement hardens, its permeable micro
pores become covered with the products of new 
hydrate formations, and the stone's permeability 
drops. To provide minimum permeability in the 
early stages of hardening it is necessary to add 
the modified additive to the foam cement slurry 
that colmatates the opened pores in their par
titions. In the "Aerotam" low temperature slurry, 
a silicate-organic liquid is used that rapidly 
polymerizes in the alkaline medium of the cement 
mixing liquid. 

The formation of the permeable macropore proceeds 
in such a way that after 12 hours of hardening it 
is 6 µm in size and may be filled with free 
capillary water. Over time the pore becomes covered 
with products ot silicate-organic liquid polymeri
zation with silica gel gelation and topochemical 
sedimenting. 

To determine the nature of the interconnection 
between the size of pores in the foam cement stone 
and its main properties (Table 2) (density p, 
porosity £, permeability K, the bond force with 
metal Oc• and heat conductivity factor A) the I 
parameter is used, which is a relatively medium 
pore radius. 

TABLE 2 The foam cement properties 

I a ac•lO K•l0-15 p A 
(MP a) (MP a) (MP a) Cr> (kg/m') CBT/m2 "k) 

3.0 3.66 2.4 1.5 1380 0.59 
2.0 3.35 2.2 3.4 1290 0.53 
1.0 2.30 0.8 5.6 1113 0.45 
0.5 1.58 0.6 s.s 980 0.38 
0.1 2.70 o.s 4.9 960 0.36 

The results of the computer data processing show 
that changing of Sn-stone properties Po ~. ac, K 
from i are described by means of square (y • Q0 + 
Q1x + Q2x2), and £ and A - linear (y • Qo-H:l1x) func
tions; the correlation factors are correspondingly 
equal to 0.98-0.99 and 0.95-0.99 (Table 3). 

TABLE 3 The regression equations 

en K!i: Qo Qi Q2 KK 

p -10.75 6.18 -0.79 0.99 
e - 0.46 0.25 0.99 
K 23.3 -15.6 2.6 0.98 
a 19.9 34.6 -7.6 0.99 
oc -40.9 23.2 -3.1 0.99 
A 1.41 -0.25 0.95 
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The regression equations that describe the 
interconnection between the given parameters are 
cited in Table 3. By controlling the size of pores 
in the foam cement stone it is possible to change 
its main technological properties in order to solve 
serious tasks. 

The good technological properties of foam cement 
stone are mainly due to the phase composition of 
the minerals that form it. 

The phase composition of "Aerotam" foam cement 
stone differs from usual types in the following: 

1. Due to the potassi\ID alkaline mixing liquid 
a great n\IDber of OU- ions.are introduced into the 
hardening system which form: stable lowbasic hydro 
silicates of calcillll of tobormarite group of the 
CSH (B) type, composed of [Ca0x•(Si02 ) • (U,O)z]; 
potassic bydrocarbonates of the [K~·u,{co,),·1.5 
H,O] type; potassic-calci\111 bydrocarbonates [K, ·Ca 
(co,>,] •2 + 5H,O; potassic-calcium bydrocarbosili
cates [K2 0•CaO•CaCO,·nSi02 ]•aq; potassic bydro
aluminosilicates [x(K,O•Al2 0,)•ySi02 •zH,O]; and 
calcium bydrocarbonates [CaC0,6H2 0·2KOH], which 
provide the stone with high strength both during 
the early and latter periods of hardening. 

2. The presence of highly polymerized silicon
oxygen radicals [Si-0] leads to Si-0-Si connections 
in the alkaline medillD in the presence of organo
silicon compounds and synthetic silica agents, 
which are the "catalysts" for the polymerization 
of the silicon-oxygen radicals of the [Si&011] 11>-; 
aq, [Si120u]11t-. aq and [Si&Ou] 6-· aq types. 

Highly polymerized silicon-oxygen radicals are 
the basic structural units of low-basic bydrosili
cates of calcillD of the tobermarite type Ca1o[Si12 
031]·(0H),·8H,O (riversideite, plombierite), 
ksonotlite Ca,·[Si,011]•(0H) 2 (gyllenbrandite, 
pboshabyte) and gyrolite Ca~·[Si,01s]•(OH) 2 •4H2 0 
(ocenite, necoite, truscotite)~tbe main inducers 
of cement stone strength. 

"Aerotam" plugging foam cement slurry and the 
stone derived from it are characterized by the 
following technological properties: protection of 
the mixing liquid and of the cement slurry from 
freezing; the technologically necessary period of 
cement setting and time of cement thickening; a 
normal schedule for cross-linking and the develop
ment of durability, high strength, adhesiveness 
with permafrost rocks and low permeability of the 
foam cement stone; protection of permafrost rocks 
from thaw for up to 6 months during constant 
drilling and up to 3 months during well operation 
as compared to 1-2 months with the cOlllllOn plugging 
cements; decreased, specifically optimum, heat 
release during cement hydration, conservation of 
beat of the producing fluid and hydration preven
tion; improvement of the degree of mud expulsion; 
an increase of cold-resistant factor; absence of 
corroding effects on the casing metal; the possi
bility of employment of standard cementing equip
ment; pt111ps and compressors of the usual rig 
equipment. 

The "Aerotam" foam cements can be used under 
conditions where other plugging materials don't 
provide quality well cementing (considerable strata 
absorption, underlifting of the cement slurry to 
the wellhead, plus and minus temperatures, salt 
aggression, zones of abnormally low pressure 
formations, the necessity of beat conservation 
during well fluid and thermal flow and the 
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injection of hot agents, etc.). 
The properties listed above indicate that foam

cement slurries are a promising substance for well 
construction and drilling from the standpoint of 
environmental protection. 

The low-temperature modifications of "Aerotam" 
foam cements were successfully applied in 1977-
1983 for cementing surface casings in oil and gas 
wells in the permafrost rocks in the fields of the 
North of Ty\IDen region, and Yakutia. High
temperature "Aerotam" modifications were success
fully employed for cementing intermediate and 
production casing strings in higb-temperatur' oil 
and gas wells in Turkmenia fields under conditions 
of high mineralization and abnormally low formation 
pressures (Baksboutov 1976-1982). 

In all cases of the "Aerotam" application no 
ecological damage to environment, characteristic 
for these regions, caused by hllDan interference 
was observed. 
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INVESTIGATION OF AREAS OF ICING (NALED) FORMATION AND 
SUBSURFACE WATER DISCHARGE UNDER PERMAFROST 

CONDITIONS USING SURFACE GEOPHYSICAL 
TECHNIQUES 

s. A. Boikov, 1 V. E. Afanasenko, 1 and V. U. Timofeyev2 

lGeology Department, li>scow State University 
2All Union Research Institute for Hydrology and Geology, Northern Regions 

Ii> scow 1 USSR 

The article identifies the major tasks faced by the permafrost hydrologist in areas 
of icing (naled) formati-0n and of subsurface water discharge, using surface geo
physical techniques. A comparative evalu.ation of the po88ibilities and potential 
usefulness of various geophysical methods, both traditional and modern, is attempted. 
The peculiarities of geophysical procedures under varying conditions, both winter and 
summer, are discussed and methods of integrating various geophysical methods are 
considered. 

The areas of icing (naled) formation and the 
discharge of different types of subsurface water 
constitute the principle object of inquiry in 
permafrost-hydrogeological investigations. These 
studies provide extensive data on the present sub
surface drainage, hydrochemical characteristics of 
subsurface water formation, its interaction with 
perennial frozen rocks (PFR) and ultimately facili
tate estimation of subsurface water resources. 

During long-term, comprehensive, frozen ground 
hydrogeological and geological engineering studies 
within the development zone of the central Baikal
Amur Railway, methods of surface geophysics were 
widely used to study the areas of naled formation 
and subsurface water discharge since they were 
considered to be among the most informative, pro
ductive and cheap means of comprehensive analysis. 

During preliminary analysis most icings in the 
test territory were mapped using space and aerial 
photo-surveying data, and classified by genetic 
types. The icing types were classified in greater 
detail during subsequent comprehensive field stud
ies. The icings were differentiated according to 
the sources of the subsurface water, the time of 
formation, the size of icing glades, their shape, 
and the amount of ice accWDulation. The icings of 
water in the seasonal th-ing layer (STL), of ground 
water in blind subchannel and sublake talika, of the 
pressure water of subfrozen ground drainage, and 
finally, ice crust of mixed recharge on account of 
the ground water of blind subchannel and sublake 
talika and pressure water of the subfrozen ground 
drainage were distinguished. 

Considerable accU11Ulations of big and huge icing 
fields were recorded within the Usmunskaya and Chul
manskaya Mesozoic depressions, the Aldan shield and 
near the North Stanovaya overthrust zone. In the 
Baikal-Charskaya hydrogeological region, huge icing 
fields are concentrated in the Udokan cryohydro
geological, deep and superdeep freezing massif, as 
well as throughout the Imangrskaya and Tas
Yurekhskaya regional fracture zones. In the Daurs
kaya hydrogeological region, particularly in the 
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Olekminsky cryohydrogeological deep freezing massif, 
mediWD and small icings are grouped near the mineral 
water sources of deep subfrozen ground drainage. A 
great number of large and medima-size icings occur 
in the Dzhugdzhuro-Stanovaya hydrogeological region, 
particularly in the so-called Unakhinsky hydro-
geo logical massif of spotted PFR distribution. 

The icing types and groups were classified accord
ing to the results of aerovisual observations and 
landings on the most typical naled formations. The 
activities of the landing parties were aimed at 
identifying the regularities of naled formation; 
typification; ~stimation of thickness, areas and 
amount of ice accWDUlation in the ice crusts; 
locating subsurface water sources and hydrochemical 
sampling using shallow test drilling and extensive 
geophysical exploration. 

Geophysical investigations in areas of naled 
formation and subsurface water discharge are aimed 
at solving such permafrost-hydrogeological survey 
problems as identification of talik boundaries, in 
which the areas of subsurface water discharge are 
confined; detection of concentrated subsurface water 
discharge areas within them, of dislocations with a 
break in continuity or high jointing zones, to which 
the water-show areas are usually confined. These 
are used to study the structure and thickness of 
taliks and perennial frozen rocks framing these 
taliks, etc. Icing studies also include identifica
tion of ice crust thickness, the structure and 
condition of the bedrock by investigation of their 
interrelationship with taliks, etc. To solve the 
problems listed above we used various traditional 
and modern methods of geophysical research. They 
included electrometry, electro-prospecting, fre
quency techniques, seismic survey, magnetametry 
and radiometry. 

It would be useful to begin geophysical explora
tion of the teat areas, using the least labour
intensive, most productive methods capable of provid
ing operational data about the planned distribution 
of the water discharge taliks and concentrated sub
surface water discharge areas, to provide specific 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


hydrochemical samples of the subsurface water 
sources and information on the geological-perma
frost and hydrogeological conditions, which can 
later be studied using more labour-intensive 
and comprehensive geophysical techniques. Tradi
tional geophysical methods such as longitudinal 
electroprofiling (most frequently two-differen
tial S}'Dlletrical EP) and resistivimetry are the 
most widely used techniques in the initial stage 
of investigation (Dostovalov et al. 1979). 

Longitudinal profiling in the areas of naled 
formation is conducted along available stream 
channels, since experience shows that the 
development of through taliks is most probable. 
The electroprofiling is conducted along the water 
line, while for shallow streams and the channels it 
follows the bends, crossing the headbands of the 
icings or subsurface water sources discovered 
earlier. Thus, in the areas of subchannel talik 
icings the electroprofiles are established either 
along the primary channel or along several channels, 
exiting beyond the outline of the naled formation 
area. In the areas of flange and slope icing of 
subfrozen gro1md drainage, longitudinal profiling 
is usually done from the primary river bed up the 
stream running along the icing area and exiting 
beyond its boundaries. In studies of those icing 
areas, potentially related to the drainage of water 
from mountain lakes located in upper valleys, the 
electroprofiles are established beginning with the 
shallow lake waters or the water line in the direc
tion of suspected drainage through the icing area, 
etc. 

According to the results of longitudinal profil
ing, the areas of permafrost development are suf
ficiently distinguished at ice crust base, as well 
as the through and blind taliks formed under the 
streams (Figure 2b). Preliminary analysis of the 
results of longitudinal profiling is followed by 
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the establishment of individual non-extended trans
verse profiles through the discovered taliks to 
delineate the taliks in the plan. Reaistivimetry 
data from longitudinal profiling, which provides 
information about the planned location of subsurface 
water sources, are used for the efficient distribu
tion of these profiles~ 

Resiativimetry, one of the moat productive and 
informative geophysical techniques, makes it 
possible to distinguish among numerous occurrences 
of water in the test areas the ones that are related 
to subsurface water discharge. It allows more spe
cific hydrochemical sampling, significant reduction 
of hydrosamples and preliminary estimation of the 
rate of subsurface water mineralization (Afanasenko 
et al. 1974). 

During the permaf roat-hydrogeological investiga
tions carried out in icing and subsurface water 
discharge areas, reaiativimetry is carried out not 
only as point measur-nta of individual sources 
and other water manifestations (as an auxiliary 
method of bydrocbellical sampling) but also as a 
variation of stream electroprofiling. In this case 
reaiativimetry, like longitudinal profiling, is 
done continuously along the stream channels, exit
ing beyond the icing area. Well differentiated 
curves of reaitivimetric profiling (Figures 1 and2h 
which distinctly fix the sites of concentrated sub
surface water discharge against a total background 
of depleted solutions, can be obtained. The rate 

of mineralization of the surface, subsurface and 
mixed stream waters, together with the relative 
output of subsurface water sources and a number of 
other evaluation data, can be obtained using simple 
calculations derived from these curves. Resistivi
metric profiling of a series of profiles having a 
dense river network makes it possible to trace the 
flooded zones of individual fractures and tectonic 
disturbances. These problems are more successfully 
solved by magnetometry (Figure 2). 

Resistivimetric observations are carried out 
using special portable meters based on combined 
instr1.1Dents or electrothermometers and water scoops 
with built in 4-electrode 1mits (for water resis
tance measurement) and thermometers or thermo
resistors (for temperature measurement). The 
results of temperature measurements are used for 
qualitative estimation of surface and subsurface 
water mineralization rate and for their more 
efficient identification. Benthonic resistivi
meters are used to detect the sources of subaqueous 
discharge 1mder deep river and lake basins. 

In order to conduct traditional electroprofiling 
for permafrost-hydrogeological studies in the icing 
areas, natural field (NF) electroprofiling, which 
allows more accurate interpretation of other EP 
types and supplementary information on the zones of 
subsurface water charging, movement and discharging, 
has been tested. On the whole, the information 
value of this method is not very high and it serves 
only an auxiliary function in the overall electro
prospecting operations. 

In addition to traditional profiling methods used 
in geophysical operations, more modern methods of 
electroprospecting, such as DEMP (dipolar electro
magnetic profiling) and HFEP (high-frequency elec
troprofiling), have been tested. A substantial 
advantage of these methods, as compared with con
ventional EP, is their higher mobility combined 
with lower labor requirements (a team of 2-3 
persons); this is important for the large-scale and 
time-limited operations carried out in the zone of 
Baikal-Amur Railway. The noncontact measurement 
method, which ensures the application tmder specific 
conditions in areas of large-block deposits (atone 
streams, atone taluses and polygons, etc.), on 
surfaces covered with ice bodies and particularly 
in operations carried out in winter, is equally 
important. 

The experience of DEMP application in different 
geological-frozen conditions is on the whole 
indicative of its lower information content and 
resolution as compared with the EP method using 
direct current. Using DEMP data, the position of 
different geological and permafrost boundaries in 
the plan can be identified, but the qualitative 
interpretation of these data is impeded. Other 
substantial disadvantages of the method are the 
high screening effect of the thawed rocks, which 
makes it impossible to use it for studying deep 
taliks, and the strong dependence of the measured 
values on the earth's surface relief, which results 
in false anomalies, 1mrelated to the geological
permafroat characteristics of the section. For 
these reasons the DEMP method has not been used 
independently, but as an auxiliary method combined 
with other methods of electroproapecting. 

The BFEP method, elaborated in VSEGINGEO and 
teated earlier in Western Siberia (Timofeyev 1977), 
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FIGURE l A comparison of the reaulta of different geophysical opera
tions performed in winter (a) and a1.111111er (b,c,d) periods in the ice 
crust formation area in the valley of the Kabaktan river: a - Pef 
graphs of RFEP electroprofiling, b - graphs of Pk of symaetrical IP 
electroprofiling, c - graphs of Bz/J;ip of dipole profiling DEMP, 
d - graph of reaiativimetry, specific electric water reaiatancea 
in terms of conventional unite; l - anow, 2 - ice, 3 - frozen rocks, 
4 - aeaaonal-froaen rocks, S - aubaurface water aourcea. 
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FIGURE 2 Graphs of resistivimetry, thermometry, and magnetometry of 
vinter geophysical operations in the area of thermal subsurface water 
discharge in the valley of the Olekma river: a - schematic profile 
layout; b - water temperature in the riverbed (1) and spring (2); 
c - specific electric resistances of water in the riverbed (1) and 
springs (2) in terms of conventional units; d - graphs of magneto
metry in terms of conventional units; 3 - subaerial subsurface water 
discharge area, 4 - subaqueous subsurface water discharge area, 
S - a non-freezing air hole in ice, 6 - river ice, 8 - the line of 
fracture strike, controlling subsurface water discharge. 
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has proved far more efficient. It approximated 
the EP method, when used under various permafrost
geological conditions of the Baikal-Amur Railway 
zone, and greatly surpassed it under certain con
ditions, particularly in winter and icing opera
tions. Direct Pef measurements provide good corre
lation of acquired data with the data from conven
tional electrometric investigations (EP and VEP). 
The variation in dimensions of the feeding and 
measuring dipoles and the spacing between them 
allows alteration of the test depth. A disadvan
tage of the method is the dependence of Pef on the 
closeness of the capacitive antenna to the ground 
surface which is difficult to achieve during s\.llllller 
operations in well-developed brush, h\lllDocky topo
graphy, shallow hummocky-sedge bogs. Nevertheless, 
the HFEP method can be considered as promising for 
such investigations, similarly to CEP (continuous 
electroprofiling), which has been elaborated on 
recently in PNIIIS. 

Geophysical methods, their sequence and rela
tionship to various field operations, vary accord
ing to specific research objectives, the complexity 
of the permafrost and hydrogeological conditions in 
areas of naled formation and subsurface water dis
charge, time and conditions of the operations being 
conducted. 

In studies carried out in the areas of subsur
face water discharge during the summer, the geo
physical methods used include, as a rule, direct 
current, electroprofiling, resistivimetry, VEP and 
magnetometry. Several specific techniques, includ
ing longitudinal profiling along riverbeds and 
stream-channels with simultaneous resistivimetric 
and thermometric observations, provide accurate 
solutions to a n\IDber of problems, including 
detection of the areas of subaqueous discharge of 
subsurface water, identification of different water 
manifestations, etc. Additional information about 
feeding, transit and discharge of subsurface water 
can be obtained from electroprofiling, using the 
natural electrical field technique. 

Alternating current (DEMP, NFEP, CEP) electro
profiling methods, which are more productive and 
efficient as compared to EP, are often used as aux
iliary methods during s1.111111er regional studies. 
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The vertical structure of taliks and frozen 
rocks in the s\lllDer is basically estimated from VEP, 
VEP IP data. In cases of distinct horizontal 
heterogeneity of the section and steeply dipping 
boundary surfaces between the frozen and thawed 
rocks, which is typical for areas of icing and sub
surface water discharge, special techniques are 
needed for VEP operations and the interpretation 
of the results obtained (Dostovalov et al. 1979). 

During research on subsurface water discharge 
areas in the winter or early spring, the opera
tional conditions change substantially, as well as 
the structure and parameters of the test sections 
and the problems being solved by geophysical 
methods. The limited application of electrometry, 
particularly EP and VEP, stems from the difficulty 
of achieving galvanic contact with ice or frozen 
rock and substantial measurement errors in winter; 
in the spring, when contact is realizable, the 
screening effect of the ice body and seasonal
frozen rocks interferes. All of this stipulates a 
need for a wider use of noncontact electroprospect
ing methods. 

HFEP is a very informative method, providing 
results which are relatively simple to interpret. 
The practical application of this method on the 
ice bodies of Southern Yakutiya, the Amur region 
etc. is indicative of its possible wide use in 
mapping geological and permafrost boundaries under 
the snow or ice or during seasonal freezing. The 
HFEP method can also be used for tracing large 
water discharge channels by naled thickness and 
for estimating the thickness of naled bodies 
(Figure la), particularly as a form of geometrical 
sounding. Hore precise estimation of ice body 
thicknesses; and the structure of the underlying 
frozen rocks is done by longitudinal seismic pro
filing using modern portable seismic stations. 

Geophysical methods, mainly electrometry, are 
especially important in discovering and outlining 
the disintegration zones of cryogenic rock which 
are attracted usually to the upper or lower PFR 
boundaries (Afanasenko et al. 1980). Cliff massifs 
of these rocks, subjected to perennial freezing, 
gave rise to high pressure in the saturating sub
surface waters, and their pressure discharge is 
accompanied by icing. 

In the northern setting of the Verkhne-Zeiskaya 
depression the regional weathering crusts of dis
continuous freezing often constitute a unique cap 
on the subsurface waters of the Unakhinsky hydro
geological massif (Alekseyeva 1978), which is 
characterized by considerable accumulation of ice 
body fields. The builders encountered difficulties 
in laying track for the Baikal-Amur Railway in such 
areas. Many road excavations made in these rocks 
in winter constitute foci of intensive ice crust 
formation. 

The survey of subsurface water discharge areas 
and particularly of those with icing was followed 
by specific hydrosampling for tritium, that allowed 
evaluation of the water exchange in different 
hydrogeological structures and of the charging 
level (Afanasenko 1981). 

The experience gained by using geophysical 
methods in permafrost-hydrogeological investigations 
in areas in which icing subsurface water discharge 
occurs indicates, on the whole, their high effec
tiveness in providing reliable information; this is 
contingent upon the use of a comprehensive approach 
in solving multi-faceted problems and strict 
follow-up of the acquired results at all stages of 
the operations. 
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PRINCIPLES OF TERRAIN CLASSIFICATION 
FOR PIPELINE CONSTRUCTION 

L. M. Demidjuk, G. S. Gorskaya, and V. V. Spiridonov 

The All-Union Research Institute for Transmission 
Pipeline Construction (VNIIST), Moscow, USSR 

As a basis for designing, constructing, and operating a safe system of long-distance 
pipelines it is essential to compile baseline assessment maps depicting engineering
construction conditions. These must take into account, on the one hand, the complete 
complex of environmental factors pertinent to the project and, on the other, techno
logical and engineering peculiarities. Construction regionalization involves terrain 
classification on the basis of the most important environmental factors based on a 
classification in terms of construction and engineering geology developed by the 
authors. 

The main characteristics of modern pipeline 
construction are as follows: the enormous length 
of pipelines (4,000 km and greater), the instal
lation of several pipelines in one corridor, the 
passage through vast territories having varying 
complex natural conditions, and finally the high 
technical parameters of the pipelines themselves, 
that is, large diameters (1220-1420 mm) and high 
pressure (7.5-10 MPa), which define the category 
and responsibility of the installation. 

All these determine the basis for engineering, 
constructing, and operating long-distance pipelines. 

The methodological basis for engineering and 
geological investigations, especially in permafrost 
regions, should be terrain classification based on 
comprehensive environmental factors which affect 
both the construction process and selection of a 
mode of construction which takes into consideration 
future pipeline design-environmental interaction. 

Such classification involves dividing the terri
tory into spacial regions and results in a map or 
a series of maps of engineering and construction 
regionalization. 

These maps should include the entire complex of 
environmental factors specific to the given con
struction mode as well as its design, technical 
features, etc. 

As a theoretical basis for the classification 
by compressive engineering and geological analysis 
the relationship "geological environment-engineer
ing project," we suggest a systematic approach to 
the principles of regionalization. 

A systematic approach suggests the development 
of an industrial classification of environmental 
conditions with regard to predictions of change 
as well as technical standards for the given types 
of installation that contain technological require
ments, available design solutions and the produc
tion technology rates. The choice of the terri
tory estimating elements deals with its regional 
peculiarities and specific features of its devel
opment. 

In view of the above stated problems, VNIIST 
concludes the work on the USSR terrain classifica
tion with regard to pipeline construction tasks. 
The authors have developed and incorporated into 
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the design a construction and geological classifi
cation system that also constitutes a classifica
tion of engineering and geological conditions 
according to the complexity of the construction 
project and a standardized classification of pipe
line construction modes and schedules. On the basis 
of this classification system, we have developed 
sketch maps of engineering and construction 
regionalization that include climatic, engineering
geological, and social-economic regionalization. 

This system of construction, engineering, and 
geological classification consists of two parts: 
engineering-geological classification and classi
fication of construction elements. 

The engineering-geological aspect of the classi
fication includes the scale of the main environ
mental factors (surf ace and frozen ground) which 
define the construction process and the environ
mental impact of pipelines. In addition the 
classification includes permafrost and anthropo
genic processes and phenomena. 

The surface factors pertaining to pipeline con
struction are as follows: 

- character and types of vegetation, which 
influence movement of machines and equipment, in 
addition to determining the heat-moisture exchange 
in soils, their thermal state, the extent of 
seasonal freezing and thawing; 

- hydrological factors: watercourses (rivers, 
channels, springs), water basins (lakes, water 
storage basins), swamps. Size and depth of water 
basins and swamps, the content and thermal con
ditions of sedimentary peat affecting construction 
decisions, methods of laying pipe, feasibility of 
moving equipment and the complications in the pipe
line construction process; 

- relief morphometrical characteristics (hori
zontal and vertical disintegration, surface inclin
ation) affecting construction decisions, pipeline 
construction mode technology and equipment, as 
well as types and magnitude of engineering and 
geological processes. 

The surface factors of natural environments also 
comprise special climatic features with zonal 
distribution. Air temperature, atmospheric precip
itation, snow distribution and thawing, wind 
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regime~all these factors define the construction 
work schedules and season. In addition, climatic 
conditions are taken into account in calculating 
the pipe and soil temperature behavior and the 
stability of the above-ground pipelines under wind 
loading. The frozen grotmd factors governing the 
thermal and mechanical interaction of pipelines 
with the ground in permafrost territories are as 
follows: 

- type of permafrost region: continuous and 
discontinuous permafrost, massif island permafrost 
and permafrost islands, persistent snowbank and 
ice-lenses, relic permafrost; 

- mean annual grotmd temperature at a depth of 
its annual fluctuation; 

- composition, cryogenic structure and physical 
and mechanical properties of frozen and thawing 
ground (lithological features, moisture, ice 
content, heaving properties, thaw settling, sal
inity and corrosive activity of ground); 

- thickness, structure and properties of ground in 
seasonally thawed and seasonally frozen layers; 

- permafrost and physical-geological processes 
and phenomena (thermokarst, thermal erosion, frost 
fracturing, heaving, icing, solifluction, ground 
ices, surface waterlogging, new formation of frozen 
ground, seismicity, and gravitation processes, 
etc.). 

Design and construction of long-distance pipe
lines require detailed prediction of changes of 
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all engineering-geological factors, because when 
natural environmental conditions are disturbed, 
changes in the permafrost temperature regime occur. 
As a result, the composition and properties of the 
permafrost are altered and the intensity of en
gineering-geological and permafrost processes in
creases. 

The above-mentioned factors are assessed from 
the standpoint of pipeline installation with regard 
to difficulties of construction and reclamation 
activities, as well as gro1md characteristics 
affecting the pipelines (gro1md content, ground 
thermal state, flooding, soil subsidence, develop
ment and intensity of permafrost processes and 
phenomena). 

A detailed engineering and geological classifi
cation is presented in Table 1. This classifica
tion may be used at the working drawing stage and, 
given the necessary data, at the technical project 
stage. For small-scale investigations it may be 
expanded according to the initial data. 

This classification assesses engineering and 
geological conditions according to five categories 
(or degrees) of complexity. The following surface 
conditions are included: 

- vegetation, availability of forests, vegeta
tion composition, thickness and height of tree 
tr1mks, cover, crown density; 

- lakes and swamp cover (type of peat deposits, 
terrain passability, extent (%) and depth of 
lakes); 

- watercourses (their nature, width of high and 
low waters); 

- relief (morphometric properties - suiface 
inclination, vertical and horizontal disintegration, 
slope length). 

Frozen ground conditions are classified accord
ing to the following factors: soil thermal con
dition by thawing-frozen soil ratio and mean 

annual soil temperature); ice content of frozen 
gro1mds (by relative thaw subsidence); frost gro1md 
heaving (by relative heaving); soil salinity (by 
total content of easily dissolved salts in % dry 
soils; soil corrosion activity (by specific elec
trical resistance of soils); soil flooding (by the 
depth of the first water-bearing horizon). 

Permafrost processes and phenomena include: 
frost fracturing and undergro1md ice (by intensity 
of area development); icing (by presence and 
possible development of icing of different origins
river or ground); solifluction (by intensity of 
development depending on the steepness of slopes); 
sereis crumblings (by intensity of development 
depending on slope steepness); landslides, rock 
streams (by intensity of development depending on 
slope steepness); seismicity (by magnitude). 

Anthropogenic factors include: railways, high
ways, farming lands, populated areas, reservations, 
animal migration routes, etc. 

Classification of structural elements includes 
factors, defining types of pipeline laying, pipe
line design, construction technology, and operation. 

Depending on where the sections are located 
relative to gro1md surface they are differentiated 
as follows: 

- 1mderground, when the upper centerline of the 
pipeline is below the ground surface; 

- on-ground, when the lower centerline of the 
pipeline lays on consolidated natural or artificial 
foundation, and the upper above the grotmd surface 
(either a berm or out in the open). 

- above-ground--when the pipeline is laid upon 
separate piles or pile trestles at a height of 250 
DID above the ground surface. 

Depending on the operating temperatures that 
characterize the pipe-environment interaction 
(ground, water, air), the pipeline sections are 
differentiated as follows (Table 2): 

- negative--with constant operating temperature 
below zero; 

- cold--with a plus or minus temperature, but 
with a mean annual temperature equal to or lower 
than -1°C; 

- warm--with a plus or minus temperature, but 
with a mean annual temperature higher than -1°C; 

- positive--with a temperature higher than zero. 

TABLE 1 Pipeline classifications 

Temperature Construction season 
regime 

Year round SU111Der Winter 

Negative N NAY NS NW 
Cold c CAY cs cw 
Warm w WAY ws WW 
Positive p PAY PS PW 

Possible technical decisions for every engineer
ing-geological type of pipeline section (Table 1) 
are selected on the basis of technical requirements 
and construction conditions (Table 2). On the 
basis of technical decisions and standards, tenta
tive economic indices can be derived as criteria 
for comparison of various routes. 

By using letter designations for various classi-
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TABLE 2 Classification by construction, engineering, and geological factors 

Engineering 
and geological 
factors 

1 

Vegetation 

Extent of 
swamps and 
lakes 

Watercourses 

Relief 

Ground 
content 

Classification of engineering and geological conditions 

I 

2 

Area without 
vegetation 
(beaches, low
lying flood 
plains, drift
ing sand) or 
grass-covered 
(CC<20%) 

Peats pass-
able for 
special con-
st ruction 
equipment with 
specific grav-
ity 0.02-0.03 
MPa or for 
ordinary mach-
ines by means 
of mats (or 
pads), rip-
rapping roads 
reducing 
specific grav-
ity to 0.02 MPa 

L1 

II 

3 

Area covered 
with moss lichen, 
dwarf shrubs; 
\Dleven or flat 
peat-land, 
shrubs with 
CC<SO% 

Peats passable 
for construe-
tion only by 
means of mats, 
rip-rapping of 
roads, reducing 
the specific 
gravity to 0.01 
MP a 

L2 

Channels up to Channels of 10 m 
10 m width, and more width, 
small springs, small and medium 
permanent water- rivers with high 
courses with water < lSO m 
high water < SO and low water 
m and low water 10-2S m wide 
up to 10 m 

Flat, with Flat and hilly 
surface inclin- 2° < a < s 0 

ation a< 2°, L > 300 m 
length (L) 
> 300 m 

Ri R2 

Rock Rock debris 

Complexity category 

Ill 

4 

Bushes with 
CC SO% and 
greater; for
est cover 10% 
and less, or 
small forest 
up to S m high 
with tr\Dlk 
thickness 10 
cm and less 

Vs 

Swampy areas 
with open wales 

IV 

s 

Sparse forests; 
mixed, conifers, 
birch, with 10 to 
SO% cover or 
small forest s-10 
m high with trunk 
thickness 11-20 
cm (CD<SO%) 

v .. 

Small and large 
lakes up to 1. S m 

v 

6 

Shaded forest with 
mixed \Dldergrowth 
and conifers with 
SO% cover and 
greater, tr\Dlk 
thickness >20 cm 
height > 10 m 
CD ~ SO% 

Vs 

Small and large 
lakes l.S m and 

surface; extent deep covering more more deep, cover-
of lakes up to than 40% area ing more than 40% 
40%; equipment of area 
moveable by 
flotation 

Ls L., Ls 

Large rivers with Large rivers Large rivers with 
high water width with high water high water width 
2SO-SOO m and low width 2SO-SOO m more than SOO m 
water width S0-100 and low water and low water 
m width S0-100 m width 100 m or 

Ws 

Hilly-steep slope 
s0 < a < 1° 
L > 300 m 

Rs 

Sand, sandy 
soils 

Gs 

w .. 

Steep slope 
and mountainous 
7° < a < 20° 
L > 300 m 

R., 

Sandy loam, 
clay 

more 

Ws 

Mountainous 
a > 20° 
L > 300 m 

Rs 

Peat 

Gs 
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TABLE 2 (continued) 

1 

Ground 
thermal 
state 

Ice content 
(relative 
ice content) 

Relative thaw 
subsidence of 
soils 

Thermokarst, 
thermal 
erosion 

Frost frac
turing; 
ground ice 

Icing 
(seasonal and 
perennial) 

Frost mounds, 
hillocky 
peat land 

Relative frost 
heave suscep-
tibility of 
soils 

Soil salinity 
(in % of dry 
soil weight) 

2 

Unfrozen 
(Thawing) 
ground 
T>O 

M1 

Poor ice 
content 
i < 0.1 

i1 

With slight 
subsidence 
s < 0.1 

S1 

None 

None 

None 

None 

Slightly frost-
susceptible 
H < 0.01 

H1 

Slight 
salinity 
z < 0.1 

Z1 

3 

Thawing ground 
with 20% dis-
continuous 
permafrost 
O>T>-1° 

M2 

Low ice 
content 
O.l<i<0.2 

i2 

With small 
subsidence 
O.l<S<0.2 

S2 

Poor indica
tions <10% 

Ez 

Poor indica
tions <10% 

Seasonal river 
icing 

Iz 

Poor indica
tions <10% 

Mz 

Low frost-
susceptible 
O.Ol<H<O.l 

H2 

Low salinity 
0.1<Z<0.5 

Z2 
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4 

Thawing ground 
with more than 
20% permafrost 
"islands" 
0 > T > -1° 

M, 

Moderate ice 
content 
0.2 < i < o. 3 

i, 

With moderate 
subsidence 
0.2<S<0.3 

Ss 

Moderately 
affected 
10-30% 

E, 

Moderately 
affected 
10-30% 

F, 

Perennial 
river icing 

Moderately 
affected 
10-30% 

Ms 

Moderately 
frost-
susceptible 
O.l<H<0.2 

Hs 

Moderate 
salinity 
0.5 < z < 2 

Z3 

5 

Continuous 
frozen ground 
-1° > T > -3° 

M~ 

Ice-rich 
0.3<i<0.5 

i-

With high 
subsidence 
0.3<S<0.4 

s-

Greatly 
affected 
30-50% 

Greatly 
affected 
30-50% 

F-

Seasonal, 
ground 
surface 

I~ 

Greatly 
affected 
30-50% 

Highly frost 
susceptible 
0.2<H<0.3 

H-

High salinity 
2<Z<5 

z-

6 

Continuous frozen 
ground 
T < -3° 

Ms 

Extremely ice-
rich ground 
i > 0.5 

is 

With extreme 
subsidence 
s < 0.4 

Ss 

Extremely 
affected 

> 50% 

Es 

Extremely 
affected 

>50% 

Fs 

Perennial, 
ground 
surface 

ls 

Extremely 
affected 

>50% 

Ms 

Extremely frost 
susceptible 
H> 0.3 

Hs 

Extreme salinity 
Z>5 

Zs 
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A I 

TABLE 2 (continued) 

1 

Soil corrosion 
activity 
(in cm) 

Soil flooding 
in m; minus 
(-) indicates 
below ground; 
plus (+) above 
ground surf ace 

2 

Slight 
c > 100 cm 

C1 

Slight 
D > .,.2,5 

01 

Slope processes None 

Seismicity 

Anthropogenic 
factors 

No seismic 
activity 

None 

3 

Low 
100 > c > 50 

C2 

Low 
-2.5 > D > -1.2 

02 

Solifluction 
(at slope 
steepness 
2-7°) 

Lz 

Earthquake 
force 6 and 
less 

Railroads, 
highways 

fication factors and structural elements, con
ditions of varying complexity for the various 
types of engineering and geological regions (or 
provinces, districts and regions depending on the 
degree of detail and the stage of design) are 
encoded. 

The construction, engineering and geological 
classification, developed by VNIIST on the basis 
of the environmental factor analysis mentioned 
above and pipeline construction practice, may be 
used as a guideline for the organization of perma
frost geological studies on pipeline construction, 
scientific analysis and systematization of pre
liminary permafrost data; it was also designed to 
assist in making well-grounded decisions on the 
construction and technological scheme of product 
transport with regard to possible environmental 
changes during construction and operation of an 
installation. In addition, the classification and 
engineering assessment and construction maps have 
been used by design organizations to select optimum 
routes for oil and gas pipelines, to make precau
tions, to mitigate the environmental impact, to 
assist reclamation within the right of way, and 
to provide reasonable estimation of the construc
tion term. 

Using the classification system for preliminary 
investigations permits standardization of the map
ping procedure for engineering and geological 
regionalization, that up to now has depended on the 
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4 5 6 

Moderate High Extreme 
c < 10 50 > c > 20 

c, 

Moderate 
-1.2 > D > -0. 7 

03 

Slides, rock 
streams (at 
slope steep-
ness 7-12°) 

Ls 

Earthquake 
force 6-7 

Farm land 

20 > c > 10 

c .. 

Heavy 
-0. 7 > D >+o.5 

o .. 

Screes, aval-
anches (at 
slope steep-
ness 12-18°) 

L,. 

Earthquake 
force 7-8 

Infrequently 
used terri
tories 

A,. 

Cs 

Extremely heavy 
D < +o.5 

Os 

Earth flows, 
avalanches (at 
slope steepness 
> 18°) 

Ls 

Earthquake force 
>8 

Ss 

Populated areas, 
reservations, 
migration routes, 
etc. 

As 

qualifications and creativity of the compiler. 
Engineering and construction classification of 

territory on the basis of construction, engineer
ing and geological factors has already been used 
to design a nt111ber of large-diameter oil- and gas
pipeline projects. 

REFERENCES 

Beliy, L. D., 1964, Theoretical principles of 
engineering and geological regionalization: 
Moscow, Nauka. 

Demidjuk, L. H., Gorskaya, G. S., and Spiridonov, 
v. V., 1982, The classification of territories 
based on construction conditions: A basis for 
rational use of geology in pipeline construction, 
Papers of the Interagency Conference: Geocryo
logical prediction in developing regions of the 
Far North: Moscow, p. 66-67. 

Spiridonov, v. v., Demidjuk, L. M., and Gorskaya, 
G. S., 1981, The principles of civil engineering 
regionalization in linear construction: The 
conference theses, Geocryological problems in 
the Transbaikal, Chita, p. 136-138. 

Sulakshina, G. A., 1979, Engineering and geological 
classification of sites as a basis for predict
ing man induced geological change: Engineering 
Geology, v. 3, Moscow, p. 49-54. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


ON THE PHYSICOCHEMICAL PROPERTIES OF THE 
SURFACE OF DISPERSED ICE (SNOW) 

N. F. Fedoseev, V. I. Fedoseeva, E. A. Nechaev 

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

The interaction between a dispersed ice (snow) surface and toluene and hexanol solutions 
in a large nlDDber of organic compounds was studied. It was found that the ice surface 
adsorbed only substances with an ionization potential of 9.6 eV. Formation of a 
liquid-like layer on the ice surface occurred in 48, 15 and 2.5 hours at temperatures 
of -10, -5, and -2°C respectively. The solubility of carbon acids in the liquid-like 
layer was shown to be lower than in the water. 

All large-scale processes occurring in nature 
and associated with the existence of water in a 
solid dispersed state are in some way or other con
nected with small-scale processes occurring on the 
surface of dispersed ice, whether it is substance 
migration over thin films in permafrost or sublima
tion phenomena during the metamorphosis of snow, etc. 
Therefore, the study of physico-chemical properties 
of a dispersed ice surface is of interest to a 
large group of specialists. Until now, strong 
evidence has been acquired (Kvlividze et al. 1974, 
1978) for the existence on the dispersed ice sur
face of a so-called liquid-like film, representing 
an intermediate structure between ice and water. 

The properties of this film have been the sub
iect of a considerable nunber of papers (Kvlividze 
et al. 1974, 1978). There are, however, practically 
no data on the interaction of the ice surface with 
substances introduced into the system. We have 
studied the interaction of dispersed ice (snow) 
with toluene and hexane solutions of many organic 
compounds. Samples of fresh snow were taken on the 
leeward side far outside the limits of a town. The 
snow cover held for a considerable time and all the 
experiments were conducted at a temperature of -4°C 
under conditions when a liquid-like film is present 
on the surface of dispersed ice. 

It turned out that of the. nunerous (more than 
50) organic compounds sampled, representing differ
ent classes of molecules, only 1,2-naphthahynone 
and C>-brombenzoic acid are absorbed by the ice 
surface. It should be noticed that the ionization 
potential of these compounds is 9.6 eV. 

In this respect, adsorption regularities on ice 
do not differ from those on oxides. As has been 
shown in Nechaev et al. (1978, 1979), out of aqueous 
solutions on the oxide surface, organic substances 
are adsorbed which have a strictly defined ioniza
tion potential, referred to as the oxide resonance 
potential (Ires.>· When the ionization potential 
of a substance deviates from the Ires value by more 
than 0.1-0.2 eV, adsorption is not detectable. 

On the basis of the data obtained it seems 
possible to conclude that for ice Ires • 9.6 eV. 
This inference is also supported by the fact that 
on the ice surface anions having an ionization 
potential in between 9 and 10 eV are specifically 
adsorbed. 

By processing data on 0-brombenzoic acid adsorp-
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tion (Figure 1) using a transformed Langmuir equa
tion it becomes possible to determine the specific 
surface of samples of non-metamorphized (Ssp • 
110 m2 /kg) and metamorphized (Sse • 25 m2 /kg) snow. 

In addition to the afore-mentioned substances, 
those highly soluble in water and having a high 
water-toluene distribution factor (inferior alco
hols and acids) are markedly absorbed by snow, 
exposed at the temperature of -10, -5, -2°C. The 
nature of the interaction, however, is quite differ
ent; the sorption ability is independent of the 
ionization potential and the amount of sorption 
increases linearly with increasing solution strength. 

The above-mentioned facts can be explained by 
asslDDing that the sorption of substances highly 
soluble in water is due to the transition of their 
molecules from the layer of the organic solvent to 
the liquid-like film. 

We studied the absorption by snow of formic (I), 
chloracetic (II) and acetic (III) acids from 
solutions in toluene (I,II) and hexane (III). The 
concentration variation of substance after intro
ducing a weighed snow sample was determined by the 
neutralization method. At high concentrations melt
ing of the snow sample occurred to produce a bulk 
phase of aqueous solution. 

G·IO~ mot/kg 0 2 

2 

1 

0 

0 0 
0 

0 f 2 3 1o"·c, .M 

FIGURE Isotherms of 0-brombenzoic acid adsorp-
tion from a solution in hexane on snow samples, 
taken from a water reservoir surface (1) and an 
area at some distance from it (2). 
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According to current understanding, two liquid 
layers may be present on the surface of ice crystals 
introduced into a non-aqueous acid solution. On the 
one hand, as ice comes in contact with an acid 
solution, it may melt to produce a layer of acid 
aqueous solution of vol\llle V, in which the acid 
concentration will be determined by temperature and 
can be inferred from a phase diagram. On the other 
hand, it can be ass\llled that part of the molecules 
will pass into a liquid-like layer, thus producing 
a solution whose properties may differ from the 
bulk phase. This ts evidently due to the fact that 
the water structure within this layer is a transi
tion stage between the water structure in the bulk 
and the ice structure. We will denote the volume 
of this layer by Vx· 

The bulk phase V can exist if its acid concen
tration is at equilibri\111 with ice and toluene. 
Th' equilibrium concentration with respect to ice 
(C~) is derived from the phase diagram, while with 
respect to toluene Cci> it is determined by the 
water-toluene (JCo) distribution factor. 

Let us assume that the initial acid concentra
tion in toluene is so small that a concentration at 
equilibrium with ice, i.e. C~ < C~, cannot arise in 
an aqueous solution. In this case t~e bulk phase 
does not occur. If, however, Ci > C~, then ice 
dissolution will continue until it reaches equil
ibrium con~entrations with respect to ice and 
toluene (C~ •Ci). 

To find the concentration of toluene solution 
(Csc> below.which the bulk phase does not arise, 
i.e. ci < c~. we determined the distribution fac
tors of formic and chloracetic acids between water 
and toluene at temperatures over 0°C and extrapol
ated to a low-temperature region. The respective 
values of the distribution factors Ko and Csc are 
listed in Table 1. Apparently, a study of the 
properties of the liquid-like film would be worth
while at concentrations smaller than Csc· 

TABLE 1 

t,°C c!,M Ko lO'Csc•M C~,M Ko 101 Csc• M 

formic acid (I) chloracetic acid (II) 

-2 0.87 688 1.26 0.77 54.5 1.41 

-5 2.50 734 3.41 2.50 56.2 4.45 

-10 4.90 830 5.90 5.53 59.4 9.31 

The investigations indicate that the sorption 
properties of snow, stored at -35 to -50°C, depend 
on its exposure time at a given temperature. 
Measurements taken as soon as the snow attained a 
temperature equilibrium with ambient air provided 
isotherms, which exhibited a well defined inflec
tion, the so-called point B (Greg and Singh 1970), 
and which permitted determination of the specific 
surface of dispersal ice on the ass\lllption that the 
molecules form a dense adsorption monolayer. In 
the case of measurements carried out on snow that 
had been exposed for a definite time at a given 
temperature in a moisture-saturated air atmosphere, 
the sorption isotherm changed shape. The amount of 
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absorbed substance, to a first approximation, was 
linearly dependent on concentration. 

Experimental data have demonstrated that at a 
decreasing temperature, more time is required for 
snow sorption properties to change. It has been 
established that this necessitates an exposure of 
samples in a moisture-saturated air atmosphere for 
48, 14, and 2.5 hours at -10, -5, and -2°C, respec
tively. At -20°C, a change in sorption properties 
occurred only after a three-week exposure. 

These facts can be explained, if one accepts 
that considerable time, dependent on temperature, 
is required for a liquid-like layer to develop on 
the ice surface. 

According to the available data (Nechaev et al. 
1978, 1979) on adsorption of organic compounds from 
aqueous solutions on oxides, one may assume that 
the appearance of a liquid-like layer, and there
fore of a layer of water molecules adsorbed on the 
ice surface, causes the acid molecules to be dis
placed from the surface. This is due to the fact 
that the ~ 0 molecules produce a hydrogen bond with 
the surface atoms; on the ice surface only those 
substances capable of producing a bond stronger 
than a hydrogen bond can be adsorbed. As has been 
shown (Nechaev et al. 1978, 1979), such conditions 
apply to the adsorption of substances having an 
ionization potential that corresponds to a reson
ance potential of a solid surface. 

Therefore, it can be concluded that isotherms 
1,1' in Figures 2-4 characterize adsorption of acid 
molecules from a toluene solution on the ice sur
face, while isotherms l", l"', and 211 characterize 
the acid molecule distribution between the toluene 
volume and liquid-like film. In this case at small 
concentrations the amount of absorbed substance 
must be a linear function of equilibri\111 concen
tration in toluene which is observed experimentally. 

G· 10 ~ mot/ kg 

2 

1 

0,5 1,0 1,5 

Figure 2 Isotherms of sorption II (l, l") and 
I (2") on snow at -2°c without preliminary 
exposure (1) and with a 2.5-hour exposure 
(l", 2"). 
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Figure 3 Isotherms of sorption II (1,1", l"') 
and I (211 ) on snow at -s0 c without preliminary 
exposure (1) and with 15-(1", 211 ) and 25-hour 
(l"' ) exposures. 

Deviations from the linear dependence are observed 
at concentrations C ~ Csc• which indicates the 
accuracy of the distribution factor, Ko, values 
extrapolated to subzero temperatures. 

Figures 2-4 (curve 1) and Figure 5 show that 
the amount of adsorbed molecules of formic, chlor
acetic and acP.tic acids at monolayer filling is the 
same (0.4 10-2 mole/kg) and is independent of temp
erature. These facts make it possible to conclude 
that the same orientation on the surf ace of 
molecules of these acids is obtained, with the 
carboxylic group towards the surface. Assuming the 
area occupied by one molecule to be 0.205 nm2 (Adam 
1947), we have obtained a specific surface Ssp • 
490 m2 /kg. 

This quantity exceeds the values, inferred from 
adsorption of 0-brombenzoic acid (Ssp • 110 m2 /kg). 
This is presumably due to the fact that snow con
tains narrow pores, accessible to small molecules 
of inferior acids and inaccessible to the large 
molecules of 0-brombenzoic acid. 

The specific surface value of 490 m2 /kg can be 
used to estimate the thickness of the film. Assum
ing that the water-toluene distribution factor and 
the liquid-like film-toluene factor are the same, 
it is possible to calculate a specific volune of 
the film, Vx • G/Ka C~. By dividing the value of 
Vx by S8 p we can derive the thicknesses d, listed 
in Table 2. The differences in thickness values 
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Figure 4 Isotherms of sorption II (1, l"') and 
I (2") on snow at -10°C without preliminary 
exposure (1) and with 25-(1'), 48-(1") and 120-
hour (l'", 2") exposures. 

TABLE 2 

t, •c d,nm Kf d,nm Kf df,nm* 

formic acid (I) chloracetic acid (II) 

-2 8.3 519 5.1 25.0 11.0 

-5 3.8 557 2.4 27.0 5.0 

-10 2.0 1.2 

*Kvlividze et al. (1974) 

of the liquid-like film, inferred from sorption I 
and II with the use of the distribution factor for 
the water-toluene, suggest that the properties of 
bulk water and water within the film are differing. 

On the basis of the data acquired we can con
clude that the solubility of formic and chloracetic 
acids differs in the liquid-like film and bulk phase 
of water. We have calculated the film thicknesses 
at -2 and -s•c using data reported by Kvlividze et 
al. (1974) from the amount of the movable phase at 
these temperatures for snow with a specific area 
of 1000 m2 /kg. (the value of df in Table 2). These 
were used to calculate the pertinent distribution 
factors Kf • G/df Ssp C~, also listed in Table 2. 
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Figure 5 Isotherms of sorption I at -15°c (1), 
-20°c (2) and III at -25°c (3) without preliminary 
exposure of snow. 
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The comparison between the extrapolated and calcu
lated values of the distribution factor K0 and K 
indicates that the acid solubility in the liquid
like film is lower than in water. There is a con
siderable decrease in solubility of chloracetic acid, 
for which the distribution factor is an order of 
magnitude lower. 

In conclusion, it should be noted that these 
results must be taken into account when conducting 
various tests of permafrost, snow and compact ice 
at temperatures close to that of ice melting, 
especially for samples subjected to preliminary 
deep cooling. If delayed formation of a liquid
like film is not taken into consideration, then one 
may obtain values which are far from equilibrium. 

The study of the dissolving power of the film 
will be extended to other organic compounds, in 
particular, to inferior alcohols, after relevant 
techniques have been developed. Research is 
presently under way on the film's dissolving power 
with respect to inorganic compounds. 
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THE THERMAL REGIME OF PERMAFROST 
SOILS IN THE USSR 

H. K. Gavrilova 

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

The author has compiled maps of heat flux through the ground surface and its relation
ship to the radiation balance during the thaw season. The correlation between the 
radiation balance and the heat flux is slightly higher in permafrost areas. Thus, 
in the arctic regions the ratio is 20% but in areas of seasonal freezing of the ground 
it is less than 10%. A ratio of 12.5% corresponds approximately to the southern limit 
of the continuous permafrost, a ratio of 10% to that of the discontinuous zone and 
one of 7.5% to that of sporadic permafrost. The total heat flux through the ground 
surf ace is greatest in the continental northeastern region of the USSR reaching 200 
lU/m2 • Northwards, westwards, and southwards it decreases to 100 MJ/m2 • This does 
not mean, however, that the greater heat flux results in a greater depth of thaw. 
Here a considerable amount of heat is being expended on warming the ground from 
extremely low winter temperatures up to 0° and on the ice-water phase change. 

Ground soil thermal flux is one of the major 
components of the thermal balance of the earth's 
surface and represents the upper boundary condition 
of the thermal status of rocks. It serves as a 
link between climate and perennial freezing of the 
upper lithospheric layers. However, experimental 
investigations on thermal flux in ground soils are 
scarce. The existing methods for computing these 
flows (Manual etc. 1977, Averkiev 1960, and others) 
do not always yield reliable results for permafrost 
and deep seasonal freezing of rocks. This is 
associated with the difficulty of estimating the 
heat of water ice phase transitions as well as with 
the complexity of an accurate determination of 
initial parameters involved in calculation formu
las. 

Direct observations of thermal flux in ground 
soils in the huge territory of the USSR are chiefly 
conducted only by permafrost researchers working at 
the former V. A. Obruchev Permafrost Institute, the 
USSR Academy of Sciences (Golubev, Pavlov) and the 
Institute of Permafrost, Siberian Branch, USSR 
Academy of Sciences (Balobaev, Gavrilova, Gavrilyev, 
Molochushkin, Pavlov, Olovin, Skryabin, Tishin, and 
others). Thermal flux measurements in ground are 
carried out at the Institute of Permafrost, Siber
ian Branch of the USSR Academy of Sciences, by 
means of homemade heat flow meters, usually of 
acrylic plastic (Ivanov 1961, Pavlov and Olovin 
1974) or by small-thermal flow meters designed at 
the Leningrad Technological Institute for Refrig
eration Industry (LTIKP). The thermal-balance 
research group, headed by this author, utilizes the 
latter in their research. According to our find
ings (as compared to calculated values for a 
detailed determination of h\IDidity, temperature, 
and thermal-physical properties), the LTIKP rubber 
thermal flow meters (30 cm in diameter and about 1 
cm thick) do produce errors for individual times, 
but are quite acceptable as far as the 24-hour 
totals are concerned (reciprocal compensation of 
displaced maxima and minima). This was also con
firmed by comparative measurements with these 

226 

thermal flow meters under conditions existing in 
areas near Moscow and Vorkuta (Golubev and Pavlov 
1961). Pavlov and Golubev have also proved the 
desirability of using LTIKP thermal flow meters 
in permafrost. 

We have already completed a temporal and 
geographical generalized description of this 
important index of the thermal regime of the 
climate (Gavrilova 1981). 

In the annual derivation, the radiation balance 
(R) in the permafrost region is the main source of 
heat to the earth's surface (500-1500 HJ/m2 ). This 
heat is used up mainly in evaporation and warming 
the atmosphere. In regions with a higher moisture 
content, a greater amount of heat is used up by 
evaporation. Therefore, in the country's European 
territory (ETC) evaporation cons\IDes nearly three
quarters of the radiation balance heat; in the 
Arctic part, about two-thirds; in droughty Central 
Yakutia, about half; and in dry areas of Mongolia, 
less than one-quarter. The ratios of heat expendi
ture on turbulent heat exchange with the atmosphere 
are reverse: the greatest loss occurs in the dry 
areas of Mongolia (in excess of three-quarters of 
the radiation balance); for Central Yakutia it is 
slightly less than half; in the Arctic, about one
third; in ETC, less than one-quarter (Pavlov 1979, 
Molochushkin 1969, Gavrilova 1973, 1974, and 
others). 

Part of the radiation balance's annual heat is 
used to thaw snow, the greatest amount being 
expended in the Arctic regions of the country 
(about 10%). Although the snow there is not the 
deepest occurring in Euroasia (40-50 cm), by the 
end of the winter it is very dense (0.30-0.35 
g/cm3); on the other hand, the yearly radiation 
balance totals for the Arctic are the smallest 
(within 500-600 HJ/m2). In the northern part of 
ETC and West Siberia, snow thawing consumes about 
7% of the radiation balance heat (by the end of 
winter the snow depth is 60-80 cm), in Western 
ETC, about 5% (50-60 cm), and in continental 
Central Yakutia with a comparatively shallow 
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snow cover (40 cm by the end of winter), about 2%. 
In semi-arid regions of Southern Mongolia, where 
the snow cover lies between 1 and 4 cm, the heat 
expended on snow thawing with respect to the yearly 
total of radiation balance (more than 1700 MJ/cm2 ) 

is negligible. 
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The ground thermal flux total through the earth's 
surface (B) during the year is, for the most part, 
close to O. For individual years it can be within 
20-60 MJ/m2, which comprises 0 to ±5% of the radi
ation balance's yearly value. 

Other correlations between the thermal balance 
components of the earth's surface occur during warm 
and cold seasons. From the standpoint of geocry
ology, the total accumulation and release of heat 
during the freezing and thawing seasons are of 
greatest interest (the criteria of the seasons are 
the dates of stable transition of temperature on 
the earth's surface through 0°C). Naturally, 
seasonal ground freezing increases in duration when 
moving from south to north and from west to east, 
while seasonal thawing, on the contrary, decreases. 
Thua, within the USSR's Asian territory, the dura
tion of the freezing season is as follows: Arctic 
coast~250 days, the north of Western and Eastern 
Siberia~230 days, Central Siberia and Central 
Yakutia~200-215, the near-Baikal area~l85 days, 
etc. 

The season of surface ground soil freezing covers 
not only the wintertime, but also part of autumn 
and a substantial portion of spring. During the 
autumn and spring, a large re-organization occurs 
in the thermal regime of the atmosphere, the 
earth's surface and in the upper layer of rock. A 
considerable expenditure of the thermal balance 
during spring freezing is due to heat consumption 
by snow thaw. In western ETC it consumes more than 
one-quarter of the heat, in the Arctic, about one
fifth, and in Central Yakutia, about one-sixth. 
Only in Southern Mongolia, where the snow cover is 
shallow and disappears early, this fraction is a 
mere 3%. In the spring there is also an increase 
in the heat uaed up by evaporation. This consump
tion, for the freezing season together with autumn 
evaporation is, in Western ETC between 35 and 40%, 
and in Siberia from 20 to 30%. The lowest values 
apply for the Arctic and dry areas in Mongolia (5-
10%). 

Despite increased solar radiation in the spring, 
the total radiation balance for the freezing season 
is mostly negative or close to zero (it is positive 
only at some locations). Thermal flux for radia
tion from the surface is: in Western ETC about 40%, 
in Northwestern Siberia and in Central Yakutia 60-
70%, and on the Arctic coast 75%. 

The thermal loss by the earth's surface due to 
snow thaw, evaporation, and radiation is compen
sated for by the heat input from the atmosphere: 
65-70% in Western ETC, 45-50% in the Arctic, and 
20-35% in Central Yakutia. 

Ground thermal flux provides a substantial 
replenishment of the earth's surface heat over the 
freezing season. In this case it makes the largest 
contribution in regions of perennial and deep 
seasonal freezing. Thua, in Western ETC (not deep 
freezing) the ground thermal flux constitutes 
30-35%, in Northwestern Siberia 40-45%, in Yakutia 
55-75%, and in Southern Mongolia (deep freezing) 
75-80%. 

Characteristically, ground thermal flux through 
the earth's surface changes its sign in autumn 
while still at positive values for the radiation 
balance and long before the beginning of freezing. 
This suggests that a specific amount of heat and 
time are required for the thermal field to reverse. 
Thus, the heat flow into soil traverses zero before 
the beginning of freezing: in Western ETC and in 
Southern Mongolia 2 months, in the south of Central 
Siberia, one month, in Central Yakutia 2 weeks, and 
in the Arctic one week before. In the spring the 
ground soil thermal flux reverses its sign, but 
mainly at positive radiation balance and with snow 
still present, i.e. prior to the onset of thawing. 
This has the following delays: in Western ETC 10 
days, in the northern half of Siberia 1 month, and 
in Southern Siberia and in Mongolia, with their 
frequent recurrent snowfalls, 1.5-2 months. 

The structure of the thermal balance of the 
earth's surface for the thaw season is well 
defined. The heat used to thaw the rest of the 
snow, since this season extends into part of the 
spring, is an additional factor. The overall 
radiation balance is positive and varies in the 
territory under consideration from 1200 to 1400 
MJ/m2 in Western ETC and in Central Yakutia from 
750 to 800 MJ/m2 in the Arctic. 

In Western ETC the main thermal flux is uaed for 
evaporation (two-thirds to three-quarters of the 
total radiation balance) and then for warming the 
atmosphere (about one-quarter to one-third). Four 
percent of the heat is uaed to warm the soil and 
about 1-2% to thaw snow. In Northern ETC, in 
Western Siberia, and in Central Yakutia the ra
tios of thermal flux uaed for evaporation and 
turbulent heat exchange with the atmosphere are 
approximately equal (40-45%). Heat flow used 
to warm the soil comprises 10-12%, while that 
used to thaw snow averages 1%. 

Analysis of the available actual data shows that 
the totals for soil heat flow for the thaw season 
(as well as for the freezing season) and their 
relationship to the radiation balance turn out to 
be fairly stable in separate regions and vary as 
one moves from north to south, thereby reflecting 
the properties of the permafrost regime. This 
allows for, on the one hand, representation of 
their spatial distribution (which we actually did 
for the thaw period using the most numerous and 
reliable data available) and, on the other hand, 
indicates the possibility of subsequent permafrost
climat ic zoning. 

For example, the distribution of the ratio of 
soil thermal flux to radiation balance of the 
earth's surface (Figure 1). The greatest share 
(over 20%) occurs in the coldest and moist (icing) 
regions of the Arctic islands and sea coast. To 
the south the ratios diminish, increasing only in 
the mountains (up to 15%). Typically, in many 
regions (except for dry Central Yakutia) the 14.5% 
isoline ratio passes close to the boundary of 
continuous permafrost, the 10% isoline runs along 
permafrost islands in the west and discontinuous 
permafrost in the east, and the 7.5% isoline, along 
sporadic permafrost in the Far East. 

Since there are more observations on the radia
tion balance than on thermal flow into the soil, 
by knowing the characteristic B/R ratios for 
individual regions, one is also able to evaluate 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


228 

FIGURE 1 The ratio (%) of the sum of heat flow for soil to the sum 
of radiation balance for the thaw season. Boundaries of permafrost 
zones: 1, continuous; 2, discontinuous, 3, islands; 4, sporadic. 

----2 ........ " 

FIGURE 2 The sum of heat flow for soil (MJ/m2) for the thaw season. Boundaries 
of permafrost zones: 1, continuous; 2, discontinuous; 3, islands; 4, sporadic. 

the thermal flux totals for the season. Of course, 
total ground thermal flux depends both on the 
season's duration and on the temperature differ
ences in the upper layer of soil. In addition, 
temperature gradients are greater in regions of 
greatest freezing. Figure 2 shows that in the 
permafrost region the smallest amount of heat flow 
to soil (on the order of 65 MJ/m2 ) occurs on the 

most remote near-Atlantic islands of the Arctic, 
where the thaw period is short (60-65 days). To 
the south, as the duration of the season increases, 
the sum total of flow increases to 105-115 MJ/m2 in 
northern ETC. But further in ETC (not shown on 
this map) this flow again decreases, but now in 
conjunction with a decrease in the temperature 
gradient, to values on the order of 40-45 MJ/m2 in 
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TABLE 1 Monthly Thermal Balance Constituents in the Above-Ground Cover and Within Soil in KJ/m2 
Neryukteitsy 1965-1967 

Freeze Th-
wwJan Feb Mar Apr May June July Aug Sept Oct Nov Dec season season Yearly 

B -22.79 -16.09 -11.73 -7.84 36.03 58.32 38.76 16.84 3.52 -27.02 -30.88 -34.19 -150.55 153.48 2.93 

Ban 0.04 0.42 0.84 0.15 -0.04 -0.04 -0.17 1.34 1.34 

Bgr-22.83 -16.51 -12.57 -8.59 36.03 58.32 38.76 16.84 3.52 -26.98 -30.38 -34.02 -151.89 153.48 1.59 

~ 0 0 0 0 4.02 10.81 4.74 -6.83 -10.73 -2.01 0 0 -2.01 2.01 0 

Bph 0 0 0 0 19.15 25.47 16.80 10.35 0.55 -72.32 0 0 -72.32 72.32 0 

B- -22.83 -16.51 -12.57 8.59 12.86 22.04 17.22 13.32 13.70 47.35 -30.38 -34.02 -77.56 79.15 1.59 

Notes: B - thermal flow through Earth's surface (surface of vegetation, snow); B8 n - heat, acct11ulated 
by snow cover; Bgr - thermal flow through soil surface, i.e. the one directly penetrated into or escaped 
from soil; B+ - heat, accumulated in unfrozen layer (in the positive temperature layer zone); Bph - heat 
of phase transitions, cons\DDed for soil thawing or released in the freezing process; B- heat, penetrated 
into underlying frozen layers (negative temperature zone). The area of Neryukteitsy is situated in the 
right bank of the Lena River valley. Diverse-grass, thin-leg carex steppe; sandy loam, sand. It is 
comparatively moistened in the first half of the s\Dllller, the mean moisture for the season in a 0-20 cm 
layer is 35%, below--23%. Maximt11 th-ing is 180 cm. The mean height of snow varies between 5 cm in 
October and 31 cm in March. 

the vicinity of Leningrad and Moscow, i.e. in 
regions where the ground is not deeply frozen. 

As one moves from the European part to the East 
or, putting it another way, as the climate becomes 
increasingly more continental, the totals for 
ground thermal flux increase. Their greatest 
values (on the order of 165-190 KJ/m2) occur in the 
northern half of the USSR North-East, i.e. the 
region having the coldest winter or the greatest 
temperature differences in the soil during warmup. 

Since the annual total thermal flux to ground 
soils through the Earth's surface can, for prac
tical purposes, be ass\DDed to be zero, the map in 
Figure 2 should be extended also to the freezing 
season, with the opposite sign only. As a result, 
the largest loss of heat by ground soils (165-190 
KJ/m2) occurs in the region of continuous perma
frost in North-Eastern Yakutia with its severe 
climate, after which it gradually decreases towards 
the areas of deep and shallow seasonal ground 
freezing. This agrees quite well with the actual 
situation. 

The absolute values of thermal flux through the 
surface determine neither the absolute temperature 
indices in the upper ground layer, nor the depth of 
seasonal th-ing. Considerable flux during the 
warm period of the year in northern regions only 
indicates that more heat was expended to restruc
ture the thermal field during winter freezing. A 
substantial portion of this heat in permafrost 
regions is used for ice-water phase transitions, 
while a smaller share goes to warm up the thawed 
layer. Thus, according to our investigations 
(Gavrilova 1966, 1967a, 1967b, and others) in 
Central Yakutia with its continuous permafrost 
and annual temperature fluctuations, the warming-up 
of permafrost cons\DDes nearly one-third of the 
thermal energy, while in the North-Transbaikal's 
regions which only experience deep freezing, only 
2%. In both cases, more than half the heat is 
used for th-ing (2 and 5 m). The remaining heat 

is used to change the temperature in the thawed 
layer: less than 10% in Central Yakutia and over 
40% in North Transbaikal. 

A general picture of the structure of thermal 
balance of soil in the region of permafrost and 
deep seasonal freezing of soil has been presented. 
However, in the same region there may occur indiv
idual departures from sector to sector which are 
associated with local physiogeography, the charac
ter of the moisture, and other local conditions. 
There is also an annual variation of all constitu
ents of the thermal flux in soils, i.e. intra
seasonal variations (Gavrilova 1981). Table 1 
presents a detailed study of ground thermal balan
ces using observations from the Ulakhan-Taryn 
research station (Gavrilova 1972). 

It can be noticed that, with the disappearance 
of snow cover in Central Yakutia in late April the 
thermal flows in all of the layer become positive. 
At that time, a recombination of the entire struc
ture of the soil's thermal balance takes place. 
The heat coming through the Earth's surface is 
largely used to thaw from above the soil frozen 
during the winter, i.e. ice water phase transitions. 
A part of the heat goes to warm up the thawed layer, 
another part the frozen layer. Since the thickness 
of the frozen soil up to the depth of attenuation 
of annual temperature amplitudes (10 m) is much 
greater than the thawing layer (less than 2 m), 
then B-, in general, is larger for the season than 
~. although the level of the thawing boundary 
(flow of Bph) somewhat impedes the downward pene
tration of the heat. 

In the second half of the s\Dllller the upper soil 
layers begin to cool. Thus, in an unfrozen layer 
the flow at a depth of 0-10 cm changes its sign by 
the end of July, though the total ground mass 
continues to absorb heat. In September the heat 
loss increases in the upper 2 m, ground thawing 
stops, while the underlying frozen layers are still 
being warmed up. 
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Intense freezing from above soils thawed during 
the sU11111er begins in the beginning of October. The 
soil (about 2 m thick), unfrozen at the beginning 
of the month, becomes completely frozen by the end 
of October, i.e. it requires one month, while thaw
ing takes place over 5 months. Also, large amounts 
of heat are released as water changes into ice. 

The winter thermal regime begins on completion 
of the freezing process of the ground which thawed 
during the suaaer. Large losses of surface heat, 
at a negative radiation balance, extend to even 
deeper layers of soil, and the entire comparatively 
thick layer of permafrost in the temperature f luc
tuation zone returns its heat over the following 
6 months (November-April). 
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LAWS GOVERNING 'nlE COMPACTION OF THAWING SOILS TAKING 
DYNAMIC PROCESSES INTO EFFECT 

V.D. ICarlov and V.K. Inosemtsev 

Institute of Civil Engineering 
Leningrad, USSR 

Comprehensive compression investigations of the deformation properties of thawing 
sandy soils were carried out under static (up to 0.4 MPa) and dynamic (up to 4000 
mm/s2 ) loading. The experiments were made with the artificially prepared samples 
of frozen sand whose porosity ratio varied between 0.544 and 1.046. The samples 
were 113 DID in diameter and 45 DID high. Maximum compaction of the thawing soil 
occurred in the early stages of vibration with vibration accelerating from 0 to 
1000 mm/s2 and from 1000 to 2000 D1D/s2 • The impact of the static load is signifi
cant. Extremely intense compaction occurs under the static loads of up to 0.05 
MPa. There is a linear relationship between the static load and the critical 
vibration acceleration. The amount of settling of thawing sandy soils under dynamic 
loads is greatly affected by the grain-size composition and other soil conditions 
(e.g. compactness, moisture content). It is suggested that settlement of thawing 
soils under dynamic loading may be estimated on the basis of the soil compaction 
coefficient when subjected to vibration, the thickness of the soil layer_invol!_~ 1 
and the values of the vibration acceleration both actual and critical. Taking into 
account both static and dynamic loading the amount of settlement in a thawing soil 
layer was calculated to be the s\ID of the settlements due to thawing and compaction 
under static loading, and of compaction settlement due to vibratory action. Settle
ment of foundations may be determined by SIDllUltion of settlements in individual soil 
layers down to foundation depth within each of which the values of dynamic actions 
and the compressibility characteristics may be considered to be constant. 

Thawing soils may undergo great deformations due 
to their particular postcryogenic texture which is 
extremely susceptible to sign-variable dynamic 
stresses. The laws governing thawing sandy soil 
compaction under dynamic loading have not yet been 
sufficiently studied and the available results of 
post investigations are poorly presented in both 
the domestic and the foreign literature. 

To develop a reliable method for calculating the 
settlements of thawing foundation soils it is nec
essary to establish the principle laws governing 
their compressibility allowing for dynamic impact. 

Comprehensive investigations on the deformation 
properties of thawing soils have been carried out 
in the Leningrad Civil Engineering Institute. 
Experimental studies of the compaction of thawing 
sandy soils were carried out using a specially 
designed installation. The main parts of the 
installation are: a low heat-conducting con
solidometer, a specially designed hollow settlement, 
a liquid thermostat, a device for static and dynam
ic loading, a control console, a set of measuring 
instruments, and other equipment. The basic dia
gram of the installation is presented in the 
authors' work (Inosemtsev and Karlov 1980). This 
installation permits samples of thawing and thawed 
soils, both natural and with structural damage, to 
be tested under wide range of static and dynamic 
loading. 

When the foundations are arranged on thawing 
soils, the dynamic effect may appear at different 
stages of thawing and stabilization of ground 
deformation. Therefore, when developing a proced
ure for estimating the compressibility of thawing 
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soils, it is very important to ascertain the right 
moment to apply the dynamic load. 

For this purpose three series of experiments 
were conducted. In each series of experiments 
frozen soil samples having identical physico
mechanical characteristics and under equally in
tense loads. were tested. In the first series of 
experiments dynamic impact was produced directly 
during the process of thawing a soil sample loaded 
with a 0.2-MPa static pressure. In the second 
series of experiments dynamic loads were applied 
after thawing the sample and stabilizing the 
settlement from the subsequent static loading, 
which was also equal to 0.2 MPa. In the third 
series of experiments, the dynamic effects were 
produced immediately arter thawing the sample 
under a pressure of 0.2 MPa with partial stabili
zation of the settlement of the thawing soil. 

Statistical analyses of the results of these 
investigations were conducted based on the criteria 
put forth by ICohran and Fisher (Pustilnik 1968), 
which established that the difference between the 
average values for the total relative settlements 
in the three series of experiments, with a 5% level 
of significance, should be considered to be insig
nificant. This means that the value of the final 
total deformation of thawing sandy soils is especi
ally affected by the moment (of time) when the 
dynamic load is applied. 

This conclusion makes it possible to carry out 
dynamic tests of frozen sandy soils after thawing 
and stabilization of the settlements due to static 
loading. Such a procedure has some important 
advantages as compared with the procedure in which 
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dynamic impact is produced during thawing of the 
soil sample. In the latter case only the total 
value of sample settlement is determined, with no 
possibility of dividing it into components such 
as: thawing settlement, compaction settlement 
under static loading, and settlement due to the 
dynamic action. 

If dynamic effects are produced after thawing 
and stabilization of sample settlement, then such 
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a test procedure provides all the compressibility 
characteristics needed to calculate thawing foun
dations in the presence of thawing of a single soil 
sample. Therefore to study the laws governing 
deformability occurring during thawing of sandy 
soils, the procedure for testing frozen soils with 
the thawing of a single sample and its subsequent 
static and dynamic loading was adopted. Such a 
test procedure is much more economical and provides 
more certain results than testing several samples 
thawing under various intensities of dynamic action. 

The laboratory investigation of the compressi
bility of the thawing sandy soils has been carried 
out in a wide range of static and dynamic loading 
depending upon the composition and the condition 
of sandy soils. The experiments used artificially 
prepared sandy soil samples having various degrees 
of compaction (the void ratio of the soil varied 
from 0.544 to 1.046), soil moisture (the pore ice 
vol\IDe varied from 0.14 to 1.0), and grain size 
(coarse-grained, medi~grained, fine-grained 
sands). 

The test results were analyzed using the proxi
mate statistical processing (Goldstein 1973). To 
establish probable interconnection between compres
sibility of the thawing soils and the factors under 
investigation, computer-assisted regression and 
correlation analysis were run. 

The results of the investigation of the relation
ship between relative settlement of thawing, coarse
grained, water-saturated sand and the initial soil 
compactness at the moment in which varying degrees 
of dynamic action are applied are shown in Figure 
1. This relationship is non-linear. From Figure 1 

FIGURE 1 Relationship between the rela
tive settlement of the thawed sandy soil 
and the compactness at various values of 
vibration acceleration. 

004 0.08 012 Qf6 0.20 

FIGURE 2. Relationship between relative 
settlement and moisture at various values 
of vibration acceleration. 

one can see that the main part of the settlement of 
thawing sandy soils occurs in the early stages of 
dynamic impact. A further increase in the inten
sity of the dynamic impact causes less settlement. 
Thus, an increase in vibration acceleration from 
2000 mm/1 2 to 3000 mm/s2 causes an increase in 
settlement several times less than the increment of 
the vibration acceleration value from 1000 mm/s2 to 
2000 D11D/s2 (Figure 1). This is completely under
standable: the thawed soil being compacted in the 
early stage of dynamic impact changes into a more 
compact state, which is characterized by less and 
smaller pores at the site of the thawed ice crys
tals; consequently, the conditions for particle 
displacement during compaction at the next stage of 
dynamic loading become worse. 

Figure 2 shows the curves for the relationship 
between the relative settlement of the thawed sandy 
soil samples (with the same initial compactness in 
the frozen state) and the moisture content by 
weight at different values of vibration accelera
tion. An increase in the initial moisture content 
by weight increases the compressibility of the 
thawed soils under dynamic impact and maximum 
increase in the compressibility is observed with a 
variation of the moisture content from 0.13 to 0.20, 
which corresponds to the degree of saturation G • 
from 0.7 to 1.0. This specified influence of mois
ture content on settlement of the thawed sandy 
soils is explained by the action of the capillary 
forces of cohesion which prevent the soil from 
compacting during dynamic loading in slightly moist 
and in moist sands. And the presence of gravita
tional water, which serves as a lubricant, reduces 
friction between the sand particles, thereby in
creasing, during vibrations, the compressibility of 
the saturated sandy soils whose water is in a free 
state. 

The results acquired from experiments made with 
sands of different grain size showed that with an 
increase of sand grain-size the compressibility of 
the thawing soils under dynamic action decreases. 
Under dynamic action with a vibration intensity of 
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FIGURE 3 Relationship between the 
relative settlement and the value 
of static loading at various values 
of vibration acceleration. 
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FIGURE 4 Impact-compression rela
tionship of the thawed soil. 

a • 0.6- 0.7 g, the medium-grained thawing sandy 
soils demonstrated a relative compaction settlement 
of 1.27 times and the fine-grained soils 1.62 times 
greater than the coarse-grained sand. 

In addition to the factors examined above (den
sity, moisture, grain size distribution) the values 
of static and dynamic loading highly affect the 
compressibility of the thawing sand. 

Figure 3 shows the relationship between relative 
settlement of the thawed sandy soil being compacted 
by the dynamic action (oa) and of various values of 
static load (P). This relation is curvilinear. 
The relation curve Oa • f (P) drops sharply when the 
value for static loading is small; with a further 
increase in the load, the compressibility slightly 
decreases. The character of the effect of static 
loads on the compressibility of thawing sandy soil, 
when the dynamic load value is invariable, can be 
explained by the fact that as the static pressure 
increases, the internal friction forces between 
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FIGURE 5 Relationship between 
the critical vibration accelera
tion of the thawed soil and the 
static loading. 
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FIGURE 6 Relationship between the critical 
vibration acceleration and the void ratio of 
the thawed soil. 

sand particles increase, thereby affecting the value 
of non-cohesive ground settlement (Ivanov 1967). 

As a result of compression tests in the presence 
of dynamic action, it has been established that 
change in the porosity coefficient of thawing soil 
is a function of the intensity of the dynamic 
effect (vibration acceleration). Figure 4 repre
sents the impact-compression relationship based on 
the results of experiments with coarse-grained, 
saturated sands thawed under pressure at 0.025 MPa. 
One can see that the soil compaction begins after 
vibration acceleration attains its limit value, 
which is called the critical vibration value by 
Savinov (1979). 
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The influence of static pressure and initial soil asoo . 
compactness on the value for the critical vibration 
acceleration aer of thawed sandy soil is shiwn in 

. -- .. - . . . . 
Figures 5 and 6. The regression equation of the Qt,10 . 
relationship acr • f(P) for thawed coarse-grained 
saturated sandy soil is: 

acr • 775 + 2713P (1) 

where acr is the critical vibration acceleration, 
DD/s1 , and Pis the static pressure, MPa. 

The correlation factor of the relationship acr • 
f(P) equaled 0.975, while the verification of the 
hypothesis as to the existence of a link between 
acr and P showed that the correlation relationship 
exists at the level of significance B • 0.001. 

The correlation equation for critical vibration 
acceleration as a function of the void ratio 10 B 

of the thawed coarse-grained saturated sandy soil 
at the moment of applying the load acr • f(10 a) is 
as follows: 

acr • 1462 - 1230 1oa (2) 

The correlation coefficient proved to be 0.876. By 
comparing the correlation coefficients it becomes 
clear that the relationship between critical vibra
tion acceleration values and the void ratio of 
thawed sandy soil at the moment of dynamic loading 
appears to be less close than that between critical 
vibration acceleration and static load. 

The relationship between change of the void 
ratio and the vibration acceleration a (Figure 4) 
of thawed, coarse-grained, saturated, sandy soil 
was investigated using pair correlation analysis. 

The degree of closeness between parameters 1 and 
a was evaluated based on the correlation coeffic
ient. Its application is possible only when the 
values (1, a) under consideration are random and 
distributed normally. Verification of the hypo
thesis related to the laws of void ratio distribu
tion 1 and vibration acceleration a was performed 
using Pearson's coordination criterion (x1 - crit
erion). The calculations showed that at a 5% level 
of significance, the accepted hypothesis regarding 
normal distribution of 1 in the general population 
is not rejected, but the hypothesis regarding the 
normal distribution of· a is negated. 

In this connection another hypothesis was adopt
ed: "the distribution of a is logarithmically 
normal." The comparison of an empirical criterion 
with its critical value shows that the adopted 
hypothesis for the normal distribution of lg a is 
not rejected. Consequently, the correlation 
relationship of the void ratio and the vibration 
acceleration value may be considered in the 
ordinate system y • 1, x • lga, and the correlation 
coefficient may be used to characterize the degree 
of closeness in the relationship. 

The graph of the relation between void ratio and 
vibration acceleration is presented in Figure 7 in 
semi-logarithaic coordinates. The correlation co
efficient 1 - lgm equaled 0.914. 

Estimation of the certainty of the 1 - lga rela
tionship showed that a correlation exists at the 
significance level of B • 0.001. 

Statistical verification of the hypothesis re
lated to the rectilinear form of the relationship 
1- lga was performed using the Fisher criterion. 

- . . -:-. . 
Qlt60 . . . . . 
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FIGURE 7 Relationship between the void ratio of 
the thawed sandy soil and the vibration accelera
tion. 

Comparison of criterion F~ with the critical one F 
showed that the hypothesis adopted is negated at 
the significance level B • 0.05. 

The regression equation for the relationship 
1 - f (a) usually may be written as follows: 

1 • a - blga (3) 

where a is a free term of regression and b is the 
regression coefficient. 

Using the bo\Dldary conditions (with a • acr + 
1 + 1oa) eq 3 can be rewritten: 

a 
1 • 100 - blg -

acr 
(4) 

where 100, acr are void ratio at the moment dynamic 
loading and the critical vibration acceleration of 
a sample of thawed, sandy soil, respectively. 

The laws governing the compaction of thawing, 
sandy soil established on the basis of comprehen
sive investigations suggest an engineering proced
ure for estimating fo\Dldation settling values at 
static and dynamic loading. 

The total settlement value of a thawing base at 
combined static and dynamic loading can be deter
mined according to the formula: 

(5) 

wbere Sth is the settlement caused by thawing of 
the frozen soil and Sa is the compaction settlement 
of the thawed soil at dynamic action. 

The settlement values Sth and SP can be deter
mined by a number of well-known methods (Build. 
Stand. II-18-76, 1974, Tsytovich 1973). 

The settlement value of the thawed base \Dlder 
the dynamic actions can be determined by layer 
summation according to the formula (Inosemtsev and 
Karlov 1981): 

(6) 

where hi is the thickness of the layer, i is the 
soil layer; n is the number of layers into which the 
zone of dynamic compaction is divided; acr is the 
critical vibration acceleration estimated from 
laboratory testing of the samples of the i - soil 
layer; ai is the average vibration acceleration in 
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the i - soil layer, equal to half of the sm of the 
vibration acceleration on the upper and lower boun
daries of the layer; kvi is the coefficient of 
relative compressibility of the i- soil layer, which 
is determined by the formula: 

ki 
(7) 

where ki is the compaction coefficient of the i
soil layer under the dynamic actions; 1oi is the 
initial void ratio of the frozen soil; Ai is the 
coefficient of thawing; ai is the coefficient of 
relative compressibility of the thawing soil and P 
is the static load. 

Calculation of settlement Sa can also be made by 
another procedure using not the values of the vibra
tion acceleration in the solution, but the areas of 
their depth curves. For this purpose, in eq. 6 the 
sign of the sum changes for the integral, in which 
case, the number of layers into which the base 
should be divided greatly decreases. The soil 
layers will differ only in the deformation proper
ties. Then, in the case of uniformly distributed 
loading having an intensity of P, the settlement of 
the thawed homogeneous base is calculated by the 
formula: 

Sa • kv (C- B) (8) 

The values of parameters C and B are obtained from 
expressions: 

6z 
C • Z(lna0 - T) (9) 

z aero +m {~yh [2arctg :z+sin(2arctg :z)+ 
8 • f ln { m P- h b b 

o 1 +g <+ [2arctg 2Z +sin (2arctg 2z )+ 

y(h+ z)]} 
y(h + z))} } dZ (10) 

where z is the ordinate of the point for which the 
settlement is calculated; a 0 is the vibration 
acceleration at the base of the foundation; 6 is 
the attenuation factor of soil vibration; acr is 
the critical vibration acceleration of the unYaden 
soil sample; y is the specific weight of the thawed 
soil allowing for suspension caused by water; h is 
the depth of the foundation base; b is the width of 
the foundation base; m is the empirical coefficient 
derived from the dependency curve of the critical 
vibration acceleration and the static load g is the 
~ravity acceleration. 
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CONCLUSIONS 

On the basis of these investigations one can 
draw the following conclusions: 

1. The total deformation of frozen, sandy soil 
samples caused by thawing, static and dynamic load
ing essentially does not depend upon the lllOllUlDt 
(ti.Ille) that dynamic impact is applied. 

2. The settlement value of the thawing sandy 
soils at impact loading is greatly influenced by 
the composition and the condition of the sands 
under investigation. As moisture content decreases 
and compactness and grain size increases, the 
compressibility of thawing sandy soils is reduced. 

3. A nonlinear relationship was established 
between the compressibility of thawing, sandy soil 
and vibration acceleration values. 

4. The settlement ot thawing, sandy soils is 
greatly affected by static loading an increase in 
which causes a decrease in settlement due to dynamic 
impact. 

5. A procedure for calculating.the settlement of 
thawing bases of the foundations which takes into 
consideration dynamic actions was developed. It was 
recommended to calculate settlement of thawing bases 
using layer summation by eqs 6 and 8. 
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A THEORY OF DESICCATION OF UNCONSOLIDATED ROCKS IN AREAS 
WITH NEGATIVE TEMPERATURES 

I. A. Komarov 

Geology Department, Moscow State University 
Moscow, USSR 

The article presents the results of theoretical and experimental investigations of 
the process of desiccation in unconsolidated rocks in areas with negative tempera
tures. On the basis of a thermodynamic assessment of the phase equilibri\111 of water 
in the rocks it was demonstrated that the desiccation process occurs through sub
limation and desorption of ice as well as through the combined effects of these 
processes, and occurs in two forms: vol\lllinal and surficial. The instability of 
the surficial form is attributed to the presence of ultrapores. A capillary model 
of the process is proposed, based on an arbitrary subdivision of moisture present 
in the rock into three categories, which provide a qualitative description of the 
kinetics of desiccation in rocks of different composition and structure and under 
different ambient conditions. This scheme forms the basis of a system of equations 
for a three-zone model describing desiccation in a moisture-filled rock mass. Results 
of a comparison between solutions of a simplified system of equations for a quasi
isothermal case with the experimental data are presented; they indicate a satis
factory agreement between the two. Peculiarities of applying this solution in cases 
where the process is occurring in non-saturated rocks are discussed. 

Reports submitted to the 3rd Conference on Geo
cryology in addition to other publications (Yershov 
1979; Yershov et al. 1975, 1978) have s1.111111arized and 
analyzed basic laws governing the process of frost 
desiccation in unconsolidated rocks. The article 
attempts to elaborate on the physical concepts in 
addition to presenting a quantitative theory as a 
basis for developing a prognostication technique 
to control the desiccation process at negative 
temperatures. 

PRELIMINARY STATEMENTS AND A PHYSICAL 
R>DEL OF THE PROCESS 

Analysis of the physical aspect of the rock 
desiccation process shows that its intensity is 
primarily influenced by the capillary, adsorptional, 
and osmotic relationships between moisture and rock. 
Consequently, the thermodynamic potential (free 
enthalpy ~) may in this case be represented as the 
s\111 of two members, one of which depends on the L 
potentials, ei• i.e. in our case temperature (T), 
pressure (Ptota1>, and the concentration of dis
solved substances (Z); the other depends on the 
(n - L) coordinates of the state Xj, which defines 
the system's geometry (the surface of adsorptional 
interaction Oa and the magnitudes of adsorptional 
surfaces at the interfaces of the solid, liquid, 
and vaporoua phases in the interstitial solution 
Ou, O,..): 
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where eiinv• Xjinv indicate that the rest ai and 
Xj do not change (invariants), here ei • Ptotal• 
T, Z; and Xj • Oa, 023, n,~. 

The values of the partial derivatives of free 
enthalpy with respect to Xj are: 

where 03_, 023 are ~urface tensions at the water
ice and water-gas interfaces and E is the energy of 
adsorptional interaction. 

Here and further we shall be considering the 
case in which the concentration of dissolved salts 
in the interstitial moisture is low, therefore the 
latter may be regarded as a binary solution com
posed of free water and water bound by surface 
forces. To describe the phase equilibri\111 we used 
relationships elaborated in the theory of solutions. 
A decrease in the freezing temperature may in this 
case be regarded as a displacement of the triple 
point on the phase P-T diagram of the state of the 
water. Keeping this analogy in mind it appears 
from this diagram that the desiccation process is 
dependent on the relationship between the freezing 
temperature (Tfr> and the temperature of the medium 
(Tmed> and can occur in three ways: 1) by ice 
sublimation, Tfr > Tmed; 2) by desorption, Tfr < 
Tmed < T0 • 273-X.; 3) ·by both mechanisms occurring 
simultaneously, Tmed < Tfr < TQ (ice sublimation 
occurring in pores with the radiua µ > µeqy and 
desorption in the poresµ > µequ>• Depending upon 
the thermodynamic conditions prevailing in the 
vapor-gaseous medi1.1111 and the properties of the 
dispersive system, these processes can take one of 
two forms. The first is typical for systems in 
which the surf icial form of phase transition is 
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stable (frontal transition). The other is distin
guished by the presence of a phase transition zone 
(voluminal transition). 

Detailed analysis of possible causes for the 
instability of the surficial form (Komarov 1979) 
has shown that apparently the formation of a zone 
is due to capillary effect occurring at relatively 
high negative temperatures when ultrapores with a 
radius r < 10-7 m are present in the rock. In this 
case. the difference between surface tensions at 
developed water-ice and water-air interface areas 
exerts a significant effect on the proces,s kinetics. 
resulting in the formation of an evaporation zone . 
As temperature decreases. the process kinetics is 
largely influenced by adsorptional surface forces. 
which results in degradation of the evaporation 
zone. In the absence of ultrapores. for example 
in sands. the zone is essentially absent. 

The dehydration kinetics will be discussed with 
respect to a capillary model of the process. which 

f f 
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is a further development and generalized form of 
Krisher's bicapillary model (1961) as applied to 
the case involving the presence of the solid water
ice phase in the pores. The concepts incorporated 
in the model are based on the assumption that un
frozen water is present in the rock partly in 
between the blocks of mineral particles (micro
aggregates indicated by circles) and ice (black
ened areas) and partly in ultra-capillaries and 
pores permeating the particles themselves (Figure 
la). In the first case the equilibrium is influ
enced by the interface curvature with respect to 
ice and vapor. while in the second case it is 
exposed to the effect of adsorptional forces. 
Furthermore. the interaggregate moisture (in the 
capillary of the Ri radius) is assumed to be mobile 
with respect to the moisture present inside the 
aggregates (capillary R1) . Thus. the overall 
moisture content of unconsolidated rock can be 
arbitrarily subdivided into three categories (the 

ct) 

FIGURE 1 Three-capillary model and schematic 
figure of dehydration process. 
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3rd category being moisture in the solid state, 
capillary R,). Accordingly, to describe the 
kinetics we may use a diagram of three capillaries 
of different diameter, linked with one another 
throughout the length of the wall in the absence 
of resistance to moisture transfer across these 
walls (Figure ld,e,f), 

The main features of the physical image result
ing from this model are as follows: 

At the initial moment of time the level in all 
the three capillaries is flat (Figure la). Once 
the condition P/Ps < 1 is satisfied in the vapor
gaseous mediun, the dehydration process begins, its 
intensity (11) at the onset being controlled by the 
resistance to moisture transfer in the boundary 
layer of the air medi\111, Over time, menisci are 
formed in capillaries R1 and R2, while in capillary 
R, the level drops. Simultaneously, the moisture 
evaporating from the R, capillary is compensated 
for due to ice meltage and subsequent percolation 
of this moisture through the capillary wall. Until 
the difference in the capillary pressures, which is 
determined as 6P • 2023/µ, is sufficient to bring 
up as much fluid to the height h1 as will not force 
down the level in the capillary R, but will only 
increase the curvature of the meniscus r2 (Figure 
le), the dehydration intensity will be constant (so
called first period). Variation of the curvature 
radius will continue until a certain maximum value, 
which represents its equilibri\111 value. As soon as 
the meniscus in capillary R, has taken shape, it 
starts to deepen inside the capillary and the desic
cation intensity decreases (Figure If). At the 
onset of the second period, the dehydration inten
sity will be determined by the relationship: 

where a is a coefficient depending on the features 
of the capillary system, Tlmv• Pmv are dynamic vis
cosity and density of the migration category of 
water. 

As seen from the model, the spatial (vertical) 
length of the evaporation zone (h2 - ~2) is deter
mined by the ratio of withdrawal intensities of 
replenishment vapors. An extreme situation (zone 
degeneration) may be interpreted as an infinitely 
high evaporation rate (Irr + m) or infinitesimal 
replenishllent <rwv + •), Such an extreme situation 
occurs, in particular, for flow rates V > 5 m/s, 
when the evaporation surface lies close to the 
boundary separating the rock and the medium, as well 
as in the case where process takes place in vaauo 
(for instance, Ptotal • 3.10-3 MPa) (the value Irr 
being large), whereas, in analogous conditions, 
at Ptotal • 0.1 HPa and greater, a characteristic 
feature is the presence of a developed zone of phase 
transition. A similar effect will result from a 
higher molecular mass of the gaseous medium, or 
higher salinity and density of the rock. The zone 
is observed to grow also with the progress of the 
dehydration process Un - declining and B • canst) 
and with an increasing temperature of the medium 
(llav - decreasing). 

We shall more clearly define the given model by 
means of a schematic layout. At the onset of the 
process, sublimation of ice from the surface begins 
(Figure la). As sublimation continues, the water 
collar at its surface comes into greater contact 
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with the surrounding air, rather than with ice, 
while on the opposite side the water collar con
tinues to be in contact with ice (Figure lb). The 
equilibriun condition for the water collar meniscus 
with ice 8nd vapor will be written as (~23) • 
(~ 3 4) 023 / 34 • Since in every case~< 1 amd 023 > 
034, consequently ~34 > ~23• which stipulates a 
difference between chemical potentials 6µ • 
RT(ln~34 - ln~2 3) > 0 on the opposite sides of the 
water collar. This difference in potentials causes 
melting of the ice localized within the space of 
the pore, and transition of part of the moisture 
into the interaggregate water films along which it 
is being transported to the evaporation zone, which 
results in "locking" of the evaporating surface in 
the narrow cross-section of the water collar. When 
above-ice free porosity occurs, this process can be 
intensified by vapor·transfer, resulting from a 
succession of evaporation-condensation processes, 
and by the formation of a low-pressure region in 
the free volume of the pore. On the other hand, 
for the glRcial lens dividing rock blocks, the 
surface curvature is unimportant (µ + •) and the 
sublimation front advances without delay into the 
rock. 

After a certain period of time, when decreasing 
replenishment can no longer compensate for vapor 
efflux into the gaseous medium, the water collar 
acquires an equilibri\111 shape and the meniscus 
breaks through. Since the total pressure relaxes 
at the speed of sound, the opened pore is practic
ally instantly filled with air and the evaporation 
surface jU11ps across the pore space (Figure le). 
The ensuing rapid sublimation of the ice remaining 
in the pore once again brings the moisture of the 
water collar in contact with the gaseous mediun and 
the evaporation surface is again "stuck" in a stable 
position determined by the water collar's geometry. 
Thus, the movement of the evaporation (sublimation) 
microfronts in interstitial space is discrete in 
character. However, on account of a specific dis
tribution of pores over the radius, the total 
effect of these micromovements is continuity and 
smoothness of the functions I • l(t) and ~ • ~(T), 
as recorded in the experiment. 

This proposed three-capillary model provides in 
qualitative terms a satisfactory explanation for 
many diverse experimental results obtained during 
the study of the dehydration process under labora
tory conditions (more than 3000 specimens were 
analyzed) at different temperatures, pressures, 
velocities, molecular composition, and relative 
humidity of the medi\111, in rocks of different 
composition, structure and properties. 

DEHYDRATION OF MOISTURE-SATURATED 
UNCONSOLIDATED ROCKS AT NEGATIVE 

TEMPERATURES 

The three-capillary model provides a basis for 
the proposed three-zone quantitative model of the 
process. Its main features can be reduced to the 
following. As the process begins three zones appear 
in the rock: a desorption zone of unfrozen water 
(0 - ~); a zone of phase transitions (~ - h) in which 
sublimation, evaporation, and melting occur; and a 
zone not involved in the process (glacial zone) 
(h - 1). Heat transfer in each of the zones occurs 
in a purely conductive manner. Moisture is trans-
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ported towards the vapor-gas interface by various 
mechanisms: a) in the desorption zone it is 
primarily by concentrated vapor diffusion (coef
ficient Ky); b) in the phase transition zone by 
the above mechanism in combination with migration 
of unfrozen water and a succession of micro
evaporations-condensations. The total transfer 
coefficient Keff in this zone may be one or two 
orders higher than Ky. In the glacial zone the 
moisture transfer is negligible. 
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In the proposed model in order to describe 
moisture transfer we have made use of sorptional 
kinetics equations that have coefficients that are 
only slightly dependent on moisture, rather than 
equations for moisture conduction. This stems from 
the fact that, on the one hand, the values of mois
ture concentration in the solid or liquid phase do 
not represent transfer potentials at negative 
temperatures and, on the other hand, because the 
essence of the physical phenomena occurring in the 
entire region involved in the dehydration process 
are reflected better according to the concepts 
expressed in the models. Desiccation occurs in the 
phase transition zone through the liquid phase by 
way of desorption of unfrozen water films when there 
is continuous replenishment due to ice meltage. 

The equation describing sorptional energy and 
kinetics for the identified zones in a unidimen
sional formulation assumes the form: 

aT a acnw,Cljl,T)J 
C1Y1 ClT ·rxCAVT) + qdes (W) aT >(O<x<((T)) (2) 

avpsz a 9[y·W, (ljl T) J 
--•-[K (T) •Ps2 •Vv) - 1 ' ,co<x<((T)) (3) 

aT ax W aT 

ClT a 
C ff(W,T) ir-T •-;-[A(W,T) •VT)+ q pe 01 ax con ' 

( f;( T) <x<h( T)) (4) 

(5) 

(6) 

The system is closed by the equations of state 
and bonding energy. The latter with respect to the 
desiccated zone corresponds to adsorptional equil
ibrium and with respect to a phase transition zone, 
to the ice-unfrozen water equilibrium. 

P • P(p,T) 

• -..... -I 
(7) 

(8) 

(9) 

i-4 aw, 
Here Cpeff •.L Ci•pi+~eltpat; V•P2'PH; 6 is 

1•1 
a thermogradient coefficient. 

The content of unfrozen water in desorption 
zones and phase transitions is dependent on the 
partial pressure of aqueous vapors and temperature. 
Consequently, 

aw, • (.aw,) dP + (aw,) aT 
aT aP T dT aT p aT ' 

To find the derivative (aw,/aP)T it is necessary to 
have an equation or experimental data for the de• 
sorption isotherm. The derivative (aw,/aT)p can be 
obtained if we have the curve of the phase composi
tion of moisture. For a sufficiently great number 
of rock types \Uldergoing desiccation at negative 
temperatures the contraction is insignificant (i.e. 
Y1 ~ Y1(W)) and, consequently, it can be written 
a(y1W)/aT • Y1(aW/aT); otherwise a(y1U)/aT • 
yi(W)aW/aT + W-(ay/aT). 

If the process is accompanied by filtration, 
i.e. molar gas or water transfer, it is necessary 
to include convective components of heat and mois
ture transfer in the left-hand part of equations 
2-5. To close the system, equations of continuity 
and movement must be added. 

As far as formulation of the problem for non
moisture-saturated rocks is concerned, it does not 
appear possible in this case to close the basic 
equation system unless additional hypotheses are 
introduced. A promising possibility involves the 
following assumptions (desiccation of coarse
unconsolidated rock): 1) the shape of ice inclu
sions in the rock is globular; 2) the radius of the 
inclusion decreases in the course of the process 
without changing the shape of the inclusion; 3) the 
density of the mass sources in the unit volume of 
rock and the function of their distribution are 
known (in the case of irregular distribution). To 
find the moisture-content fields requires solution 
of the diffusion equations in spherical coordinates 
in the presence of a mobile phase transition boun
dary (for unitary ice inclusion) and for diffusion 
equations in which the source in the right-hand 
part is written in orthogonal coordinates (for the 
rock layer as a whole). 

SIMPLIFICATION OF INITIAL SYSTEM OF 
EQUATIONS AHD COMPARISON OF DATA 

Analysis of the above system of differential 
equations 2-9 shows that, given the corresponding 
boundary conditions, even numerically it appears 
to be extremely difficult to solve this problem. 
Considerable simplification of the initial system 
is achieved whenever the process of kinetics is 
fully determined and controlled, either by heat or 
moisture transfer. The latter case, as demon
strated by the joint analysis of experimentally 
determined heat and mass flows, is characteristic 
of natural conditions during the dehydration pro
cess (Yershov et al. 1975). In the absence of an 
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external temperature field (the natural geometric 
gradient in rock masses is very insignificant, viz. 
10-4 °C/cm) this process occurs under near isother
mal conditions (for a fixed unit of moisture mass 
the value of the derivative ((dP /dT)w + 00)). Another 
extreme case (dP/dT)w+ 0 occurs, for example, under 
vacuum drying conditions. 

The degree of approximation in the two extreme 
cases can be assessed by considering the heat and 
moisture balance for an isolated elementary non
shrinkable volume of rock (Komarov 1979). The 
balance equation assllDes the form: 

(:~)w -(~vt) • ( l;n) • (q ~:: ( ))· A; 
con et w 

(10) 

As seen from equation 10, the value of the 
derivative (dP/dT)w depends upon: the relative 
inertia of the temperature and moisture field 
(Kt/Kv); the relationship (1-n)/n which relates to 
the fact that heat is, for the most part, trans
ported through the skeleton of the rock, while 
moisture is transported through the pore space; and 
the combined physical properties (A) and the ad
sorbent concentration (qc0 n/Qcon + QwetCW)). Since 
the amount of moisture that fills the pores is high, 
the latter relationship is close to unity, whereas 
if first monolayers are removed the quantity qwet 
attains a magnitude Qwet • (1.5 + 2.0) qcon• 

Quasi-isothermal approximation makes it possible 
to significantly simplify the initial system by 
reducing it to equations 3, 5, 7, 8, and 9. The 
main premises of the solution were: 1) we analysed 
a moisture-saturated semilimited rock mass; 2) the 
relaxation time for phase transitions and desorp
tion is much inferior to that of the mass fields; 
3) shrinkage is absent. 

Since the general form of the function W • 
W(P/Ps) for either of the zones involved was 
unknown, our analysis was made with respect to the 
simplest case of linear dependence W • W(ljl) for the 
zones in question: 

where the parameter "a" characterizes the poly
molecular adsorption areas (according to BET), and 
parameter "b" the region of "polycapillary con.;.· 
densation" (ice-unfrozen water equilibrium). The 
problem was not considered with respect to the 
monomolecular adsorption region, since the applica
tion of quasi-isothermal approximation appeared to 
be highly problematic. The system (3,5,7,8,9) was 
solved for the simplest boundary conditions of the 
let, 2nd, and 3rd kind, which are easy to simulate 
in the experiment, for 4 highly characteristic 
cases of dehydration (Komarov 1976, 1979). 

1. (a; O; b; 0). Dehydration of finely 
dispersed hydrophilic rocks at negative tempera
tures (t > -7°C) in the 2nd period of the process. 

2. (a • O; b ; 0 - degeneration of the desorp
tion zone). Dehydration of hydrophilic rocks in 

the let period, as well as under the condition. 
3. (a ; O; b • 0 - degeneration of the phase 

transition zone). Dehydration of hydrophilic 
coarse-disperse rock and fine-disperse rocks at a 
temperature range below -7°C + 10°C. 

4. (a • O; b • 0 - degeneration of the desorp
tion and phase transition zones). Dehydration of 
pure sands or artifically hydrophobized rock. 

The first two cases were described by sorptional 
kinetics equations whose mass sources are linearly 
distributed over the zones subject to the condition 
of moisture flow conjugation at the zonal boundar
ies; the third case by an analogous equation in 
the presence of a mobile boundary (Stefan-type 
problem); and the fourth case by a diffusion 
equation in the presence of a mobile boundary 
(Stefan-type problem). 

Experimental verification of the relationships 
was carried out at three installations whose design 
experimental procedures and technique for deter
mining moisture-conductive and adsorptional charac
teristics were described in papers (Yershov 1979, 
Komarov 1979). The setups made it possible to 
measure continuously for several months the vari
ability ranges of the medillD parameters: 0 > t > 
-25°C, O<Ptotal<2.5 MPa, O<V<l2 m/sec, 0.3 < tJJ 

< 1.0. Investigations were carried out using a 
vapor air medium and non-condensing inert gases: 
helium, argon, nitrogen. 

Comparison of the calculated and experimental 
moisture fields has revealed their analogous charac
ter and satisfactory convergence. The degree of 
error did not exceed, as a rule, 15% for the total 
moisture balance. This, in our opinion, indicates 
that the concepts elaborated in the present article 
may prove helpful in future, more complex studies 
of the process. 

PRINCIPAL CONVENTIONAL SYMBOLS 
AND INDICES 

T; t - temperature, °K, °C; Ptotal• P - total 
and partial pressure, Pa; x - coordinate, m; T -
time, hour; p,y - density and volume weight, kg/m'; 
R - gas constant, J/kg•deg; W0 - initial moisture; 
111 - relative moisture of the vapor-gaseous medium; 
V - flow velocity, m/s; µ - radius, m; C - thermal 
capacity, J/kg•deg; P - porosity; Kt - temperature 
conductivity coefficient, m2 /s; ,At- heat conduc
tivity coefficient, W/m·deg; qwet. qdes. qcon. 
Qmelt - differential heats of wetting, condensation, 
desorption, and melting, J/g. 1 - mineral skeleton; 
2 - (av) aqueous vapor; 3 - (uw) - unfrozen water; 
4 - (i) ice; 5 - (g) gas; equ - equivalent; p.t. -
related to phase transition zone; d - related to 
desorption zone; med - related to phase; S - para
meter values on the phase equilibrium curve; mh -
maximal hygroscopy. 
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THERMAL INTERACTION BETWEEN PIPELINES AND THE ENVIRONMENT 

B. L. Krivoshein 

Research Institute on Management for 
Oil and Gas Pipeline Construction, USSR 

Aspects of thermal interactions between large-diameter underground pipelines and 
the environment are considered. Consideration of this topic is necessary for 
achieving design solutions under northern conditions. Criteria of choice are 
formulated. A classification of various methods for pipeline laying is developed 
for northern regions and appropriate operating conditions are discussed. Numerical 
simulations have been carried out with the aim of dete~ining the permissible 
negative temperature of the external surfaces of underground pipelines from an 
ecological point of view. The influence of water migr.tion on the rate of freezing 
around the pipe is evaluated. Soil expansion during the transport of chilled gas 
has also been evaluated. It has been shown that the actual thermodynamic properties 
of the gas make a significant contribution to the level of gas cooling at compressor 
stations. A method for determining the optimal thickness of insulation along the 
length of a gas pipeline is suggested with due consideration of environmental protec
tion. Generalized relationships for heat transfer in underground gas pipelines are 
given, in the case of both constant and variable temperature (where apparatus for 
air cooling is used). Results obtained were applied to the design of gas pipelines 
in the Soviet North. 

The experience of operating large-diameter gas 
pipelines (1420 am in the USSR North) has shown 
that the temperature of compressed gas can reach 
40-45°C. Therefore, air-cooling apparati (AAS) are 
presently being installed at compressor stations. 
In the winter the minim\ID allowable gas temperature, 
following AAS, is set based on the freezing stab
ility of the pipe steel, the temperature gradient 
between compressor stations (CS) and the geocryo
logical conditions along the route (Krivoshein 
1982). Pipes currently in use are designed to 
operate at gas temperatures up to -10°C. A pipe
line may undergo annual variations in gas tempera
ture equal to 50-55°C. The allowable temperature 
gradient for both operation and construction of 
1420 mm gas pipelines, at a working pressure of 7.5 
MPa at first and second category sites, is 58°C 
(i.e. it is approximately equal to the temperature 
gradient under operating conditions). As the range 
of the gas working pressure increases the safety of 
pipeline operation is reduced: longitudinal temp
erature deformations increase and, as a result, 
there is danger of a loss of stability; under 
positive ground temperatures corrosion of the pipe
line intensifies; mass transfer processes in soil 
also intensify. 

At sites made up of continuous subsidence 
permafrost it is necessary to ensure a gas trans
port regime in which the pipe-ground thermal flux 
approaches zero. This means that the gas tempera
ture should correspond to the ground temperature at 
a depth of pipeline axis at various times. Such a 
solution has been adopted for the Urengoi-Pomary
Uzhgorod pipeline, which is subject to permafrost 
conditions. In order to determine the required 
level of gas cooling, the temperature changes over 
distance, the CS and cooling station capacities, 
etc., it is necessary to take into consideration 
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the pipeline-environment thermal interaction. 

STATEMENT OF THE PROBLEM 

The thermal interaction between large-diameter 
pipelines and the ground has a number of features 
which stem from the actual thermodynamic properties 
of gas under high pressure and low temperatures, 
the conjugate nature of gas-soil heat transfer, in 
addition to the ecological limitations imposed by 
environmental protection. 

Construction and operation conditions for large
diameter pipelines are related to their temperature 
regime. As diameter and working pressure increase, 
the stability of buried pipelines has become a 
crucial factor for reliable gas transport (Batalin 
1979). When gas which has been chilled to a nega
tive temperature is transported (chilling can be 
done either year round or in the winter using AAC), 
the pipeline's surface also acquires a negative 
temperature. Therefore, when a pipeline intersects 
marshy land and water obstacles ice forms on the 
surface of the pipe, the surrounding ground expands 
and the pipe heaves upwards towards the surface. 

This can result in blockage of ground water run
off and other disturbances in the zone of pipeline
environment interaction. Pipeline icing increases 
buoyancy, which must be compensated for by addi
tional ballast. Disturbance of the ecological 
equilibri1111 might well result in irrevocable damage 
to the natural landscape and reduction of pipeline 
reliability. A number of methods of restraint and 
in some cases elimination of ecological disturb
ances during construction and operation are already 
well known. 

Experience in designing northern pipelines in the 
USSR and abroad has shown (Krivoshein et al. 1975) 
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that the problem in question can be solved: by 
applying methods for laying pipe which eliminate 
or limit the thaw or freezing depth of the bedrock; 
by chilling the gas to a level that preserves the 
frozen bedrock underlying the pipeline during the 
total period of operation; by combining methods of 
construction and operation which ensure "thawing
freezing" of the soil in natural ranges; by using 
local chilling devices. 

The prognosis for thermal interaction between 
the gas transported and the environment plays a 
significant role in the choice of technical solu
tions. 

We shall first consider the criteria for choos
ing methods of laying pipe and operating regimes 
in the North and, secondly, analyze the results of 
calculations used to preaict thermal and mechan
ical interaction between the construction process 
and the environment. 

CONSTRUCTION SOLUTIONS WHICH TAKE INTO 
ACCOUNT ENVIRONMENTAL FACTORS 

In above-ground construction of gas pipelines 
the thermal impact on the ground is eliminated. 
Limitation of this influence in required ranges 
may be achieved by a combination of the following: 
thermal isolation and gas chilling by AAC; gas 
chilling to annual negative temperatures by AAC 
and cooling devices, local cooling of soil near the 
pipeline using cryoanchors, thermopile&, cooling 
agents, etc. As is well known, the North of West
ern Siberia is characterized by a considerable 
variety in soil temperature and h11111idity and a wide 
spectrum of cryogenic processes. Therefore, con
struction techniques and the choice of operating 
regimes is an involved scientific and engineering 
problem. 

Investigations and design calculations carried 
out at different institutions, as well as analyses 
of foreign experience have shown that in northern 
regions it is necessary to combine various techni
cal solutions depending on the specific geocryo
logical conditions. 

CRITERIA FOR GAS PIPELINE CONSTRUCTION 
AND OPERATING REGIMES 

The main problem is either to maintain the pre
scribed temperature and h11111idity of the bed or to 
limit these factors to a range that will ensure 
stability and integrity of the pipeline, as well as 
an unviolated environment. The choice of construc
tion method and operational behavior of pipelines 
in thawed soils depends on the following: sub
sidence (at T!• > 0°C) or heave (at TN < OOC) of 
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the bedrock; the character of the propagation of 
ground subsidence or heave in the vicinity of the 
pipe route; the vertical cryogenic structure of bed
rock, soil temperature, depth of the active layer, 
the location of the ground water horizon and the 
degree of marshiness of the adjacent territory; the 
degree to which the pipeline route bas been studied 
taking into account the reliability of prediction 
for permafrost conditions at the onset of operation; 
the geography of the district; the presence of the 
materials needed to ensure construction of the pipe-

line (cold-resistant steel pipe, supports, etc.) 
and cost-effective operation (cooling devices, 
etc.), the character of gas temperature changes 
along the length of the pipeline and gas tempera
ture changes over time. 

The main factors are the following: depth of 
ground thaw under (or above) a pipe in relationship 
to the temperature of the pipe's exterior surface 
(TN); the magnitude of ground heave, the extent of 
hydrological disturbance in the vicinity of the 
route; the temperature of the pipe's exterior 
surface in marshy districts and water crossings 
(TN)• Depending on the specific conditions, one 
of the factors above is the dominant one, and 
others are subordinate. 

In case of poorly timed start-up of the cooling 
equipment (Tff > 0°C), the depth of ground thaw 
serves as a validating criterion for the method of 
laying pipe. The depth in question should provide 
stability of the pipeline, operation in a non
calculated regime (in the absence of AAC), and 
restoration of the ground temperature regime after 
start-up of cooling operations. 

During transport of AAC chilled gas, all of the 
main factors must be taken into account, moreover, 
in the presence of annual negative gas temperatures 
one must also consider ground heave and the TN 
value. As experience in designing northern pipe
lines has shown, sections of frozen and thawed 
soils having different properties alternate and 
this makes different technical solutions necessary. 

To select levels for chilling gas, Table 1 pre
sents a classification of pipe-laying techniques. 
In northern areas design and operating regimes 
(mainly thermal conditions) are inter-related. 
Sectors having a high level of ground subsidence 
and in which thaw below the active layer is not 
possible (type II) represent the greatest danger. 
The minimum allowable mean annual temperature of 
gas in thawing sections (type II) is derived 
from the forllllltion of frozen patches under-
neath the base of the active layer (Kudryavtsev et 
al. 1974). 

For sections of continuous (or prevailing) frozen 
soils (type I and type Ill), cooling the gas by 
refrigeration (in the sumier) and by AAC (in the 
winter) to seasonal ground temperatures at the 
depth of the pipeline's axis is acknowledged as the 
most rational solution. Results of mathematical 
simulation performed at a number of institutions 
(lvantsov et al. 1977) and foreign experience show 
that temperature for gas cooling, in the course of 
the annual cycle, varies from -1o•c to -6°C. The 
institute, GIPROSPETSGAS, has designed a refrigera
tion station for the Urengoi-Nadym pipeline which 
will cool the gas to -2°C. The selection of allow
able temperatures of a pipe's exterior surface (TN) 
affects the thickness of insulation for pipelines 
designed to operate at negative gas temperatures. 

Actual thermodynamic gas properties affect the 
choice of temperature. For chilled gas pipelines 
having a negligible gas-soil temperature gradient, 
the throttle-effect is the determining factor 
influencing gas temperature changes occurring over 
distance. 

For determining allowable negative temperature, 
from the point of view of ecology, (TN>min 
investigations of thermal interaction between 
pipelines and soils have been conducted (Kovalkov 
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TABLE 1 Classification of Construction Methods and Operation Regimes 
for Northern Gas Pipelines 

et al. 1977). 

Route conditions 

Continuous frozen 
soils (type I) 

Thawed soils with 
islands of frozen 
soil (type II) 

Continuously frozen 
ground with talik.s 
(type Ill) 

Methods of laying 
pipe 

Laying pipe below 
the active layer 

a) Laying pipe in 
thawing soils 

Frozen sites, sub
ject to ground 
subsidence 

Ground not subject 
to subsidence 

b) Laying pipe above 
ground with thermal 
isolation on ground 
subject to subsidence 

a) Underground pipe 
laying in frozen soil 

in thawing soil 

b) Above-ground pipe 
laying with thermal 
isolation on thawing 
heaving soil 

Mathematical formulation of the problem for 
interaction of a chilled gas pipeline (TN < 0°C) 
includes equations describing external medi\111 and 
ga& with the corresponding boundary conditions that 
express the boundary thermal balance. Usually the 
problem is three-dimensional, nonlinear, due to 
Stephan's conditions (in equations for external 
medillll) and due to terms for gas flow. Because of 
substantial temperature gradients in longitudinal 
and transverse directions (to the pipeline axis) 
the problem may be differentiated as flat for soil 
around the pipe and one-dimensional for gas flow 
across the pipeline (Krivoshein 1982, Agapkin et 
al. 1981). 

Within the limitations of traditional ass\lllp
tions the heat zone of the soil is usually des
cribed by a system of equations: 

(x,y) f si n Gj, i,j - 1.2 

(1) 

(2) 

(3) 

B2, 

B3 

Bs 

B, 

Operation regime 

arbitrary 

B., <lTi O ax -
Ti • Tns 

<lT· 1 
A·~-- (T· 

1 <lr ris i 

Temperature 
range of a 
gas pipeline 

Tg('r) • Tw+ 

(10 t 1) - liTdr 

Tg(T) :ii Tf 

Tg(T) • Tw + 

(10 t 15) - liTdr 

- Tg) 

f' 3T> ; 3T• Q d( 1 an - 2 an • f d• 

T1 • T2 • Tf , 

(4) 

(5) 

(6) 

(7) 

where i • 1,2: 1 is thawing soil; 2 is frozen 
soil; B2, B3 are, respectively, boundaries along 
the axis of the pipe and beyond its influence 
(natural conditions); B., is the boundary of soil 
and the pipeline; B1 is the boundary of soil zones 
with different thermo physical properties. 

Applying well-known analytical methods of 
solution (Krivoshein 1982, Agapkin et al. 1981) 
one encounters insurmountable difficulties. In the 
USSR Academy of Sciences algorithms have been 
derived for ntaDerical solution of such problems 
(Alek.seeva et al. 1974), however due to the absence 
of precise solutions and reliable experimental data 
it has not been possible to evaluate the accuracy 
of these n\lllerical calculations. In papers 
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(Kovalkov and Krivoshein 1977, Kovalkov et al. 
1982) a Lukyanov hydrointegrator was used. Non
rectangular blocks were used for the section 
contiguous to the pipe, while concentrated and 
hidden thermal capacity was calculated propor
tionally to the area of blocks. 

Initial conditions were obtained by solving for 
the natural ground field over an 8-12-year period 
during which boundary conditions simulating thermal 
influence of the pipeline were not imposed. This 
experience made it possible to assl.DDe that during 
construction the vegetation cover is disturbed and 
re-establishes only 5 years following pipeline 
construction. 

FIGURE 1 Combined graph of the pos1t1on of freez
ing front in soil for the zone of laying-up a non
isolated 1420-mm gas pipeline in the Surdut area by 
the lat of November for the 9th year of operation 
and under different gas temperature (Tr • Tg). 

FIGURE 2 Temperature field for soil in the zone 
of laying-up a heat-isolated 1420-mm gas pipeline 
in the Surgut area under Tg • -64°C by the 1st of 
Hay for the 11th year of operation when vegetation 
cover is absent. 

&is • 0.16 m; Ais • 0.0405 Wt/m.grad 
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ANALYSIS OF RESULTS 

Some results of multi-variant calculation are 
shown for non-insulated (Figure 1) and thermal iso
lated (Figure 2) pipelines. Paper (Kovalkov et al. 
1977) suggests a possible criterion for allowable 
environment disturbance in the zone affected by a 
chilled gas pipeline. 

An impact is considered permissible if, due to 
the influence of the chilling source (the pipe), 
the level of ground waters (LGW) in the pipeline 
construction zone does not exceed the annual LGW 
in marshy areas of the same territory. A necessary 
condition for choosing the required temperature 
(TN)min is location of the upper freezing boundary 
in the vicinity of the hydrologically active layer 
in winter minimal ZGW. The annual average tempera
ture T(N)min • -2°C for the northern zone fields is 
derived from the above conditions. 

Approximate analytical solution for the choice 
of (TN>min ass1.DDes the following form: 

(8) 

Tf - (TN) min h 0 - Ri (hsum)max. where e - ii ii -- -h--; Tf-Tp dop t h dop 

Bip • hdop 
Amrp Bi is • ~;~s 

These studies (Krivoshein 1982, Krivoshein 1979, 
and others) are based on a ground thermal transfer 
equation. The additional thermal input, stemming 
from ground water filtration flow in the layer 
between the ground surface and the upper pipe's 
surface, was not taken into account because reli
able experimental data on mass transfer soil char
acteristics are not available. 

The effect of moisture migration on the velocity 
of soil freezing has been estimated. It has been 
shown that for actual soils (Lu ~ 0.1; Ko ~ 2; w < 
2)* under the influence of moisture migration, the 
depth to which the ground freezes is reduced by not 
more than 1%. 

EVALUATION OF GROUND HEAVING IN THE VICINITY OF 
A CHILLED GAS PIPELINE 

Krivoshein (1982) gives the equation of the 
velocity of ground freezing, allowing for moisture 
migration in the direction of the freezing front. 
Using the relationship given and assuming the value 
of ground heave to be proportional to the increase 
in volume by 1.09 times t per unit of area, one 
obtains: 

h - y;;<=">' puch (9) 

where 

* ~ pso(wn - Wo) w • Wn 
Lu .. az; Ko• CmPmlTplO+E:) w0 

t 1.09 i·s h ff" · f · t e coe ic1ent o water expansion due 
to freezing. 

• 
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a • 

... 

For evaluation calculations were performed using 
the following initial data: 

am• 2 • 10-"mz/t; £ • 0.97; w0 • 0.17; w0 • 0.27; 

p8 '" 2830 kg/m' 

l .. 1.74 ~-"m m•grad' a • 
KDj 

333.6 kg 

T - -1· -2· -5· -10°c p • • • • 

1,; - 1000 ~ 
w m' 

The results of the calculations are given in 
Figure 3. It is obvious that if Tti • -2°C, then 
the value of ground expansion doesn't exceed 0.3 
during the winter. Under the above indicated con
dition, pipeline stability and normal passage of 
ground waters are maintained. 

" 

FIGURE 3 Swollen soil-dependence of time under 
different temperatures: 1) -10°C; 2) -5°C; 
3) -2°c; 4) -1°c. 
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ON THE EFFECT OF REAL GAS PROPERTIES 

Krivoshein (1982) reviews the investigations 
carried out in the USSR on the problem of the 
thermal interaction of pipelines with environment. 
On the basis of solutions already obtained, the 
decrease in gas temperature (due to the effect of 
Joule-Tompson) for a 1420""11111 pipeline with working 
pressure of 7.5 MPa was evaluated. They have 
demonstrated that along the section between CS the 
decrease in temperature amounts to T • 10°C. Taking 
into account the ecological criterion obtained 
above, the relationship for the level of gas cool
ing at a CS assumes the form (Krivoshein 1979): 

T • [2T -aT 11+exp(-(A1+a)] + 
n N gr A1 +a 

+ 1 +exp[-(A2 + a)L] I): 
A2 +a 

[exp(-(A1 + a)L) + exp(-(A2 + a)L)], (10) 

where: 

K11D 
a • GCp ; Ait • Di (P, T) B (P, T) /P; 

b • >.RG2 z0 (P,T) /2g2Df2; n • 1,2. 

DETERMINATION OF OPTIMAL GAS TEMPERATURE PROFILES 
AND THERMAL INSULATION THICKNESS ALONG 

THE LENGTH OF A PIPELINE 

Since the gas temperature decreases along a pipe
line and since it is necessary to provide the con
dition Ts• TN at the surface of pipe-soil contact, 
the thickness of the thermal insulation should 
increase with distance. Krivoshein (1979) demon
strates a solution obtained by variational calcu
lation for determining optimal gas temperature 
profiles and thermal insulation thickness. Using 
computer-assisted nunerical calculations it has 
been shown that optimal profiles for gas tempera
ture and thermal insulation thickness are close to 
linear: 

T ;;, T - (T - T ) .! opt n n k L 

6. (x) ;;, 6. (T ) + [ 6. (T ) - 6. (Tk) ] .!.L i,s is n is n is 

CONSIDERATION OF PIPE-GROUND THERMAL 
TRANSFER 

(11) 

(12) 

For extensive operation of a pipeline under Ts• 
0°C one should use a regression equation, derived 
from mathematical simulation and field measurements: 

h 
K1.CD - o. 4 + 2 c..R!>-2 

Ri ' 
(13) 

where 
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For chilled gas pipelines data from Figure 4 may 
be used where 

c•~ 0 0 • 

Heat losses of pipelines under transient conditions 
are defined by the method (Krivoshein et al. 1977). 
Thermal conditions for gas pipelines equipped with 
AAC are calculated using the method (Krivoshein et 
al. 1981) which takes into account the dynamics of 
ground phase transitions and seasonal variation in 
gas temperature. 

The results described above serve as a founda
tion for the thermo-physical calculations used in 
designing Northern gas pipelines in the Soviet 
Union. 

0 '-+-++-.......... +-41,o+ ............... ~ ",,, .. ,..,,., ... . ..,.., 
FIGURE 4 Variation of Kirpichev's criterion in the 
annual cycle for a subground gas pipeline in the 
Urengoi area under different gas temperatures for 
the 6th year of operation: 
1) Tg • -20°c; 2) -15°C; 3) -10°c 

NOMENCLATURE 

8m•ai j - coefficients of mass and thermal 
conduct1~1ty, respectively; Bi - Bio criterion; 
Cp,<1f - specific thermal capacity of gas and soil; 
Di(P,T) - throttling effect; D,f - diameter and 
area of pipe section; G - mass flow of gas; 
ha11•hnat - depth of allowable ground thaw and under 
natural conditions; h0 - depth of pipeline axis; 
K - coefficient of thermal transfer; Ki, K0 , Lu -
criteria of Kirpichev, Kosovich, and Lukov; L -
length of pipe; p - pressure; of, a-latent heat of 
ice thaw per unit of vol\IDe and unit of frozen 
soil; q - thermal flow from pipeline to soil or in 
reverse direction; R - gas constant; Ro,Ri - pipe 
radius; ris• rv - values of thermal resistance of 
insulation and vegetativ~ cover, respectively; Ta, 
Tg, Ts(Ti) - temperature of air, gas, and ground, 
respectively (i • 1 - thawing soil, i • 2 - frozen 
soil); Tnt• Tb - ground temperature at the neutral 
layer level and at the temperature of beginning of 
ground moisture freezing; ~Tdr - drop in gas temp
erature due to throttling effect; x,y - Cartesian 
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coordinates; Z0 m Z0 (P,T) - compressibility factor; 
Clwe - thermal transfer coefficient from ground to 
air; A - hydraulic resistance coefficient; Agr • 
Ai(i•l 2) - ground thermal transfer coefficient; 
Ais - {nsulation thermal transfer coefficient 
Psk• Pw - density of soil skeleton and water; w0 , 

Wnat - moisture level of soil at the rolled bound
ary, and under natural conditions; Ois - thickness 
of insulation;£ - porosity of soil; T - time; 
Q+(-) - warming (cooling) impulse (Q+(-) • Ts 
T+(-)); ~ - coordinate of moving boundary. 

INDICES 

T, M - thawing and frozen zones; N - outside 
layer of insulation; 0,1 - internal and external 
pipe radius; n, k - beginning and end of pipe; 
natural conditions; in av.an.cond. - mean (average) 
annual conditions; n - ground surface. 
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DEFORMATION OF FREEZING, THAWING, AND FROZEN ROCKS 

Yu. P. Lebedenko, L. V. Shevchenko, 0. A. Kondakova, 
Yu. V. Kuleshov, V. D. Yershov, A. V. Brushkov, 

and V. S. Petrov 

Geology Department, Moscow State University 
Moscow, USSR 

The paper examines the deformation of earth materials during the processes of heat 
and mass exchange while undergoing freezing, thawing, and in the frozen state. Study 
of the deformation of the materials during the processes of freezing and thawing has 
shown that variously directed and nonuniform strains develop in unconsolidated 
materials. Shrinkage strains are directed downward due to migration of water toward 
the freezing front. Heaving strains are directed upward due to the 9% increase in 
the volume of pore water on freezing and due to the accumulation of segregation ice 
at the expense of water which has migrated from the unfrozen zone. The accumulation 
of segregation in enhancing the upward deformation of the earth materials was also 
found in thawing soils where there was a frozen zone in a gradient temperature field. 
During a comprehensive study of the deformation of frozen materials in an isothermal 
temperature field, the samples were tested for uniaxial compression with and without 
possible lateral expansion. Investigations revealed bi-axial relationships between 
the pattern of deformation, the final magnitude of deformation, the composition and 
structure of the materials and the magnitude of the deforming load and rate of 
deformation. 

INTRODUCTION 

Deformation of freezing, thawing, and frozen 
earth materials is an important problem for both 
general and engineering geocryology, physico
chemistry, and frozen soil mechanics. The solution 
of this problem depends upon thorough investigation 
of the theoretical basis of the evolution of cryo
genic processes (heaving, shrinkage, settling, 
structurization, and texturization, etc.) and 
transformations in cryogenic composition, structure, 
and the properties of frozen soils. It is also 
important for applied geocryology to provide 
reliable support for engineering projects in frozen, 
freezing, and thawing grounds. Thanks to the 
efforts of many researchers from various countries, 
considerable theoretical and practical evidence has 
been accumulated revealing the processes of heaving 
in frozen ground, of settling in soils, and of 
mechanically-induced deformation in frozen soils. 
At the same time, deformation in thawing materials, 
in which water exchange between the thawing and 
frozen zones subject to ice segregation occurs, 
have not been sufficiently studied; likewise the 
interrelationships between the deformation of 
frozen soils and water migration, structure, and 
texture formation within the field of mechanical 
forces also require further study. Physico
chemical factors associated with the deformation 
of frozen, freezing, and thawing soils must also 
be examined more thoroughly. This paper deals with 
these problems. 

Experimental and field observations demonstrate 
that heaving may occur not only during freezing but 
also when the ground is frozen or in a state of 
unilateral thaw. Unfrozen water in frozen 
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earth materials within a gradient temperature field 
migrates towards lower temperatures, resulting in 
segregation ice and deformation. In thawing 
grounds, water migration and ice segregation also 
occur in the frozen zone. The ground surface may 
be thrust upwards. Thawing ground heave may be, in 
general, presented as follows: 

where hr represents deformation due to migration 
ice acculllulation in the frozen zone; hexp is deform
ation of ground surface due to expansion in the 
thawed zone; hshr is the deformation of physico
chemical shrinkage of the thawed zone due to dehy
dration; hset is thermal settling deformation due 
to the decreasing ground volume resulting from 
thawing of pore and segregational ice. 

Heaving strain in thawing soils due to the 
accumulation of migration ice is possible only if 
there is a temperature gradient in the frozen zone. 
This occurs, usually, when, due to water migration 
and the accumulation of segregation ice, a heaving 
strain develops in the local ground layer, in which 
case its surface may subside due to strain or 
settling and shrinkage. The ground surface rises 
when the expansion strain in the thaw zone occurs 
simultaneously with the accumulation of migration 
ice. Ground thaw coupled with positive strain is 
followed by extreme thermal settling caused by 
thawing of pore and migration ice. As a result, 
the ground surface settles. Thus, thaw deformation 
depends on the sum total of variously directed 
strains that result in both the fall and rise of 
the earth materials. 

Deformation processes occurring in materials of 
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FIGURE 1 Diagram of relationship between strains 
induced by the acc\IDulation of migration ice (hiw>• 
expansion (hexp>• shrinkage (hshr>. settling (hset>. 
and heaving (hheav> in soils of different composi
tion: a) sandy loam; b) loam; c), d), e) kaolinite, 
polymineral, montmorillonite clays thawing in open 
systems; f) kaolinite clay thawing in a closed system. 

different granulometric and mineral composition and 
subject to diverse thermal and water conditions 
during thawing were studied. The results revealed 
the following: As soil dispersity increases from 
sands to clays, the flow of migration water and the 
accwnulation of segregation ice in frozen ground 
increases. In clay of different mineral composi
tion, water migration and the acc\IDulation of 
segregation ice increase when such soils increase 
their content of kaolinite minerals (Figure 1) . 
Deformation resulting from the accumulation of 
segregation ice in the frozen zone of thawing clays 
and sandy montmorillonite loams comprised 5-10% of 
the total value of positive strain causing heaving, 
while in kaolinite clay the deformation due to this 
process comprised 80-90% of the total value. Con
versely, in montmorillonite clays the expansion 
strain occurs more frequently (80-90%) while in 
kaolinite clays they constituted about 20% of the 
total positive deformation. Sandy loams and loams 
are considerably less subject to expansion : in a 
thawing loam the magnitude of expansion was half of 
that in a kaolinite clay, while sandy loam did not 
reveal any expansion at all (Figure 1) . 

Our observations indicate that expansion defor
mation in soils thawed in an open system is always 
higher than in a closed one. This can be attributed 
to the fact that when water flows in from the out
side, part of the external migration flow is expend
ed on the accunulation of segregation ice in the 
frozen zone, and part of this water goes to enhance 
expansion deformation. When thawing occurs within 
a closed system, the strains in the thawed soil 
caused by desiccation and shrinkage increase while 
those due to swelling decrease. 

Positive strains in thawing soils which result 
in heaving usually level off due to developing 
shrinkage and settling strain. Unlike freezing 
soils where practically the entire freezing layer 
undergoes shrinkage, thawing soils shrink only near 
the border of thawing and their shrinkage lasts 
only a short time. This phenomenon can be explained 
by a flooded horizon appearing near the interface 
border at the expense of the thawed layers of ice. 
It was found that shrinkage strain during thaw is 
lower in an open system as compared to thaw in a 
closed system (Figure lb,e). Shrinkage strains do 
not level heaving much; in montmorillonite grounds 

of highest shrinkage they seldom make up more than 
20% of the total value of negative strains . 

In freezing soils, unlike thawing ones, the value 
of heaving strains can in general be expressed as 
follows : 

h_ • h_ + by - h -lleav -lleav(9%) -w shr 

where hheav(9%) is the value of ground heaving due 
to the 9% increase in the volume of frozen pore 
water (mass expansion); hiw is the value of heaving 
due to the accumulation of segregation ice; and 
hshr is the value of physico-chemical shrinkage 
strains in the thawed ground due to desication. 

The calculated value of heaving due to water 
migration is equal to 

by • 1.09 K • K 6ph grad.t • T , 
-w an w t 

where Kan is the coefficient of anisotropy allowing 
for the inclination angle of ice layers; Kw is the 
coefficient of water diffusion, m2/s, and 6Ph is 
the thermogradient coefficient, I/grad C. The 
heaving value due to the 9% increase of pore water 
volume during freezing can be expressed as follows: 

~eav(9%) • o.o9 (W~ - Wunfr)~ 

where Wr is the water content of the ~round's mineral 
layers, which is quantitatively equai to the water 
content at the phase interface boundary, fractions 
of unit, and Wunfr is the amount of unfrozen water 
in the soil, fractions of unit. 

The shrinkage that takes place in the thawed 
portion of the soil can be calculated as follows: 

where Kshr is the anisotropic shrinkage coefficient 
showing the contribution of vertical shrinkage to 
total volllDetric shrinkage; B is the coefficient of 
relative volumetric shrinkage of the soil; 6W • W -
Wshr is the difference between the initial water 
content of the soil and the water content at the 
freezing front; and 6~ is the layer undergoing 
dehydration, m. In terms of the density distribu
tion of the soil skeleton, the value of shrinkage 
can be calculated as follows: 

h • K (I-ys i"kn I Ys fk) 6~ shr shr 

h in d f . l h . . . 1 d were Ysk an Ysk are, respective y, t e in1t1a an 
final values of the weight density of the soil 
skeleton before and after freezing. When materials 
of different composition, structure, and properties 
freeze under diverse thermal and moisture conditions 
the total value of heaving depends on the patterns 
for development of individual deformations induced 
by frozen pore water, segregation ice, and shrinkage 
(Figures 2 and 3). On the whole, ground heaving can 
be expressed as follows: 

6ph grad • tT - K h B 6 W 6 ~ 
t s r 
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FIGURE 2 Diagram of the relationship between 
strains in frozen soils of different composition in 
an open system: a) sandy loam; b) loam, c) kao
linite clay; d) polymineral clay; e) montmoril
lonite clay. 

FIGURE 3 Diagram of the relationship between 
strains in samples of kaolinite clay with different 
initial density a) and c) compaction load up to 
0.1 MPa; b) up to 0.2 MPa; d) up to 0.8 MPa: freez
ing in an open (1) and in a closed (2) system. 

•-f 
•-2 
•-8 

---- .. 

FIGURE 4 Displacement-induced water redistribution 
in frozen soil samples with different mineral com
pout1on: 1- polymineral clay; 2 - kaolinite clay; 
3 - montmoril lonite clay; 4 - water content before 
the experiment; 5 - displacement plane. 
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This technique for assessing the values of 
expansion deformation in freezing and thawing earth 
materials was tested in both laboratory and field 
studies and yielded satisfactory results. 

The dynamics and laws governing the development 
of stresses in freezing and thawing rocks due to 
heat and mass exchange, as well as physico-chemical 
processes occurring during phase transitions, indi
cate that such strains are interrelated with soil 
deformation and soil structurization. Greater 
strains develop in clays, while lower ones are 
observed in loams and sandy loams. Freezing-induced 
strains increase in open systems as compared with 
closed ones, and also under higher external pres
sures. An increase in both the external load and 
the integrity of structural bonds in the freezing 
soils results in reduction of deformations; more
over, when critical load values are attained, 
deformations fade out to zero. Further increase in 
pressure results in compaction of freezing and 
frozen materials. 

These studies on ground deformation in a 
gradient-free thermal field show that an external 
load on a frozen soil results in migration of 
unfrozen water and ice segregation, in addition to 
transformation of the soil micro and macro 
structure. Water redistribution and micro- and 
macrostructural transformation were observed during 
both the slow displacement of frozen soils and 
compression compaction. 

Examination of the moisture distribution curves 
before and after the experiment (Figure 4) sm>wed 
that maximum ice accumulation caused by displace
ment strains in soils of different mineralogical 
composition occurred in the displacement region: 
in kaolinite clays (Win • 39%, Yak = 1280 kg/m 3 ~ 
in polymineral clay (W""fn • 29%, Ysk • 1410 kg/m , 
in bentonite clay (Win• 87.5%, Yak• 800 kg/m3• 
(The experiment was carried out at -3°C, Tdispl = 
0.2 HPa). The thickness of the ice accumulation 
zone decreased from kaolinite (0.017 m) to poly
mineral (0.016 m) and bentonite clay (0.0035 m). 
Maximum desiccation (~Wdes> was found in the upper 
and lower parts of the samples; it comprised 5.5% 
in kaolinite, 3.5% in polymineral, and 1.5% in 
bentonite clay. The desiccation zone also de
creased in thickness from kaolinite to polymin
eral and to bentonite clay, comprising 0.025; 
0.017, and 0.0125 m, respectively. Variations 
in the thickness of the desiccation zone and 
the extent of desiccation can be attributed to 
the unequal water conductivity of these clays. 
The diffusion coefficient in kaolinite clay is 
the largest, attaining 3.5•10-9 m2/s, which is 
why the desiccation zone in kaolinite clay is the 
greatest. This coefficient is the lowest in 
bentonite clay (Kw• 0.5·10-9 m2/s), which has 
the thinnest desiccation zone and the least amount 
of desiccation. The largest migration flows of water 
are formed in kaolinite clay, namely, 12.6 • io- 7 

kg/m2 s; in polymineral clay they are 8.9 • io- 7 

kg/m2 s; in bentonite clay they are equal to 1.42 • 
io- 7 kg/m2 • s. As soil density increases and soil 
dispersity decreases, the migration flow is reduced. 

Microstructure studies of montmorillonite, poly
mineral, and kaolinite clay samples before and after 
the experiment show that the shape and size of ice 
inclusions undergo changes during the process of 
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FIGURE 5 Deformation in frozen soils (-l.5°C) under 
diverse external loads: 1, 2 - montmorillonite clay; 
3, 4 - polymineral and kaolinite clays; 5, 6 - sandy 
loams with different degree of pore saturation with 
water (q • 1 and q • 0.6); I, II, III, IV - compaction 
load equal to 0.3 HPa, 0.6 HPa, 0.9 HPa, respectively. 
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FIGURE 6 Rheological curves of frozen soil flow at 
-3°C: 1 - clay (W • 41.6%; Yak• 1690 kg/cm2); 2 -
loam (W • 22.6%; Yak• 1880 kg/cm3); 3 - sandy loam 
(W • 21.9%; Yqk • 1740 kg/cm3); 4 - sand (W • 20.0%; 
Yak• 2010 kg/cm3). 

deformation; isometric and irregularly shaped ice 
inclusions, typical of the initial samples, are 
transformed into micro-streaks of ice. 

Our investigations have shown that the progres
sion of water transfer and structural transforma
tions in frozen rocks induced by external loads 
depends on their deformability. Analysis of the 
deformability of frozen soils under external loads 
has demonstrated that deformations in less dis
persed soils are markedly weaker (Figure 5). The 
more dispersed a soil is, the longer the deforma
tion lasts. For example, deformation in sandy 

loBCIS under an external load of 0.3 HPa is com
pleted in 8 days; in the case of clays, according 
to their dispersity, the deformation process 
required 10, 11, and 13 days (curves 5, 3, 4, 2). 
The effect of dispersity on soil deformation is 
even more manifest when the soil pores are not 
completely filled in. When the degree to which 
pores are filled is 0.6 (Figure 5, curve 6) in a 
polymineral sandy loam, this soil reveals another 
pattern of deformation that can be explained by the 
deformation stages of the soil's ice-mineral 
skeleton and its pore space. 

Soil deformability is greatly affected by the 
mineral composition of soils. In comparing curves 
3, 4, 5 one can see that soils with larger contents 
of flexible laminated particles of hydromica (poly
mineral clay and sandy loam) undergo greater defor
mation than kaolinite clay composed of the larger 
anisodiametric particles. In terms of their 
relative compressibility, the soils under study can 
be arranged as follows: montmorillonite clay> poly
mineral clay > kaolinite clay > polymineral sandy 
loam. 

The investigation of the compression of frozen 
soils at constant rates of deformation (within the 
range from 8.5 • io- 6 to 1.7 • 10- 3 s-1 ), and with 
possible lateral expansion, showed that the curves 
depicting the relationships between flow stress and 
the deformation rate were similar for frozen clays 
and sands (Figure 6). Linear approximation of these 
relationships clearly demonstrates an area of low 
rates with high plastic viscosity coefficients and 
an area of high rates with low values of this 
coefficient. The transition zone is confined to a 
definite range of deformation rates (from 8.5 to 
85 • io-6 s-1 ); it seems to be related to the relaxa
tion nature of the mechanical properties of the pore 
ice cementing the mineral particles of the soil. 

The investigation of the effect of relative 
strains (ET) on the moments when the strains become 
stable has revealed some interesting regularities • 
In the case of clayey (clay, loam) and sandy (sand, 
sandy loam) frozen soils, as the deformation rate 
increases, i.e. as the soil's elasticity response to 
compression increases, the value of ET increases. 
A similar regularity was observed when both the 
temperature of soils and their nunber of monovalent 
cations decrease. The generation of strains in 
frozen clays and sand varies. In frozen clays the 
value of ET at low deformation rates is half of that 
at high deformation rates. In frozen sands, despite 
the large strains, this relationship is less evident, 
and within the range of -l.5°C, the value of ET is 
close to unity. This peculiarity may be primarily 
due to the difference in the compressibility of the 
mineral skeleton of soils. The compression tests 
carried out have yielded results that agree with 
this supposition. 

It was also found that at temperatures as low as 
0° to -10°C, the flow in the soil samples almost 
always began when the sample began to increase its 
diameter. In sandy soils the degree of compression 
at the time the diameter began to increase (Ed) was 
lower than that in clayey soils. In the area of 
high deformation rates, in the case of clays, at 
temperatures below -l.5°C the values of Ed do not 
change much (about 2%) (Figure 7). As the tempera
ture decreases, the value of (ET - Ed) increases, 
which attests to increased volunetric plastic 
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FIGURE 7 Relationship between the degree of com
pression in clay and deformation rate by the 
initial moment of lateral expansion (unblackened 
signs) in samples and by that of flow (blackened 
signs) at different temperatures. Symbols: 1,2,3, 
4 - soil temperature equal to -0.5°, -1.5°; -3° 
and -10°C, respectively. 

strains resulting from the increase in the sample 
diameter. At the same time, at temperatures above 
-l.5°C and at deformation rates below 8.5 • io- 5 

s-1 the flow of clay for a certain time did not 
affect the sample diameter, i.e. the process was 
of the "compression" type. 

These regularities and the results of micro
structure studies of deformed soils make it possible 
to identify the main.characteristics of the process 
of accunulation of volumetric plastic strains in 
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frozen fine-grained soils under uniaxial compres
sion. In the first place, two processes occur 
during volumetric deformation (dilatation): "com
pressional" constriction and plastic dilatation 
caused by an increase in the sample diameter. The 
importance of the first process increases with 
greater soil dispersity, elevated temperatures, and 
lower deformation rates. In favorable instances 
this process may dominate. In the second place, 
during compression deformation of clayey soils, 
their mineral and ice components undergo a degree 
of differentiation (when the initial cryogenic 
texture is bulky) which depends on the critical 
compressibility of the soil's mineral skeleton and 
the volumetric plastic deformability of ice stem
ming from its relaxational nature. Due to this 
feature of ice, this process is time-dependent. In 
the third place, plastic dilatations of soils 
occurring during the enlargements of their diameter 
result from interrelated dislocations of consoli
dated aggregates (of clay) or of separate particles 
(sand). The mechanical resistance of soil to such 
displacements (soil viscosity) depends directly on 
the phase composition, the relationship between the 
deformation rate, and the time of strain relaxa
tions in the ice. As the dispersity of soils 
decreases and the deformation rate increases, the 
local continuity of samples may be interrupted more 
frequently (the appearance of microcracks). 

Therefore, our studies of the mechanism and laws 
governing deformation in freezing, thawing, and 
frozen soils of different granulometric and mineral 
composition, structure and properties, under diverse 
thermal, water content, mechanical, and dynamic 
external conditions ha'7e demonstrated the following. 
Deformation of freezing, thawing, and frozen soils 
is interconnected with processes of heat and mass 
exchange, of structurization, and texturization. 
On the one hand, soil deformation can be induced by 
heat and mass exchange; on the other hand, defor
mation and stresses themselves induce water migra
tion, and, on the whole, result in heat and mass 
exchange. In each type of deformation (free or 
induced), the development of soil deformations 
derives from their micro and macro structure. 

E 
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MIGRATION OF ELEMENTS IN WATER IN 
TAIGA-PERMAFROST LANDSCAPES 

V. N. Makarov 

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

The peculiarities of the migration of elements in water in the main taiga-permafrost 
landscape types in Northeastern Yakutia are examined. Zonal and azonal classes of 
geochemical landscapes associated with permafrost and bioclimatic peculiarities are 
distinguished on the basis of the conditions of migration of elements in water. 
Differing intensities of the migration of elements in water as between permafrost 
and non-permafrost zones were demonstrated. Both surpluses and deficits of certain 
elements were identified and also paragenic associations of elements characteristic 
of specific geochemical landscapes. 

The identification of taiga-permafrost land
scapes of the north-eastern part of Yakutia is 
based on principles developed by Perelman (1966). 
The largest generally accepted categories of geo
chemical landscapes are represented by bioclimatic 
units that define the natural conditions and the 
character of migration of substances. According 
to water migration conditions associated with 
bioclimatic and permafrost factors, zonal classes 
are identified as: acid (ff+), acid gley (ff+
Fei+), calcium (Cai+) and azonal-sulphate (ff+ -
S0~ 1 ). In addition to azonal landscapes of sul
phate class occurring in areas of sulphide 
mineralization, azonal landscapes associated with 
icings and characterized by contrasting geochemical 
features can also be distinguished. 

Taiga-permafrost landscapes of class (ff+) ortho
e luvial on granitoid and effusive formations 
generally form under conditions of highly uncon
solidated relief. These landscapes occur in 
medium-high and high mountains composed of granit
oid and effusive rock. Autonomous landscapes of 
the acid class occur on a weathering debris crust 
and on mountain-tundra and mountain-taiga rocky 
primitive soils which form on them. 

The unconsolidated relief and ledge rock govern 
the poor development of vegetation, low degree of 
marshiness and intensive water exchange. Typical 
plant forms are: fragmented moss-lichens, thickets 
of ledum-cladonium cedar creepers in the lower part 
of slopes and bush-lichen tundras on northfacing 
slopes. 

The physical weathering that leads to the forma
tion of large-size placer debris and kurum-talus 
is especially pronounced. Rapid water seepage 
through the coarse upper debris of the kurum layers 
provides for downward placer migration of elements 
which are transported downwards along the section. 

We will examine the chemical weathering charac
teristic for landscapes of this type, using 
granitoid formations as an example. 

Surface weathering leads to the formation of 
iron-bearing surface-eroded layers of loose 
granite. The main hypergenic changes of granit
oids consists of fragmentation and disintegration 
of rock, partial destruction of feldspars, trans-
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formation in stages of biotite into hydrobiotite, 
accumulation of iron in the form of films and 
scums of amorphous and weakly crystalline oxides, 
and the transport of sodium, calcium, potassium 
and silica from the eroded layers. The soils are 
represented by crushed-rock supes having high 
acidity (pH 3.4 - 4. 7) and a rather high organic 
matter content in the form of coarse hUDus (up to 
7-8%). 

The landscapes under consideration are charac
terized by the propagation of ultra-fresh chloride
hydrocarbonate, mixed in composition, cations of 
low-acid waters, poor in iron (less than 0.1 mg/i) 
and organic matter. The chemical composition of 
surface waters (averaged over 100 samples), taken 
from 15 granitoid formations, is as follows: 

0.019 
HC0373 Cl 27 

Na58 Ca22 Mg20 pH 6.0 Eh 0.54B 

Within zones of exo- and endocontacts of 
granitoid strata, mineralization of natural waters 
is increased to 30-40 mg/i and sulphate-hydro
carbonate waters appear. Natural waters of 
landscapes of this type are characterized by a 
relationship between the ions HC0 3 > Cl and Na > 
Ca, Mg. As a result of weathering of granitoids 
and eruptive rock, the composition of solutes (ion 
sink) sodium, calcium, and magnesium hydrocarbon
ates predominate. 

In order to quantitatively estimate the water 
migration of elements for the landscapes under 
consideration we shall determine the value of ion 
sink for which qualitative characteristics of the 
migration capacity of elements may be obtained by 
computing the water migration coefficients. 

According to our calculations, the annual 
surface run-off of solutes from the granitoid 
strata varies between l and 4 t/kJD2 /year and 
averages 2.2 t/kJD2 • Dividing the value of ion 
run-off by the average weight density of the 
region's granites, 2.60, we obtain a value for the 
chemical denudation (0.85 mk/year), which is 4-5 
times less than that for granitoid rock in moderate 
climatic zones (Strakhov, 1965). 
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The values for ion run-off that we obtained are 
much lower than those hitherto available for grani
toids in the north-eastern part of the USSR, 16-17 
t/bsJl/year (Walpeter 1972). This, to our know
ledge, has been overestimated by a factor of 3 
because the investigator did not take into account 
atmospheric fallout of solutes (Janda 1971). The 
rock masses, in which the ion run-off has been 
determined, lie along littoral zones of the Sea of 
Okhotsk where the atmospheric fallout rate of salts 
is 10-12 t/km2 /year (Climate Atlas of the USSR, 
1960). 

We have computed coefficients (Kx) for migration 
in water using the formula reported by Perelman 
(1966): 

K x 

where Illy is the volume of the element in the waters, 
g/1; a is water mineralization, g/1; and nx is the 
volume of the element in rock, %. 

The values mx and a were derived analytically, 
while nx represent the amount (in percentages) of 
acid rock in the lithosphere (Vinogradov 1962). 

The rows representing the migration of elements 
in water are listed in Table 1. 

TABLE 1 Mobility of Elements in Water of 
Granitoid Strata 

Value of coefficient of 
1-:igration migration in water, Kx 

rate 
100 10 1 0.1 

Very high C,Cl, 
Hg,As, 
Bi,Tl, 
Ag,Sb 

High Sn,B,Mg, 
Ni,F 

Medi mi Zn,Pb,Cu, 
V,Na,Y,Ca, 
Cr,Be,Mo, 
Mn 

Weak Ga,Ba, 
Si,Co 

Very weak 

0.01 

Ti,Al, 
Fe 

As compared to the rows compiled by Perelman 
(1966) for the weathered crust of silicate rock in 
a temperate zone, the zone of granitoid hyper
genesis, which is situated in the subarctic clim
atic region, tends towards inertness of some of the 
macrocomponents, namely sodium, calcium and silicon. 
The abovementioned values for ion run-off also lend 
support to a reduction in the amount of chemical 
weathering of granitoids under conditions of hyper
genesis. 

Figure 1 shows a value for the migration of 
elements in water, derived using Kx, for natural 
landscapes in different climatic zones. Within the 
range of the migration distribution of chemical 
elements having varying degrees of contrast in 
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FIGURE 1 Contrast range of element migration in 
granitoid landscapes of different climatic zones. 
Fields of distribution of chemical elements: 
1 - non-contrast migration (Kk • l); 
2 - contrast migration (Kk • 2 - 10); 
3 - high-contrast migration (Kk •more than 10). 

JI 

climatic zones, groups of elements having similar 
mobility can be distinguished, i.e. unique geo
chemical associations. Migration contrast can be 
compared using Kk• the coefficient for the range of 
contrast equal to 

Kx of granitoids in subarctic zone 

~ • Kx of granitoids in temperate zone 

Maximum migration contrast (Kk is larger than 10) 
is typical for Sn, As, Ti, B, Ag, Sb, Hg. Contrast 
migration (Kk • 2-10) is observed in Ni, Pb, Cr, V, 
Y, and Be. 

Nearly all the elements refer to very strong 
(Hg, As, Bi, Ti, Ag, Sb) and strong migrators (Sn, 
B, Ni, F) in granitoids of north-eastern Yakutia 
(cf. Table 1). 

The set of elements that possess high mobility 
and maximum contrast for migration in water can be 
regarded as a unique paragenic landscape associa
tion. 

Taiga-permafrost landscapes of acid class (ff+), 
orthoeluvial in terrigenous stratified formations, 
are widely distributed throughout regions having 
low and medium height mountains. Autonomous acid 
class terrains are distributed in weathered debris 
crust and the mountain-taiga and northern taiga 
permafrost soils which have formed on them. Water
shed areas are composed of dense sandstone rock and 
saddlebacks occur adjacent to stratified shale 
outcrops. Sandstone rock is characterized by coarse 
shales and on slopes produce typical rocky talus 
made up of large-clod materials. Destruction of 
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clayey and aleurite shales leads to the formation 
of deluvial gravels. 

The thickness of the seasonal thaw layer on 
south-facing slopes is 1.2-1.4 m. On north-facing 
slopes it is practically absent, with frozen rocks 
or ice occurring directly below the moss cover. 

Mountain-taiga suglinok soils have an acid 
reaction (pH 3-4), a high concentration of exchange 
bases within the upper humus layer and considerable 
(up to 25%) organic matter content in the form of 
coarse h1m1us. 

Landscapes of this type are characterized by the 
occurrence of ultra-fresh hydrocarbonate waters 
with mixed composition of cations. The average 
composition of natural waters in taiga-permafrost 
terrain (over 4,000 samples) is: 

HC0380 Cl 18 S042 
0.028 Na 37 Ca33 Mg30 pH 6.3 Eh 0.488 

As compared to taiga-permafrost landscapes 
occurring in volcanic bedrock, the mineralization 
of natural waters increases in this case by a 
factor of 1.5-2.0, while the anion-cation ratio 
remains the same. 

The composition of the ion run-off is predom
inantly calci1m1, magnesil.DD and sodil.DD hydrocar
bonates. The ion run-off value is, on the average, 
estimated at 4.25 t/km2 /year; chemical denudation, 
at 1.6 per year (with an average weight density of 
stratified rocks in the Verkhoyansk complex of 
2.65); this comprises about one-fifth of the 
mechanical denudation value which is typical of 
terrigenous rocks in the Verkhoyansk complex. 

The rows for the migration of elements in water 
for stratified rocks of the Verkhoyansk complex 
are presented in Table 2. 

TABLE 2 Mobility of Elements in the Water of 
Terrigenous Stratified Formations 

Migration 
rate 

Coefficient values for 
migration in water, Kx 

100 

Very high C,Cl,S, 
F,B,Ag, 
Na,Au,Hg 

10 1 

High W,Be,As, 

Med ii.DD 

Weak 

Very weak 

Mg,Ca,Tr, 
Sr,Ba,Mo, 
Mn 

Sn,Sb,Ti, 
Pb,Cr,Cu, 
Zr,V,Ti, 
Ni 

0.1 

Zn,Fe 

0.01 

Co,Ga, 
Al,Si 

A maximum range of contrast for migration in 
water in taiga-permafrost landscapes of stratified 
terrigenous formations, as compared to those of a 
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temperate climatic zone, is characteristic for 
gold, mercury, tungsten, and beryllium (a sharp 
increase of migration activity, Kk more than 100) 
and for zinc, silicon, and cobalt (substantial 
decrease of migration mobility, Kk less than 0.01, 
cf. Figure 2). 

Taiga-permafrost landscapes of the calcium class 
(ca++) on carbonate stratified formations. These 
landscapes provide more favorable conditions for 
the biological cycle, producing larger amounts of 
biotic material; there are more grasses and bushes 
in the plant cover, the amount of h1.DDus increases 
in the soil, its peat content decreases and car
bonate gleization develops. The waters are more 
mineralized and contain more calcil.DD and less acid 
organic matter and the pH reaction approaches the 
neutral one. 

HC0397 Cl 2 S04l 
M0.150 Ca50 Mg30 Na20 pH 6.8 Eh 0.27 B 

There is a substantial increase in the ion run
off rate, amounting to 28 t/lan2 , or nearly twice 
the mechanical one (Seimchan River, location 
Chapaevo). 

In a weak alkaline medil.DD many metals (copper, 
lead, nickel, titanil.DD) exhibit low migration 
capacity and are transported from soils in small 
amounts (Table 3). 

The low migration capacity of most of the 
elements in the landscapes has been confirmed by 
the evaluation of "soil mobility" made using the 
value of eluvial-accumulative coefficient (Mikhail
ova 1964) which indicates very low mobility for 
molybdenum, zinc, lead, copper, etc. (Table 4). 
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FIGURE 2. Contrast range of element migration in 
terrigenous landscapes of different climatic zones. 
Legend same as in Figure 1. 
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TABLE 3 Mobility of Elements in the Water of 
Carbonate Stratified Formations 

Migration 
rate 

Coefficient values for 
migration in water, Kx 

100 

Very high C,S,Ag, 
Cl 

10 

High Cd,Hg 

1 

Medium Ca,Kg,Kn, 
Na,Ti,Sn 

0.1 0.01 

Weak Cu,Ni,Ko, 
Cr,Pb,Zn, 
Ge,B,V,Ga 

Very weak Ti 

TABLE 4 Soil Mobility of Elements in Carbonate 
Formations 

Intensity index of element migration (Kel.-acc.> 

Highly mobile, 
below 0.35 

Ge, B, Hn 

Mobile 
0.35-0.7 

Co, Sn, 
Cr, Ni 

Weakly 
mobile, 
0.7-1.4 

Cu 

Inert, 
above 1.4 

Y, Ga, V, 
Pb, Zn, Ti, 
Ko 

The saturation of the soils of taiga-permafrost 
carbonate landscapes of the calcium class with 
microelements has a favorable impact on soil 
fertility. During geochemical exploration in 
terrain such as those under discussion, it is 
advisable to employ lithochemical methods because 
in the soils which overlie deposits contrasting 
residual haloes of most of the ores arise. 

Taiga-permafrost la~dscapes of the acid gleyey 
(W- Fe2 +) class, accumulative superaquifer are 
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for the most part characteristic of low-lying areas, 
composed of loose, stratified, terrigenous, caino
zoic accumulations and peat-bog soils forming on 
them. The latter develop underneath the plant 
cover which consists of carex-veinik and bush-ledum
kassandra-carex-moss-bog species. An especially 
severe soil climate forms underneath the moss 
cushion and the peat horizon, which subsequently 
hinders warming of mineral soil in the summer. 
This is because peat-bog soils in most cases have 
an acidic reaction within the peat layer (water pH 
5.2-5.8) that is close to the neutral one occur
ring in the underlying mineral layer of soil (6.4-
6.7 pH). Within the peat layer the organic matter 
content, in terms of humus, varies from 26 to 70%, 
while that of gross phosphoric acid ranges from 
0.26 to 0.46%. The sum of exchange bases varies 
from 30 to 100 mg - equ per 100 g of dry substance• 
of which 75-93% is ca2 + and 7-25% Kg2 +. 

This type of landscape is widely distributed in 

river valleys and lowlands. In pH and the degree 
of mineralization, natural waters approach waters 
of acid class. The abundance of organic matter 
(peat, residuals of vegetation) produce a regenera
tion medium. Gleization processes, well developed 
in the soils of such landscapes, are responsible 
for the typomorphic nature of the Fe++ ion. 

All the landscapes of this group are character
ized by seams of bedrock underlying a cover of 
friable cainozoic formations. The influx of 
elements originates mainly from contiguous land
scapes. There is practically no removal of elementt 
because the processes are dominated by accumulation 
(except for alluvial landscapes). Bedrock, in 
places where the thickness of the cainozoic forma
tion is small due to the formation of saline bulbs 
on top of the ore bodies, is another possible 
source of element accretion. 

Plain-type landscapes, widespread occurrence of 
hover rocks and geocryological and hydrogeological 
conditions make it possible to consider these 
landscapes as superaquatic. The processes of 
mechanical migration of substances everywhere, 
except for river-beds and floodlands, are greatly 
weakened. Physical and chemical and biogenic 
migration is very pronounced. The rate of water 
migration of microelements is increased (Table 5). 

TABLE 5 Basement Levels of Elements in Accumula
tive Superaquatic Landscape Water 

Value of coefficient of water 
migration, Kx 

Migration ~~~~~~~~~~~~~~~~~~~
rate 100 10 

Very high Hg 

High 

Medium 

Weak 

Very weak 

Ko,Be,As, 
Ni,Sn,Sc, 
Zn,B,Nb, 
Ag,Bi 

Hn,Y,Pb, 
Cu,Cr,Ba, 
V,Ti,Co, 
Ga 

0.1 0.01 

The presence of weak-acid, ultrafresh, chloride
hydrocarbonate water with mixed cations is typical 
of these landscapes. The composition of natural 
waters of the Verkhne-Adychanskaya depression is 
typical (average over 19 samples): 

M0.023 HC0374 Cl 24 S042 H 6.1 Eh 0.46B 
Na43 Kg35 Ca22 p 

The ions characteristically have the following 
ratio: HC0 3 > Cl > S04 and Na+ > Kg++ > ca++ 

In peatland waters, the mineralization sometimes 
increases substantially (up to 100 mg/l), while the 
acidity is decreased due to the presence of humic 
acids (pH 5.2 or less). 

This type of landscape is littoral and is charac-
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terized by several other hydrochemical properties. 
The proximity of a sea, resulting in greater input 
of salts with atmospheric precipitation, is respon
sible for the occurrence of chloride-hydrocarbonate, 
predominantly sodium surface and ground waters with 
a relatively high mineralization and a weak acid or 
near-neutral pH. These are exemplified by spring 
water and shallow lakes in the eastern Primorye 
lowlands, in the Kolyma River basin (the average 
for 52 samples from an area of about 2 ,000 km2): 

HC0351 Cl 49 
M0.070 Na71 Ca22Mg7 pH 6.7 Eh 0.5B 

In the surf ace water composition, the chlorine
ion content averages 25 mg/i (12-50 mg/i), whereas 
in landscapes of this class occurring further in
land, the background content of chlorine-ion is 
4 mg/i. The relatively high concentrations of 
chlorine-ion accounts for the decrease in the 
biogeochemical activity of silver, lead and copper 
(Table 6). 

Table 7 gives the geochemical characterization 
of the landscapes under study, the geochemical 
specialization of a given landscape being defined 
on the basis of paragenic associations, i.e. groups 
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of elements that are characterized by a high con
trast range of migration in the subarctic zone, in 
comparison to the migration mobility in the temper
ate climatic zone. "Abundant" elements are those 
with Kk in excess of 10 while deficient elements 
include those with Kk below 0.1. The geochemical 
specialization of the main types of landscape is 
well defined. 

The absence of a number of elements is determined 
by the very small contribution of underground waters 
in the surface run-off, by low mineralization of 
atmospheric precipitation and by weak development 
of the technogenic processes. 

The behavior of concentrating elements, charac
terized by a high migration contrast range, that 
form paragenic associations, for example, gold, 
mercury, antimony and tungsten in landscapes of 
terrigenous mesozoic formations, is determined 
mainly by the metallogenic properties of the 
geological formations, the high regional percent
ages of the lithosphere. 

The paragenic associations of elements isolated 
here are typical of certain landscapes and indicate 
not only geochemical but also ore specialization. 
The abundance or shortage of a number of elements 
determines the balneological or economic value of 
a landscape. 

TABLE 6 Biochemical Absorption of Microelements 
in Accumulative Superaquatic Landscapes 

Coefficient of biological absorption 

Region 10 10-1 1-0.l 

Verkhne- Cd,Ag,As Mo,B,Zn,Pb, Li, V ,Ga, Ti, 
Adychanskaya Cu,Ni,Sn,Cr, Y,Hn,Sc 
depression Co 

Primo rye As,Mo Hn,Zn,Co,Nb, Ni,Li,Sn, 
depression Ag,Cr,B Y,Pb,Ge,V, 

Ga 

TABLE 7 Geochemical Characteristics of the Main Types of Landscapes 
of North-East Yakutia 

Type of Mineralization Ion run-off Class of Geochemical s2ecialization 
landscape (g/i) (t/km2 /year) migration Abundant Deficient 

elements elements 

Terrigenous 0.028 4.2 e+ Au,Be,W,Hg, Si,Zn,Co,Al 
MZ Na,F,Cu,Ag,Hn, 

Ba,As,Sb,Sn 

Granitoid 0.019 2.2 e+ Bi, Sn, Ti ,As, Na,Ca,Si,A, 
MZ Hg,Ag,Ni,Be,Cr Zn,Co 

Carbonate 0.150 28.0 ca++ Cd,Hn,Ti,Ag, Pb,Zn,Ni,Ti, 
PZ Hg,Sn V,Ga,B,Mo 

Terrigenous 0.023 7.0 H+-Fe++ Ho,Be,Ni,Si, Ag,Pb,Cu 
KZ (0.070) Ti,Co,Ga,Sn 
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INVESTIGATION OF THE DEFORMATION OF CLAYEY SOILS RESULTING FROM 
FROST HEAVING AND THAWING IN FOUNDATIONS DUE TO LOADING 

M. A. Halyshev, V. V. Fursov, and M. V. Baluyura 

Institute of Civil Engineering 
Tomsk, USSR 

The relationships between the deformation of clayey soils beneath loaded foundations 
and the number of freeze-thaw cycles, soil composition, pressure, depth of the foun
dation footing, and ground water levels with respect to the depth of freezing were 
demonstrated. When the pressure on the foundations increases, heaving begins at the 
maximum depth of freezing penetration beneath the foundation footing. Intensity of 
heaving decreases. An increase in the depth of the foundation within the freezing 
zone reduces the impact of heaving at the ground water level with respect to the 
depth of freezing. Loaded clayey foundation materials whose settlement had stabilized 
prior to freezing experienced additional settlement after further cyclical freeze-thaw 
in the materials. Additional compaction of the soils, as a result of repeated freeze
thaw in the loaded foundation materials, leads to reduction in the deformation. 

The aim of the investigation was to study clayey 
soil deformation under the influence of seasonal 
freezing and thawing. To that end deformations in 
loaded foundation beds of settlement plates and 
laboratory tests of· soil-bearing capacity and 
deformation under the influence of freezing and 
thawing have been investigated. 

The construction site with foundations is loca
ted in Tomsk. The soils represented are alluvial 
loams and sandy loams with soft plastic and fluid 
consistency. These loams are dusty and carbonace
ous, 70-95% of the light fraction consists of 
quartz and feldspar; in the colloid-dispersive 
fraction, kaolinite prevails. For the freezing 
period the ground water level was at 1.8-2.~ m. 
The soils were soft, water-saturated, and strongly 
heaving. The depth of seasonal freezing at the 
regularly freed of snow site during the investi
gation time in 1978-82 was 1.8-2.2 m. 

The area of the settlement plates was 10,000 cm'
(Figure 1), their depth was 1.0 and 1.5 m, and the 
pressure on the soil was 0, 0.1, 0.2, and 0.3 MPa. 
Four of the foundations, constructed in 1978, had 
a depth of 1 m and the pressure of (MPa) : F1 • 
0.05; F1 • 0.1; F, • 0.2; F~ • 0.3. In 1979 six 
more foundations were put up, two of which had the 
depth of 1 m and the pressure of: Fs • O; F6 •0.3; 
and four foundations at the depth of 1.5 m had the 
pressure of: F1 • O; Fe • 0.1; Fg • 0.2; F10 •O.J. 

The field test procedure is described below 
(Halyshev and Fursov, 1982). 

Before setting a foundation, a hole 50 mm in 
diameter and 3.0 m deep was bored below the foun
dation footing. According to the selected type of 
soil, the degree of moisture and plasticity were 
determined. The surface of the foundation beds was 
leveled. Foundations were set on a 1-cm-thick 
layer of cement and sand mortar. The side surface 
of the settlement plate and the metal frame were 
protected against freezing together with the soil. 
To measure vertical displacement Msximov's defor
mation meters and clock-type indicators were used. 
In experiments the leveling ty anchors and marks 
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on foundations was made. The depth of soil freez
ing was determined by Ratomsky frostmeters, and the 
soil temperature by soil thermometers. Up to the 
given pressure, foundations were loaded in 0.2 MPa 
increments until settlement had stabilized. For 
the entire freeze-thaw season observations of 
temperature, depth of freezing, soil deformations, 

-l.0;-1.,$ 

----

FIGURE 1 Schematic drawing of the settlement plate 
1- model of the settlement plate l.Ox l.Ox0.4 m; 
2- frame for load; 3- load; 4- film, covered with 
solidol and a board box; 5- loam IL•0.4-0.7; 
6- loam IL• 0.75-1.0; 7- depth of freezing; 
8- ground water level. 
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FIGURE 2 Vertical displacement of settlement plates at a depth 
of 1.5 m in freezing and thawing of foundation beds: 

1,2,3,4 - foundations F1, Fe, Fg, and F10; 5 - depth of 
freezing. 

and foundation displacement were made. At the 
beginning and at the end of winter the level of 
ground water was measured. 

Observations in 1978-82 indicated that founda
tions set at the same depth but under different 
soil pressure were characterized by heaving, the 
beginning of which did not coincide with the soil 
freezing of foundation beds and was different in 
value. See also Shvets and Hel'nikov (1969), 
Kiselev (1971), and Karlov (1979). Foundations 
with higher pressure on the soil had a thicker layer 
of frozen soil below the foundation footing, so that 
foundations did not heave, and the total value of 
heaving was decreased. For instance, when the 
settlement plate pressure increased from 0 to 0.3 
MPa, the maxim1m1 value of heaving of foundations 
set at a depth of 1.5 m decreased from 2.8 to 0 cm 
(Figure 2). Of foundations with the same soil 
pressure, but set at different depths (1.0 and 1.5 
m), the greater capacity of the frozen soil below 
the footing, before heaving began, was inherent to 
foundations that were deeper. These foundations 
had a ground water level at the end of winter that 
was approximately 40-80 cm lower than the depth of 
freezing. At higher ground water levels, with the 

depth of 1.7-1.9 m from the surface and with freez
ing to 1.9 m in 1979-80, foundation F1, set at a 
depth of 1.0 m with a footing pressure of 0.3 MPa, 
heaved 7.4 cm. The heaving began when the first 
below foundation footing reached 40 cm and sharply 
accelerated during further freezing up to the 
ground water level. Under the same conditions, 
foundation F,, set at a depth of 1.5 m and under 
the lower pressure of 0.2 HPa, heaved only 0.5 cm. 
The foundation displacement curves are presented 
in Figure 3. The greater heaving of foundation 
F1 as compared with foundation F9 is accounted for 
by the increase of water migration through the 
freezing soil, while the pressure influence is 
sharply decreased because of the redistribution in 
the frozen soil under the foundation footing. Thus, 
the level of ground water being in the frost zone, 
the influence of pressure on the decrease of heav
ing is more effectively manifested in the high
temperature lower part of the frozen layer. 
According to observations on the displacement of 
foundations with different pressures it can be 
stated that, at the beginning of heaving, the 
normal pressure under the foundation footing result
ing from freezing of 1 cm soil for foundations set 

z a • 
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FIGURE 3 Vertical displacement of settlement plates and marks - heavemeters in freezing 
and thawing of foundation beds' soil. 

1 - surface mark; 2 - foundation F,; 3 - foundation F9 ; 4 - mark at the depth 1.0 m; 
5 - depth of freezing. 

at the depth of 1 m, is approximately equal to 0 . 01 
to 0.007 MPa/cm, and for foundations at 1.5 m it is 
not more than 0.005 MPa/cm . These values were 
recorded when the level of frozen soil under the 
footing was approximately 0.4-0.8 m. The i nfluence 
of pressure on deformations of loaded foundation 
beds during the freeze-thaw process can be clearly 
seen in the displacement curve of foundation F6 

under a pressure of 0 . 3 MPa (Figure 3) set at the 
depth of 1.0 m and marks located at different 
depths close to foundation. Four stages can be 
established: 

1. No foundation heave takes place when the 
soil is frozen to a depth of 1. 4 m (40 cm below 
the foundation footing) and the temperature at the 
bottom of the footing is -2°C . In such a case the 
rise of the mark at the level of fotmdation foot
ing is 3 cm, and at the level of soil surf ace is 10 
cm. 

2. Foundation heaving occurs during freezing 
from a depth of 1.4 m down to 1. 75 m, with the 
temperature at the footing being -5°C. For this 
period the fotmdation heaving reached 3.2 cm, mark 
-7 . 8 and 15.8 cm . 

3. Foundation heaving comes to an end, while 
foundation settlement and heaving of marks is still 
going on . The soil temperature at the depth of 
freezing levels off. The foundation settlement 

reaches 0.7 cm, the rise of marks reached the level 
of 8.1 and 16.8 cm. The depth of freezing does not 
increase . In thawing the layer between the surface 
and the foundation footing, the foundation settle
ment was 3. 2 cm, that is it was equal to the value 
of frost heaving, the settlement of marks was 0.8 
and 4.0 cm. 

4. Thawing at the depth of freezing below the 
footing initiates foundation settlement. The foun
dation settlement stops a month later after the 
soil is completely thawed and the temperature rises 
to +3-5°C . The additional foundation settlement 
was 5. 1 cm, the value of marks settlement was equal 
to the value of their heaving and bad no additional 
settlements . 

Examination of displacement stages of the loaded 
foundations made i t possible to note some features 
in the nature of deformations observed in all the 
experiments . For instance, under increased pres
sure the first stage becomes longer, at the second 
stage the heave intensity becomes slower, and at 
the third and fourth stages settlements incr ease . 
All the loaded foundations in the last stage bad 
additional settlement, which was greater for more 
heavily loaded and less deep foundations, but it 
was especially characteristic of foundations with 
0. 3 MPa pressure on the foundation bed (Figure 3). 
With decreased pressure and increased depth of 
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FIGURE 4 Deformation of the soil samples under repeated freezing-thawing 
conditions. 

1,2,3,4,5 - soil samples 
------ heaving; ----- thawing settlement 

Table 1 

Granulometric composition of particle, % Void 
Ratio 

(e) 

Plastic Liquid Liquidity 
Index 

(IL) 
Type Limit Limit 

No. of soil 0.25-0.10 0.10-0.05 0.05-0.01 0.01-0.005 <0.005 (Wp) (W}.) 

1 Loam 5.6 36.5 45.9 
2 Loam 50.9 15.6 8.5 
3 Loam 28.2 10.2 40. l 
4 Clay 4.9 11.2 36.8 
5 Clayey 

fracture 

.foundation, additional settlements decrease and, 
in the case of unloaded foundations, were not 
observed. 

Soft soils under positive pressure during the 
first year of freezing and thawing give only 
settlement. The four years of observations show 
that for the first winter season, additional 
settlements are greatest and they subsequently 
decay aa the freeze-thaw cycle is repeated. 

Additional compression of clayey soils under the 
influence of freezing and thawing was caused by the 
complex influences acting inside the soil forces, 
causing dislocation of mineral particles and film 
water, formation of cryogenic textures, decrease of 
soil-bearing capacity and increase of deformation 
ability in thawing out. 

3.7 8.3 0.86 0.15 0.25 0.55 
12.2 12.8 0.61 0.12 0.22 1.00 
10.0 11.5 0.57 0.18 0.28 0.00 
43.9 3.9 0.89 0.13 0.37 0.85 

100.0 1. 94 0.41 0.86 0.66 

To estimate the influence of repeated freezing 
and thawing on the deformation and on the bearing 
capacity of loaded foundation beds of clayey soil, 
laboratory tests have been carried out (~.alyshev, 
1969; Fursov, 1979). 

In consolidometers made of organic glass, ne 
samples with different types of soil, density, and 
moisture were compressed under pressures of 0.1-
0.3 MPa, until absolute stabilization was achieved. 
Then they were frozen and thawed under the same 
loading. In some of the samples after a series 
of freeze-thaw cycles the loading was reduced or 
totally removed. While examining water-saturated 
soils there was water in the lower porous disk of 
the apparatus. In examining the soils not satu
rated with water the upper disk was covered with 
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paraffin to protect the aoil from drying. Freezing 
was carried out for 48 hours at temperatures from 
-5°C to -20°C, and thawing took place at +18°C. 
The cycles were repeated from 6 to 30 times. 
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The tests, given in Figure 4 and Table 1 for 
typical types of soils yielded the following 
results. Clayey soils were compressed to a consid
erably greater extent by cyclic freezing and thawing 
under loading than without freezing. The most 
intensive compression developed during the first 
cycles. As the compression increased and the 
freeze-thaw cycles were repeated, soil deformation 
decreased, and the frost heaving and settlement 
during thawing levelled out. The ultimate density 
depended on the loading, the degree of moisture, 
and the type of soil. In the clayey, water-satur
ated soil with the prevalence of clayey and dusty 
particles, 0.2-0.3 MPa pressure density corresponded 
to the equation: 

w,,G,. 
e•~ s 
where e • void ratio 

wp • plastic limit, % 
Gs • specific gravity of solids 
S • saturation, % 

The ultimate loam density depended on the loading 
and optimal compressibility of the sandy and large 
dusty particles constituting them. Unloading after 
compression and the repetition of freeze-thaw 
cycles increased heaving and decreased density. 

Analysis of the results of tests on different 
types of soils under repeated freezing and thawing 
conditions provides approximate deformation depend
ancies of loaded foundation beds on the physical 
characteristics of the soil. 

Experiments on resistance to the shift of loams 
and sandy loams before freezing and iumediately 
after thawing, run in the regime of the quick 
unconsolidated-undrainaged shift, showed the de
crease of their soil-bearing capacity. Figures 
of soil-bearing capacity of dusty loams of native 
structure (e • O. 7-0.9; Ip • 0.1-0.14; It • 0.1-

0.8) were reduced from 10 to 80%,of sandy loams 
to 10%. The increase of density and sandy par
ticles content, the consistency and the degree of 
moisture reduction ends in the decrease of f reez
ing and thawing influence on the soil-bearing 
capacity. 

The results of the investigation allow the depth 
of foundation footing to be chosen based on the 
foundation bed calculations according to ultimate 
states. 
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ARTIFICIAL ICE MASSES IN ARCTIC SEAS 

P. I. Melnikov, K. F. Voitkovsky, R. H. Kamensky, and I. P. Konstantinov 

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

Natural climatic conditions in the arctic seas create preconditions for extensive use 
of ice and frozen ground as construction materials for creating artificial islands and 
structural foundations in areas of shelf. Experiments were carried out off the Kaya 
Sea coast into the formation of ice masses both by freezing layers of sea water and by 
sprinkling. The rate of ice formation by means of repeated flooding was up to 12 cm 
daily. The rate of ice formation by the sprinkling method was about 0.7 cm per hour 
at an air temperature of -15°C, and 1.1 cm per hour at -30°C. In the laboratory, the 
rate of freezing of layers of water at -20°C was from 0.2 to 0.55 cm per hour depend
ing on the wind velocity. Ice formed by the sprinkling method was more porous and 
saline than ice formed by the freezing of layers of water or with natural sea ice, 
and its compressive strength was only half that of natural sea ice. 

The Arctic Sea shelf near the coast of the 
Soviet Union occupies more than a million square 
kilometres and is rich in various mineral and 
natural resources (Slevich 1977), particularly 
oil and gas. 

Construction of artificial islands and founda
tions for oil and gas prospecting and extraction 
is one of the moat important problems related to 
the development of the shelf. The movement of 
thick ice in the arctic seas precludes the use of 
traditional elevated marine platforms and other 
artificial structural foundations. 

Conditions on the Arctic shelf require specific 
designs and means of constructing artificial bases 
that take into account climatic and ice conditions. 
The Arctic shelf is known to have negative mean 
annual air temperatures and permafrost along the 
coast, as well as a thick (1-2 m) ice cover that 
exists for more than nine months of the year. 
Considerable movement of the ice cover occurs in 
most regions. The action of winds and tides, 
together with temperature fluctuations, cause ice 
h\llllDOcking. As a result of ice movement and 
hUlllllOcking, the ice cover exerts considerable 
pressure on artificial structures and islands. 

Natural and climatic conditions of the arctic 
seas create preconditions for the wide use of ice 
and frozen ground as building materials for the 
construction of artificial islands in the shelf's 
shallow waters. Solution of the given problem 
requires the following measures: Control of ice 
production and ground freezing; the rational use 
of ice and frozen ground in engineering; and ef
fective prevention of ice massifs and thawing of 
frozen ground. 

The Soviet Union has had experience in con
structing artificial ice massifs from fresh water 
and in using ice as a building material (Bubyr 
1965, Krylov 1951, Schelokov 1982). Investiga
tions have been carried out to study ice
production processes and to determine ways to 
amplify them (Gordeichik and Sosnovskiy 1981, 
Gordeichik et al. 1980, Sosnovakiy 1982). The 
construction of artificial ice massifs from sea 
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water has not yet been demonstrated. In this 
connection it became necessary to study layered ice 
freezing from sea water. 

Experiments on layered freezing of water were 
conducted early in 1981 during the construction of 
a temporary experimental ice island in the Kara Sea 
(Voltkovakiy and Kamenakiy 1981). At a distance 
of 300 m from the coast, the snow was removed from 
a natural ice site 50 m in diameter. The water was 
pumped on to the ice's surface by means of an 
engine-driven pllDp, the water layer being about 
50 DID deep. After this layer froze and cooled down, 
water was poured successively and ice layers from 
15 to 60 DID thick were produced. At the same time, 
observations were carried out aimed at studying the 
process of ice production, air and ice temperature 
regimes, and the structure and physical-mechanical 
properties of artificial ice. 

It was found that monolithic ice formed under 
conditions in which the next layer was frozen only 
after cooling the previously produced ice layer 
down to -10°C. If this condition was not met, 
caverns with unfrozen brine remained in the body of 
the ice. 

During the ice massif production abnormally high 
air temperatures and two long-term warmings occur
red. Frequent strong winds and snowstorms present
ed difficulties for the production of ice in layers 
and sometimes the rate of ice-formation was slowed 
down due to snow accumulation on the surface. The 
highest rate of ice production was 12 cm daily at 
an air temperature of less than -20°C. The daily 
mean ice production rate with consideration of 
unfavourable weather conditions was 5 cm. 

By the end of the teats on layered ice produc
tion from sea water, the total thickness of the ice 
massif was 4 m. It was submerged to sea bottom and 
rose 1.2-2.0 m above the surface of the water. 
There were no measures to protect the ice massif 
from solar radiation and sea waves. Systematic 
observations of the ice massif's temperature regime 
and melting were carried out prior to the onset of 
ice movement. After the surrounding ice cover had 
been destroyed and the ice had been carried out 
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into the open sea, melting of the ice's surface and 
sides intensified. By the end of July, due to the 
decrease in the ice massif's thickness, it came to 
the water surface and broke up during a storm. 

Studies of layered ice production from sea water 
under laboratory conditions were undertaken, in 
addition to in-situ ice production. To do this, a 
wind tunnel was designed in the underground ref rig
erating chamber of the Permafrost Institute of the 
Siberian Branch of the USSR Academy of Sciences. 
Inside the wind tunnel there was a special 30 >< 8 >< 4 
cm thermoinsulated pan, equipped with sensors for 
measuring water and ice temperature. The air 
temperature was constant during all the tests in 
the chamber, the temperature ranging from -12 to 
-30°C. The air speed in the tube above the pan 
was held at from 1 to 15 m/s. 

The pan was filled with sea water at 0°C and 
placed in the working part of the wind tunnel, 
then the ventilation system was switched on. Read
ings of the temperature sensors indicated the time 
for water freezing and ice cooling down to the 
control temperature of -10°C. 

The thickness of the layer of frozen water in 
the pan was recorded from 5 to 40 11111. To deter-
mine the relationship between the rate of ice 
production and the air temperature and wind velocity, 
a series of tests related to freezing a 25 mm layer 
of water were undertaken (Table 1). In addition, 
experiments have been carried out on freezing water 
layers of different thicknesses at constant temp
erature and wind speed. On the basis of these 
tests, it was found that the time t6 required for a 
given water layer to freeze and for the ice to cool 
down to -10°C is in approximate linear dependence 
on this layer thickness 6 (within 5 and 30 11111) and 
can be expressed by the empirical formula 

6 
t6 • 25 t25 

where 6 is the thickness of the freezing water 
layer in mm, t25 is the time required to freeze a 
water layer 25 11111 thick and to cool it down to 
-10°c. 

The time it took to freeze a water layer 40 11111 

thick was t6 • 1.7 t25• This means that by freez
ing a water layer with a thickness greater than 
30 11111, the linear dependence changes towards the 
increase of freezing time, when compared to the 
above-mentioned formula. When the layer of freez
ing water is thin, the rate of layered ice produc
tion demonstrates negligible dependence on the 
thickness of the freezing water layers if they do 
not exceed 30 11111. This can be explained by the 
fact that the intensity of the heat emanating from 
the surface of the freezing layer by means of tur
bulent heat exchange as the next water layer begins 
to freeze is presumably determined by temperature 
and wind velocity; only when the ice thickness ex
ceeds 30 11111 does the reduction of the intensity of 
the heat being given off become pronounced as well 
as usual decrease in water free~ing rate when ice 
thickness increases. 

From the aforementioned considerations, the 
actual rate of layer-wise production process can 
be .stimated based on the test results of freezing 
25 mm thick layers of sea water (Table 1). The 
dependence of the rate of production upon the air 
temperature at different wind speeds is shown in 

Figure 1. As indicated in the plot, the rate of 
layered ice production, taking into account cooling 
down to -10°C, increases substantially when the air 
temperature decreases to -20°C. Lowering the air 
temperature further does relatively little to 
increase the ice production rate. The effect pro
duced by the wind velocity is more obvious. With 
an increase of wind velocity from 1 to 5 m/sec, 
the rate of ice production increased 1.3-1.4 times 
and twice as much at a wind velocity of 15 m/sec. 

TABLE 1. Duration (hr) of production and cooling 
of sea water ice to a temperature of -10°C (thick
ness of water layer is 25 111111) 

Air 
temperature 

c0 c> 

-12 
-14 
-16 
-18 
-20 
-25 
-30 

1 

14.5 
12.7 
11.8 
11.2 
10.7 
9.8 
9.1 

Wind 

2 

13.8 
11.8 
11.2 
10.3 

9.8 
9.0 
8.4 

speed (m/s) 

5 10 15 

11.1 8.3 6.5 
9.8 7.4 5.7 
9.1 6.8 5.3 
8.3 6.2 4.9 
7.9 6.0 4.6 
7.3 5.5 4.2 
6.8 5.1 4.0 

v-10 

0,4 1---.~----..,,,_......-=:==-1----- v-s ----t 

v-1 
~L~::::::::::::::±====~:=J 

o_'° -20 -JO-C 

FIGURE 1. The water layer freezing rate (J) vs 
air temperature and wind speed (V). 

The strength of the layered ice depends to a 
great extent on its salt content. To define this 
dependence more accurately a series of ice stress 
tests were conducted. Ice samples 73 mm in diameter 
and 130 mm high were produced by freezing layers of 
water having a given salinity. For this purpose 
sea water was diluted with fresh water. The tests 
were carried out at four temperature points. The 
rate of load application in all the trials was 
equal to 2 MPa/min. The results of these experi
ments are presented in Table 2. 

A pronounced increase in the ultimate strength 
of the ice is observed at an ice temperature of 
-4.5°C, as its salinity decreases. This dependence 
becomes more complicated at lower temperatures. A 
slight increase in ice salinity results in increased 
strength as compared to ice produced from fresh 
water, whereas further increase in ice salinity 
leads to decreased strength. In all cases the 
strength of ice increased as the temperature was 
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TABLE 2 Maximun resistance of ice produced in 
layers to uniaxial compression (MPa) 

Ice Strength of ice at temperature(°C) 
salinity 

(0/00) -4.5 -7.0 -14.6 -27.5 

30 0.8 1.2 2.5 6.3 
22 1.1 1.6 3.4 7.4 
17.4 1.5 2.6 4.1 7.5 
9.2 2.4 3.3 4.8 7.6 
0 2.6 2.9 3.7 5.0 

z a • 
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TABLE 4 Physical characteristics of ice 

Density Porosity Salinity 
Kind of ice (g/cm3) (%) (0/00) 

Natural sea ice 0.90 3.5 4.5 

Manufactured ice, 
produced in 
layers 0.87 5.7 9.9 

Manufactured ice, 
produced by 
showering 0.84 9.0 16.5 

TABLE 3 Ice production of sea water by the shower method 

Pre-experi-
mental temp. 

Avg. air of ice Wind Shower 
temp. surface velocity duration 
( 0 c2 '•c2 (ml 

-18 -16.5 12 
-18 -12.4 11 
-21 -19.4 0 
-23 -21.4 1 
-19 -18.2 3 

lowered. However, the higher the salinity, the 
greater its relative strength. 

(hrl 

2.9 
2.4 
2.0 
2.25 
4.25 

The rate of layered ice production from sea 
water is relatively low, and this limits the thir.k
ness of the ice massif created in the course of 
one winter. It is known that the rate of ice 
production when the shower method is used to build 
ice masses is faster than layered ice method by a 
factor of four (Krylov 1951). By spraying sea 
water, during which its drops are partially frozen 
in the air prior to their contact with the surface 
of the ice mass, the process of ice formation can 
be accelerated to a great extent. 

Experimental ice production from sea water using 
the shower method was carried out in December 1981 
in the same area where the experiments on layered 
ice production had been conducted. Five series of 
experiments were carried out (Table 3) in which the 
water expenditure varied from 2.5 to 9.5 1/sec at 
spurt rotation speed ranging from 0.35 to 2.4 
revolutions per minute. When there was no wind, 
the radius of watering ranged from 23 to 35 m. 
The rate of shower intensity varied from 0.15 to 
0.29 1111/min. The rate of ice production depended 
on the pre-sprinkling air temperature, the wind 
velocity and temperature of the ice surface. The 
rotation speed of the stream of water and shower 
intensity had considerable impact on the rate of 
ice production. The intensity of ice production 
increases initially as the amount of water being 
poured on the ice surface is increased but then the 
rate of ice formation decreases. The density of 
the ice manufactured by the shower method was less 
than that of the layered ice production (Table 4). 
This ice was also characterized by its high content 
of salts and spherical air blobs; it is a fine
grained ice having chaotic structure. 

Thickness Intensity Time to cool 
of produced of ice ice layer 
ice layer production to -10°c 

(cml 'cmlhr~ (hr2 

6.0 2.1 5.4 
6.0 2.5 
5.0 2.5 
3.0 1.3 
2.0 o.5 0.5 

The temperature of the underlying ice increased 
during ice production by the shower method. This 
indicates that to create a monolithic ice mass it 
is necessary to limit the shower time and to inter
rupt the process periodically, so that the new ice 
layer can cool. The higher the intensity of 
sprinkling and the thicker the manufactured layer 
of ice, the longer the required cooling time. 
Based on experiments and theoretical calculations 
it was found that the optimun thickness of a single 
ice layer ranges from 5 to 40 1111. In field con
ditions at weak wind the actual rate of sea water 
ice production (J) by the shower method attains, 
depending on the air temperature Cta) 1 the follow
ing values: 

at ta • -15•c 
ta • -20°c 
ta • -25°C 
ta • -30°C 

J • 0.7 cm/hr 
J • 0.9 cm/hr 
J • 1.0 cm/hr 
J • 1.1 cm/hr 

The amount of ice produced can be somewhat in
creased when there is a wind, although in this case 
it is difficult to ensure uniform ice production. 
It is possible to increase the rate by decreasing 
the size of the drops and by increasing the cool
ing and partial freezing time. This can be brought 
about by raising the position of the stream of 
water and by expanding the dispersion area. It 
can also lead, however, to a substantial increase 
in the porosity and salinity of the ice being 
produced. 

To compare the mechanical properties of the ice 
obtained by both the shower and layered methods 
with those of natural ice, impression resistance 
tests using a ball punch were conducted on corres
ponding samples of ice. Changes in the resistance 
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FIGUBE 2. Strength of ice (a, MPa) to ball stamp 
press in. 1 - ice, manufactured by sprinkling; 
ice temperature 9i - 6.4°C; 2 - the same ice, ei -
-ll.8°C; 3 - ice, produced layer-by-layer, ei -
-6.4°C; 4 - the same ice, 9i • -ll.8°C; 5 - natural 
sea ice, ei - -ll.8°C. 

of ice to the pressure exerted on it by a 20 mn 
diameter punch having a 4.65 kg applied load 
weight are presented in Figure 2. 

~trength of the ice produced by the shower 
method turned out to be about half that of natural 
sea ice and 1.6-1.7 times less than that of layered 
ice. The relatively lo"1 stroength of the ice 
obtained by the sprinkling method is due to higher 
porosity and salinity of the ice. 

Because of the higher porosity and salinity of 
the manufactured ice, especially at temperatures 
higher than -7°C, its strength is less than that of 
natural sea ice. Partial removal of brines during 
ice production could be a means of increasing ice 
strength. As sea water freezes, ice crystals with 
low saline content begin to form. While the 
crystals grow and their temperature decreases, the 
inter-crystal pores become smaller, the salts are 
partially captured by the growing crystals, and 
concentration of brine in the pores increases. The 
pore brines are able to filtrate through ice. This 
property can be used to reduce the salinity of 
manufactured ice by draining the brine off into 
bore-wells or holes and then ptm1ping it out of an 
-ice mass. Drainage pipes from various systems can 
be used to increase the intensity of brine filtra
tion. 

The strength of the manufactured ice mass can be 
substantially increased by maintaining within it a 
lower temperature by means of artificial freezing 
as well. 

When constructing artificial bases in the arctic 
seas it js advisable to use ice combined with 
ground and other materials. Designs that allow for 
reliable construction of ice and frozen ground 
masses and that ensure thermal and mechanical 
stability are also quite promising. The theoreti
cal preconditions for the design of similar arti
ficial bases already exist. A USA patent for the 
construction of artificial ice islands in the open 
sea is also known {US Patent. 1973). There are, 
however, numerous unclarified points and problems 
related to construction technology that require 
additional study. Studies aimed at enhancing 
the ice formation process and at increasing ice 
mass strength; improvement in the methods used to 
freeze the grounds saturated with sea water in the 
foundation of ice masses; the elaboration of 
methods to protect ice masses and frozen grounds 
from thawing, wave destruction and ice movement, 
can be referred to as urgent scientific and trch
nological problems. 
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APPLICATION OF MICROWAVE ENERGY FOR ACCELERATING 
EXCAVATION IN FROZEN SOIL 

Yu. M. Misnyck~ O. B. Shonin, 1 N. I. Ryabets~ and V. S. Petrov2 

1Leningrad Mining In1titute, Leningrad, USSR 
2 North Mining Engineering Institute, Siberian Branch 

Academy of Sciences, Yakutsk, USSR 

The paper examines the heating of frozen ground by means of microwave energy in 
order to determine the most rational thawing regimes where frozen masses are being 
prepared for excavation by formation of local thawed zones or by thawing of a slope 
in layers. The derived equation of the advance of the thawing front created by the 
absorption of microwave energy by the roc~s as well as experimental data revealed 
that the main critical parameters for thawing frozen rocks by microwave energy are 
the depth of penetration of the electromagnetic field, the area of formation of a 
thawed zone at the surface through which the electro- and thermo-physical properties 
of the rock exerc an influence on the thawing, and the frequency and strength of 
the microwave energy flow. It was shown that when operating under optimal condi
tions, typical depths of microwave thawing, depending on the frequency and type of 
rock, are 0.1-0.6 m with a consumption of microwave energy of 20-30 kWh/m3. 

INTRODUCTION 

Unconsolidated frozen soils, particularly those 
containing coarse grained materials, are very dif
ficult to disintegrate because of their great 
strength and abrasiveness. Therefore in most cases, 
the excavation of frozen soil can be achieved only 
after their strength has been reduced. One method 
of preparing massive permafrost for excavation is 
by thawing. Traditional heating, however, is not 
sufficient for this purpose: it is time-cons\IDing 
due to low frozen soil heat conductivity and has 
negative effects caused by the heaters on the 
thermal regime of the excavation site. This 
explains the interest in the use of microwaves as 
an efficient thawing method. Such energy treatment 
of materials is already widely used in n\IDerous 
fields of science and technology for the enhance
ment of various processes. 

The use of microwave energy in the new area of 
permafrost thawing is based on the following 
features of the electromagnetic field interaction 
with frozen soils (Misnyck 1982): 

- inner massive heating due to the direct trans
formation of microwave energy into heat as a result 
of its absorption during polarization of the frozen 
soil in the electromagnetic field; 

- the limited impact of heat conductivity on the 
formation of a temperature field, as compared to 
the action of internal heat sources caused by the 
absorption of electromagnetic energy; 

- technologically acceptable, microwAve depend
ant, thawing depths of 0.1-0.6 m attained in the 
course of several minutes of microwave action, 
depending on frequency and flux density; 

- capability of highly efficient, non-contact 
transmission of microwave energy into the soil; 

These features together with the capacity for 
structural and electromagnetic compatibility of 
microwave technology with existing mining equipment 
indicate cases where microwave energy would be 
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effective. 
geological 
opening of 
etc. 

Examples are mining deep gravels, 
expli>ration, driving of prospect pits, 
damaged zones of underground networks, 

In all of the cases in which microwave tech
nology is to be used one must consider the optimum 
values of such characteristics as the depth of the 
thawed zone, the time of electromagnetic action and 
the energy efficiency. This paper addresses the 
results of experimental and theoretical study of 
these characteristics. 

THEORETICAL DEFINITION OF THE PATTERNS 
OF PHASE FRONT MOVEMENT 

Figure 1 shows a microwave device for thawing 
frozen soil consisting of a generator operating at 
one of the frequencies (2375, 915, 430 MHz) desig
nated for commercial application, a feeder, and a 
microwave irradiator which distributes the heat 
required in a stope. The mass permafrost to be 
excavated is prepared by forming local thawed zones 
in the mass in the form of thawed strips or by 
layered thawing of the entire stope. 

Without going into the details of any particular 
type of microwave irradiator, we shall examine the 
heating of a permafrost mass where a plane electro
magnetic wave strikes the surf ace in a normal 
fashion and where the energy's flux density S 
depends only on coordinate Z, counted at mass 
interior from its surface. This approximation is 
assumed because the absorption of electromagnetic 
energy takes place in the near-irradiator region 
in which the energy has not yet dissipated. 

Since we are interested primarily in phase front 
movements, and to a lesser degree in temperature 
distribution, we may limit the examination of 
Stephan's problem to the derivation of a rule for 
phase front movement based on the following consid
erations. 
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FIGURE 1 Diagram of microwave device for frozen 
soil thawing. 

Electrical properties of frozen and thawed soils 
differ enough to represent temperature-dependent 
changes of complex permittivity e - E.' - if;" by 
step function at T • O, averaging the value of E 
separately for temperature zones above and below 
zero. Typical values of the dielectric constant 
e' and the dielectric loss factor£". based on 2375 
MHz frequency measurements (Shonin and Sokolova 
1981), are E! • (3-7), E£ m (0,1-3) and Et• (10-
25), Et• (2-7), depending on soil type. Sub
scripts f and t refer to frozen and thawed states 
of soil, respectively. 

If a step approximation of E(T) is adopted, 
frozen soil occupying a half-space Z ~ O, may be 
considered in electromagnetic terms as a layered 
lossy dielectric medil.ID, in which the boundary 
between electrically contrasted media coincides 
with a moving phase front. 

As the period of oscillations is obviously much 
smaller than the time needed for thawed layer depth 
d to change markedly, the electromagnetic field 
distribution in the ground may be defined ass1.1ning 
the value of d to be constant. These assl.IDptions 
allow solution of the intensity of heat sources per 
unit of vol1.1ne q • -div S, where S is power flux 
density at observed point in frozen ground, using 
well known one-dimensional wave equation solution 
for stratified medium. Omitting intermediate 
transformations, we get 

q(z) • 2S0 /hf • N(d) exp (-2z/hf), dz :S 00 (1) 

where S0 is incident energy flux density, N(d) is 
penetration coefficient, taking into account the 
energy reflected from ground surf ace and energy 
absorbed in thawed layer. This coefficient is a 
complicated function of thawed layer depth d, 
complex permittivities Ef and Et• and wave length 
Ao· Note. that N(O) - 2m I (i + IEI> and N(d ... 00)• 
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0 is the depth of electromagnetic field penetration 
determined from relationship E(O)/E(h) • e, where 
E is electrical field intensity 

h • 'A 0 1F:' /TT E" (2) 

Experiments show that much less time is required 
for permafrost thawing by microwaves than by heat 
conductivity. Therefore we can ignore heat con
ductivity and derive the phase front movement 
equation ass1.1ning evident condition~energy absorb
ed at given point Z by the time t of phase front 
approach to this point to be equal Q - evlTil + q • 
where Cv• Ti• and qp are respectively heat capaci~y 
per unit vol1.1De, in~tial temperature, and phase 
transition energy per unit volume. This brings 
about the following equation (Nekrasov and Ricken
glass 197 3) • 

t 
1[exp(2d/hf)-l] • J N(d) dt 

1 

(3) 

where 1 is the time of surface layer thawing 

(4) 

After integro-differential transformations and a 
n1.1nber of algebraic manipulations the desired 
function d(t) can be found as (Rickenglass and 
Shonin 1980). 

d • 0.5htR.n[ 1+8(t/1- 1)] (5) 

where B • ht/ht. This expression helps to deter
mine the specific microwave energy consumption as 
a transmitted energy flux density per depth of 
thawed zone 

W(t) • St/0.5htR.n [l + 8(t/1- 1)] (6) 

Analysis of equation (6) allows examination of 
microwave thawing with minimal energy cons1.1Dption. 
If S is given, the parameters of such a regime may 
be derived from condition aw/at • O, which results 
in the following equation 

Btopt/1 
R.n[l + BCtopt/1- 1)] • --------

1 + B ( t t /1 - 1) op 

(7) 

Next, the value of dopt is easily defined from (5), 
where t m topt· 

The expressions derived above show that intro
ducing such characteristics of thawing as h and 1 
is better considered as space and time scales of 
the process studied, respectively. This dramatic
ally simplifies digesting phase front movement 
histories, and facilitates understanding the way 
in which microwave parameters S0 and 'A0 (just as 
permafrost electrical and thermal properties), 
depending in turn on soil types, moisture content, 
soil density, soil grain size etc., influence 
permafrost thawing. 

The developed theoretical model of permafrost 
heating promoted further experimental investigation 
of frozen soil thawing under microwave action. 
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EXPERIMENTAL DETERMINATION OF MICROWAVE 
PARAMETERS FOR THAWING FROZEN SOIL 

The initial experiments aimed at study of thawed 
zone formation depths employed blocks of artifici
ally frozen sand-clay, placed in a refrigerator 
chamber at temperatures of -10°C and -30°C. There 
were two soil types under study: sand-loam (mois
ture content w • 10%, soil density y • 1.55 g/cm', 
initial temperature Ti • -30°C) and sand (w • 5%, 
y - 1.4 g/cm', Ti - -10°c and -30°C). 

The radiator utilized had flanges, open ends, a 
rectangular waveguide with a cross sectional area 
of 9x4.5 cm2 and equipped with a dielectric 
quarter wave length plug. The waveguide output was 
controlled by means of a dissipative adjustable 
attenuator, while the power radiated was indicated 
by thermistors, installed in the ports of a 
bidirectional coupler. Power flow density 
radiated was 110, 40 and 16 W/cm2 at 2375 MHz 

·frequency. Frozen soil block dimensions were 
chosen (0.3x 0.3x 0.4 m') to simulate a semi
infinite dielectric half space so far as propaga
tion of electromagnetic waves was concerned. 

The time of surf ace layer thawing was determined 
as a time when surface temperature of the block at
tained zero. Thawed zone depth was measured along 
the waveguide axis where energy flow density was 
maximum and equal to 2P/a, where P is power trans
mitted into the trozen soil block and a is the 
cross sectional area of waveguide. 

When experimental verification of the theory was 
sought, analysis of the T vs Q/S experimental data 
linear function approximation, as seen from Figure 
2, proved to be valid. It should be noted that 
proportionality constants of both lines appeared 
to be equal to hf, as was predicted by expression 
(4). 

The relation between the depth d of thawed zone, 
obtained for different values of power flux density 
S, and normalized time of microwave action t/T is 
shown in Figure 3. Inspection of the plotted data 
indicates that. if the normalized variable t/T is 
used, the influence of S on d in this case vanishes. 
This makes the experimental data approximately the 
same as the theoretical curve (5). Comparison of 
theory and experiment revealed some scatter in the 
data of d vs t/T when ht • 19.5 cm and hi • 6.4 cm. 
Thus, the results justify the theoretica model of 
microwave heating of frozen soils developed above. 
In spite of a number of assumptions, this model 
represents microwave thawing histories correctly 
and may be rec<>11111ended for approximate calcula
tions of the process parameters. 
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The investigations of microwave thawing of perma
frost employed experimental microwave devices at 
2375 MHz and 915 MHz frequencies, providing an 
energy flux density at the i radiator center of 
4 • 10 and 23 • 10" W/m2 respectively. In the 
former case, a pyramidal horn with cross sectional 
area of aperture a • o._75 x 0.38 m2 was used, 
while in the latter E-sectorial horn with a • 0.5 
x 0.22 m2 was chosen. 

There were two soil types covered. The first 
one heated at 2375 Milz was coarse-grained soil
pebbles ce11ented by clay 50-60% filling (Ti • 
-6°C, ~ • 9-10%, y • 1.9 tn/m3, Cv • 0.7~0.8 
KJ/m' • °C) and the second one heated at 915 MHz 
was represented by the sand of active layer in 
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FIGURE 2 Influence of microwave energy flux den
sity S and energy of phase transition Q on the time 
T of surface layer thawing. 
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FIGURE 3 Dependence of thawed zone depth d on 
normalized time t/T of microwave action. 

Yakutsk region (Ti • -7°C, w • 12-14%, y • 1.6 
tn/m', Cv • 1. 2 KJ/m' • °C). 

Figure 4 illustrating the dynamics of permafrost 
thawing shows that both curves change most rapidly 
from T (40s - curve 1 and 50s - curve 2) until t • 
(4-5)T. During microwave action the depth of the 
thawed zone reaches 0.28-0.32 mat 915 MHz and 
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FIGURE 4 Dynamics of permafrost thawing by micro
waves at 915 MHz (curve 1, sand) and 2375 MHz 
(curve 2, coarse grained soil). 

0.07-0.08 m at 2375 MHz. Further microwave 
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treatment of the massive permafrost slows down the 
rate of phase front movement. This is caused by 
attenuation of the electromagnetic wave propagating 
through the thawed layer. 

Figure 5 indicates that during thawing, micro
wave energy consumption per unit of volume W changes 
so that the curves W(t) have minimums. This fact 
is of practical interest because it promotes thaw
~ng with maximum productivity. The experimental 
data indicate that such a regime for heating frozen 
sand at 915 MHz is realized when dopt • 0.27-0.28 
m, Stopt m (2.5-2.8) • 104 kJ/m2 and W • 105 kJ/m' 
or 30 Wh/~3. 

If inner heat sources are distributed uniformly 
in the ground, the energy consumption for its thaw
ing is O. 75 • 105 kJ/m'. Comparing this value to 
that obtained above, we see that the coefficient of 
microwave power utilization is rather high and 
equal to 75%. 

Similar parameters of coarse grained soil thaw
ing at 2375 MHz may be defined a1 dopt • 0.06-0.07 
m, Stopt .. (0.5-0.55) • 104 kJ/m2 and W • O. 7 • 105 

kJ/m3 or 20 kWh/m3• 
The energy consumption listed above was deter

mined taking into account radiated microwave power 
only. If the generation losses of 3o-40% are 
considered the actual value of this parameter 
increases 1.4-1.7 times. 

The curves of Figure 5 indicate that microwave 
energy consumption decreases when moisture content 
or, what amounts to the same thing, phase transi
tion energy diminishes. That is why it is especi
ally promising to use microwave thawing of perma
frost in coarse grained frozen soils. 

w. 
.Y..1o5 ., 

1,5 

1,0 

0,5 

0 100 200 t,• 

FIGURE 5 Variations in microwave power consumption 
W with time of electromagnetic action: 1 - sand, 
heated at 915 MHz, 2 - coarse grained soil, heated 
at 2375 tDlz. 

According to equations (2) and (5) as well as 
experimental data (Figure 4), the depth of thawing 
increases when frequency decreases. Therefore, the 
estimation of parameters of thawing at 430 MHz is 
especially interesting. New values of d, may be 
defined based upon experimental data d1 and d2 
obtained at 2375 and 915 MHz respectively, if the 
electrical properties of soils are assumed to be 
frequency independent, and it is required that 
t/t be constant at every frequency covered. Using 
expressions (2), (4), and (5) this produces 

(8) 

where subscripts m, n • 1, 2, 3 refer to wave
lengths 12.6, 33, and 70 cm, which correspond to 
frequencies 2375, 915 and 430 MHz respectively. 
Formula (8) gives values of optimum depths of 
thawing at 430 MHz as follows: 0.55-0.6 m for 
frozen sand and 0.35-0.40 m for coarse-grained 
soil. The depth limits of thawing restricted by 
slowing down of phase front movement may be esti
mated as 0.6-0.7 and 0.40-0.45 m respectively. 
Permafrost thawing to greater depths should be 
performed layer-by-layer. 

Note that, to secure a permanent rate of thawing 
independent of frequencies used, the characteris
tics of microwave power action should satisfy the 
following condition ~Sn/>-nsm • const. Energy 
consumption in this case, as it is seen from 
equation (6), does not change. 

In conclusion, these results may serve as a basis 
for the rational use of microwave energy in various 
technical applications related to permafrost. 
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CRYOGEOTHERMAL PROBLEMS IN THE STUDY OF THE ARCTIC OCEAN 

Ya. V. Neizvestnov, V.A. Soloviev, and G.D. Ginsburg 

All-Union Institute of Mineral Resources of the World Ocean 
Leningrad, USSR 

One of the most notable geological-geophysical features of the Arctic Ocean is the 
presence in any sea-bed section of a cryolithozone, involving frozen sediments and 
ground ice. The stages of its evolution in shelf areas correspond to cyclic regres
sions and transgressions in the Polar Arctic Basin. This involves an oscillation 
from unfrozen submarine sediments through a newly formed submarine frozen zone to a 
frozen terrestrial zone, and then back through a relic submarine frozen zone to an 
unfrozen submarine zone. Sedimentation on the sea bed on the shelf is closely related 
to the evolution of the cryolithozone. Widespread occurrence of ice-rich lacustrine
alluvial deposits on the Arctic shelf in the Late Pleistocene is inferred on the basis 
of peculiarities of sedimentogenesis in the course of thermal abrasion of the sediments 
during the transgressive phase of development of the Arctic Basin. Submarine litho
genesis is accompanied by unique changes in the fluid phase, viz., salinization of 
pore water and the formation of gas hydrates. It is possible to outline possible gas 
hydrate-bearing areas on the basis of cryogeothermal reconstructions. Submarine 
permafrost also dictates a number of peculiarities in the geophysical fields, especially 
the mobility of the thermal fields; this is extremely critical in the case of forma
tion and degradation of the frozen and/or gas hydrate-bearing strata. 

The cryolithozone is the most distinctive and 
characteristic geologic-geophysical feature of the 
Arctic Ocean area. This paper deals mainly with 
cryogeothermal aspects related to paleo-geography, 
polar lithogenesis, and changes in the fluid phase 
of rocks and bottom sediments, in particular, gas 
hydrate formation, peculiarity of geophysical field 
is discussed as well. 

A cryolithozone, submarine inclusive, may be 
determined as a part of the lithos\9here within the 
negative temperature belt. Physically, it may be 
frozen (ice-bearing, in particular ice-bonded) and 
unfrozen (saturated by negative temperature saline 
waters-cryopegs). To distinguish types of submar
ine cryogeothermal environments it is.reasonable to 
take into account a thermic field pattern, which 
can be stationary and nonstationary. The nonsta
tionary state is typical of the submarine frozen 
cryolithozone (frozen zone, for short) both for the 
aggradation during the formation and the degrada
tion of relic frozen ground. 

Conditions favorable for deep freezing and 
frozen zone formation on land in the northern polar 
area seem to have existed during the entire Late 
Cenozoic since the Eopleistocene. Within the 
present shelf area, freezing could take place only 
during subaerial stages, though it may start even 
under subaqueous conditions when the water depth 
does not exceed the ice thickness. A transition 
of the frozen zone, formed under subaerial condi
tions, into the subaqueous position is accompanied 
by abrasion and thermal abrasion of the frozen 
ground. Thus the evolution of the shelf cryolitho
zone is subject both to subaerial and subaqueous 
conditions and by the change of environments. 

Two final stages--Late Pleistocene (pre-Holocene) 
regressions and the last Late Pleistocene-Holocene 
transgression--affected most of the present sub-
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marine frozen zone. The first stage favored deep 
freezing of much of the shelf, at the present 
approximately 110 m isobath. In the eastern 
Eurasian shelf, over a vast area adjacent to the 
New Siberian Islands, off the southern Laptev Sea, 
and the southwestern East Siberian Sea, there was 
a concurrent freezing sedimentation and the forma
tion of thick syngenetic polygonal wedge ice. The 
present subaqueous frozen rocks outside the 
littoral zone are mainly relics of that time. 

During the last transgression, which began 18-
19,000 yr B.P., the frozen zone was not completely 
degraded and it fell within the subaqueous envir
onment. This stage was marked by thermal abrasion 
that resulted in the reworking of older rocks that 
were different in genesis and age. The heavily 
iced syngenetically frozen deposits from the Upper 
Pleistocene were then thermally abraded for the 
entire thickness. Thermal abrasion was strongest 
on the eastern Eurasian Arctic (Are, 1980) and 
Beaufort Sea shelves. 

The above two stages of cryolithozone evolution 
are based on nimaerous datings of the sea level in 
various tectonically stable regions of the world 
ocean over the last 30,000 yr (Curray, 1961, and 
others) including the Laptev Sea Shelf (Holmes and 
Creager, 1974). The average curve plotted using 
these data (Figure 1) is free of a tectonic con
stituent and hence reflects actual eustatic changes 
(the nature of which can be hydrocratic, particu
larly glacioeustatic and geocratic). The eustatic 
changes were a global factor that determined the 
cyclic development of the shelf cryolithozone. In 
certain cases the change of subaqueous and sub
aerial regimes is independent of eustatic changes, 
though against their background. Local coastline 
displacements now taking place in some areas off 
the Arctic Ocean are mainly locally controlled and 
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FIGURE 1 Averaged curve of eustatic sea level 
fluctuations during the past 30,000 years. 
a) changes in level; b) deviation from the mean; 
c) n\IDber of individual curves used; d) rate of 
eustatic change in sea level. 
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are due to recent tectonic and, in particular, 
glacioisostatic movements of the Earth's crust. In 
such cases regime changes are oscillatory in nature, 
like the eustatic sea-level changes. 

Thus, cyclic regressions and transgressions in 
the northern Polar Basin during the Late Pleisto
cene-Holocene were due to eustatic changes in the 
shelf cryolithozone of the World Ocean. During the 
regressive stage (28,000 to 18,500 B.P. for the 
Arctic shelf as a whole), the cryolithozone succes
sively evolved from a submarine unfrozen zone 
through a submarine newly frozen zone to a contin
ental frozen zone. The transgressive stage (18,500 
B.P. to the present) shows the evolution of the 
cryolithozone from a continental frozen zone 
through a relic submarine frozen zone to a submar
ine unfrozen cryolithozone. A similar sequence may 
be established for any particular region where the 
coastline migration and related environmental 
changes were due to recent tectonic movements . The 
relationship between a stage of cryolithozone 
development and transgressive-regressive cycles may 
be used to describe both direct (extent of perma
frost zone assessed using paleogeographic data) and 
inverse geocryology problems. 

The authors have solved one such problem. An 
area of probable lacustro-alluvial Late Pleistocene 
deposits with high ice content and thick syngenetic 
polygonal wedge ice was mapped on the recent shelf 
(Figure 2). On land these deposits are known as 
"edoma"; they are co11111on on the maritime lowlands 
of Yakutia and the New Siberian Islands. Such 
deposits with high ice content seem to be intensely 
thermally abraded during marine transgression. If 
a normal marine basin is defined by a stastistical 
relationship between its depth, the distance from 
the coast, and the particle size distribution of 
the bottom sediments (Richter, 1965), then in this 
case it does not exist. The reconstructions are 
based on these assUDptions (Soloviev, 1978). 

The coefficient of relative clay content Y 

FIGURE 2 Position of Late-Pleistocene coastline on the Laptev and East Siberian shelves. Hatched area 
represents land area within which a complex of ice-rich deposits developed. 
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FIGURE 3 Some variants {I-III as explained in the text) in the development of relict submarine perma
frost depending upon hydrodynamic conditions. 1 - sea water; 2 - unconsolidated deposits; 3 - vector of 
sediment accumulation; 4 - vector of erosion; 5 - unfrozen sediments; 6 - boundarJ" of the frozen zone. 

s1 and s2 - salinities of sea water and pore water respectively {S1 > Sz); T1 and Tf - temperatures 
of phase change in sea water and pore water respectively; A - thermal conductivity of deposits {A< Az). 

{Richter, 1965) was used as an index of the par
ticle size distribution of the bottom sediments. 
On the Laptev and East Siberian Sea shelves more 
than 1200 determinations were made for y and H 
{water depth), resulting in two sets of data that 
are reliably geographically linked. One set of 
data is characterized by a statistically signifi
cant {at 0.05 significance level) y-to-H relation 
and is restricted to shelf areas where Late 
Pleistocene-Holocene transgression has not been 
followed by some specific processes. There is no 
y-to-H relation at the same significance level for 
the other set of data. In our op1n1on, this is due 
to the fact that, at the final stage of transgres
sion, intense thermal abrasion strongly affects 
"edoma"-type deposits with high ice content {volu
metric ice content of 80-90%). 

A sequence about 40 m thick was reworked by 
thermal abrasion to form a section of Holocene 
sediments several meters thick; they are nonuni
formly distributed over the leveled sea floor. 
Mean values for the coefficient of relative clay 
content of these sediments and of Upper Pleistocene 
ice-containing deposits from the New Siberian 
Islands at the 0.01 significance level do not 
differ, supporting their coamon genesis. 

The data for the southeastern Beaufort Sea 
obtained from 244 stations {Pelletier, 1975) 
reveals two similar sets of data. The absence of 
the y-to-H relation shows, in particular, in a large 
area north of Tuktoyaktuk Peninsula, stretching 
west-east approximately for 250 km and 100 km 
south-north. It is considered a Pleistocene land 
that was transformed into subaqueous state during 
the Holocene transgression. This conclusion is 

supported by the presence of ntmierous submarine 
pingo-like-features {O'Connor, 1980) whose extent 
is confined to the region discussed. 

A Late Pleistocene paleoland recognized on the 
Laptev, East Siberian, and Beaufort Sea shelves 
may be important to forecast the extent of a sub
marine relic frozen zone. It is there that frozen 
rock may occur; this is confirmed by drilling data 
for offshore areas of the New Siberian Islands and 
the Beaufort Sea shelf. Recently vanished due to 
thermal abrasion, Semenov, Vasiliev, Diomid, and 
other islands {Gakkel, 1958; Grigorov, 1946) also 
occupied the above areas of the East Arctic shelf 
of the USSR. Though it is quite improbable, some 
thin relics of frozen rocks may occur within the 
area delimited by the llo-m isobath. 

The data available for the Beaufort {Sellman and 
Chamberlain, 1979), Laptev, and East Siberian Sea 
shelves suggest that there is no regular relation
ship between the depth to the top of subaqueous 
frozen rocks and the distance from the coast. The 
development of a relic submarine frozen zone and 
in particular the depth of occurrence seem to be 
controlled mainly by the hydrodynamic environment. 
Figure 3 shows some evolutionary patterns of a sub
marine frozen zone in shelf areas with negative 
bottom temperature. 

When the thickness of a relic frozen zone is 
determined by the mean annual bo.ttom temperature 
and the sub-bottom geothermal gradient while bottom 
sediment erosion is compensated for by sedimenta
tion, we have a situation that corresponds to a 
quasi-stationary condition. In this case thawing 
from below ceases, but the upper part of a frozen 
sequence may deteriorate {thaw) for some depth 
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owing to marine water salt diffusion. In such a 
state, neither temperature nor hydrodynamic con
ditions change (Figure 3-I). The top of frozen 
rocks may lie just near the bottom, as in the 
Dmitriy Laptev Strait and the Ebelyakh Bay (south
eastern Laptev Sea) areas. 

On the shelf, where sedimentation is intense 
(Figure 3-II) a stratum saturated by saline water 
is formed above a frozen zone. The negative temp
erature area shifts up the section with deposition 
and the frozen rocks thaw from below (Figure 3-IIb). 
This may well be the case for Gedenstrom Bay (New 
Siberian Islands) where at a water depth of 4 m the 
top of the frozen rock is exposed at a depth of 9 
to 24 m. The process discussed can result in a 
completed degradation of the frozen zone and the 
formation of an unfrozen cryolithozone (Figure 
3-Ilc), such as in the Sannikov Strait (New 
Siberian Islands). 

Continuous erosion of the bottom underlain by 
frozen rocks (Figure 3-III) can also occur. While 
its thickness remains constant, the top of the 
frozen zone moves down the section (Figure 3-Illb). 
If the thermal conductivity of the underlying 
deposits is higher than that of the original (over
lying) frozen rocks, then the thickness of the 
submarine frozen zone may increase (Figure 3-IIIc). 
Thia may occur in areas of present submarine up-
1 if ts at a water depth of 100 m, which were 
situated on land at the end of the Late Pleistocene 
due to the eustatic drop in the sea level. In 
areas of recent subsidence an intense sedimentation 
and, under certain conditions, complete degradation 
of a submarine relic frozen zone may occur. 

The submarine cryolithogenesis is followed by a 
peculiar change of the fluid phase, both pore waters 
and gases. 

The evolution of pore water similar in composi
tion to marine water starts on the seafloor by 
shallowing to a depth of 2 to 5 m when fast ice is 
on the bottom most of the year and at temperatures 
on the freezing front below -1 or -2°C. Under 
lagoonal conditions, freezing may begin with the 
presence of a water layer under the ice. In this 
case, freezing increases marine water salinity to 
60-80 g/kg and more, and the temperature of freez
ing brine drops to -4 or -5°C. 

The freezing of deposits saturated by salt water 
is accompanied by the crystallization of ice and 
calcite. The average content of calcite in ice 
formed by freezing of normal marine water amounts 
to 0.09 g/kg (Gitterman, 1937). At a freezing 
temperature lower than -7.8 to -8.2°C, mirabilite 
begins to crystallize. The content of mirabilite 
in ice under these conditions may reach 6.3 g/kg. 
At a freezing temperature below -23°C, hydrohalite 
crystals are liberated from the liquid phase; their 
content in ice-cement may exceed 20-30 g/kg. 

The water that saturates rocks is separated into 
solid ice, ice left in the frozen zone, and freezing 
brines. The total salt content of the brines at 
equilibrium with frozen rocks gradually changes 
from 35-40 g/kg at -2°C to 115 g/kg at -7.6°C, and 
reaches 230 g/kg at -22.5°C (Gitterman, 1937). 

A composition of relic freezing brines and min
erals may be used to infer freezing paleotempera
tures. For instance, at the transgressive stage of 
the Polar Basin development, when a frozen zone 
degrades, the ice thaws, and the salts that were 
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FIGURE 4 Conditions for the existence of methane 
hydrates at the bottom of the arctic seas. N • 
sea depth; t • sea bed temperature. 

crystallized in freezing, being the most resistant, 
may be preserved in unfrozen rocks. 

The formation of gas-hydrate bearing rocks and 
sediments holds a unique position in submarine 
cryolithogenesis. It may be stated that the 
process of gas hydrate formation in the earth's 
interior along with PT-conditions is determined by 
sufficient amounts of gas and water, their composi
tion and genesis, mineral composition, the structure 
and texture of rocks and sediments, the presence of 
organic matter, and a mechanism that occurs when 
gas and water molecules are brought into contact. 
The influence of the above factors has not been 
studied in detail, though it is quite evident that 
they impede gas hydrate formation in the rocks 
(Ginsburg, 1969). 

To formulate a problem to assess the possible 
existence of gas hydrates in off shore arctic seas 
it is reasonable to use an equilibrium curve for 
the methane + 3.5% sodiUlll salt solution in PT
coordinates. One should take into account that when 
true PT conditions comply with the field of methane 
hydrate stability in the above system, hydrates 
might not exist at all. 

Calculations show that areas of probable methane 
hydrate stability in the Arctic are situated where 
the total thickness of the cryolithozone and the 
seawater layer exceed 250-300 m (Figure 4). Hence, 
a discontinuous distribution of these areas may be 
inferred for the Arctic shelf. 

The cryolithozone (primarily the frozen zone) 
defines some peculiarities of the geophysical 
fields of arctic offshore areas, i.e. abnormally 
high velocity for small depths and abnormally low 
velocity for the electric conductivity of sub-
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bottom deposits; probable gravity anomalies related 
to ice content; and the generation of natural 
electric fields due to phase transitions at the 
frozen rock/salt water interface. 

The similar physical properties of gaa-hydrate 
bearing and frozen deposits result in tmambiguous 
interpretation of geophysical data. In debatable 
cases, the absence of frozen grotmd at a water 
depth of more than 100-110 m and of hydrate-bearing 
deposits when the net sequence of the cryolithozone 
and water body are at less than 250-300 m are help
ful for interpretation. 

The most important geophysical feature of the 
Arctic Ocean is a clearcut instability of the 
thermal field. This is most evident in shelf areas 
where a frozen zone is present. As noted above, 
the present 100-110 m isobath outlines areas where 
a frozen zone was widely (almost ubiquitously) 
developed during the Late Pleistocene. Heat flow 
measurements obtained for the bottom sediments in 
auch regions cannot be used to describe geothermal 
conditions at depth. In this case measurements 
should be made in boreholes whose depths well 
exceed the maximum paleothickness of the frozen 
zone. The paleothickness may be within a 500-m 
range depending on the water depth and the distance 
from the coast. Such specific recommendations 
cannot be given at the present state of knowledge 
for the shelf areas beyond the 110 m isobath. 

The thermal non-stationarity of deep-sea rocks 
is inferred from the thermal structure of the water 
body. It is characterized by negative-temperature 
bottom water (ocean cryopegs) separated from cold 
surface water by a layer of relatively warm (posi
tive temperature inclusive) Atlantic waters. The 
ocean cryopegs are tmderlain by the tmfrozen sub
marine cryolithozone. There are two alternative 
viewpoints on the nature of the ocean bottom 
cryopegs. This water body is considered to be 
either a relic of the glacial epoch (Neizvestnov, 
1970) or a result of present-day shallow water 
discharge. If the former case, the bottom 
waters and underlying sediments are now being 
warmed, and if the latter, they are being cooled. 
Hence, the representativeness of heat flow measure
ments in Arctic Ocean bottom sediments is to be 
judged with due regard for heat balance. 

When deep-water heat flow measurements in the 
inner ocean area, including the continental slopes, 
are analyzed, one should take into account the 
oceanic gas-hydrate formation, i.e. the latent heat 
of a gas ~ hydrate phase transition may become an 
additional and important fact resulting in a non
stationary heat field. In addition, the thermal 
conductivity of gas-hydrate bearing deposits differs 
from that of water-saturated sediments. The 
possible presence of gas hydrates should be taken 
into consideration, however, not only in studies 
of the Arctic Ocean but of the other oceans as well. 

The cryogeothermal study of the Arctic Ocean is 
a separate scientific problem. At the same time, 
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the authors have tried to show that these studies 
are closely connected with those of the Late 
Cenozoic paleogeography and the present thermal 
state of the Arctic Ocean. Most of the problems 
have not yet been fully aolved. Problems to be 
solved in the near future are: assessment of the 
extent of the submarine relic frozen zone on the 
arctic shelf, mapping it, and determining to what 
degree the sub-bottom deposit heat field is non
stationary in various parts of the Arctic Ocean. 
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INVESTIGATIONS INTO THE COMPACTION OF THAWING EARTH MATERIALS 

G. M. Pakhomova 

Design and Research Institute for Industrial Enterprises 
Eastern Baikal Division, Yakutsk, USSR 

The author has developed a method for solving one- and two-dimensional problems con
cerning the compaction of thawing earth materials. The method was used to investigate 
the impact of the thawing regime, the depth of the layer being thawed, and its 
compaction properties on trends in the process of compaction of the thawing material. 
The results achieved are presented as nomograms which allow one to predict the degree 
of compaction of various types of thawing and recently thawed materials at any point 
beneath the foundations of buildings or structures at a given point in time. They 
may be used to resolve specific practical problems in location and design. 

Field data on buildings and structures on frozen 
soil show that their stability and strength are 
significantly influenced by the character of thaw 
settlement (consolidation) over time. 

In this connection, a thorough understanding of 
the settlement of thawing soil over time is essen
tial to determining design requirements that ensure 
the operational reliability of buildings and struc
tures built according to the second principle on 
foundations in permafrost. 

Analysis of the research available on thawing 
soil strain (Zhukov, 1958; Vyalov, 1981) shows that 
this is a complicated process dependent on a number 
of factors, such as soil type, soil consolidation 
properties, thawing conditions, and thickness of 
the thawing layer. 

The influence of the factors is difficult to 
quantify due in part to the labour-consuming char
acter, high cost, and long duration of the experi
ments and in part to the mathematical difficulties 
(Tsytovich, 1966). 

The results of research on thawing soil consoli
dation by hydroanalogy made by this author under 
Prof. S. S. Vyalov are presented in this paper. 

The hydroanalogy method allows a wide range of 
calculations, to account for the nonlinearity of 
the physical parameters and to get a visual picture 
of the consolidation process according to the 
factors outlined above. 

The pattern of the compaction (consolidation) of 
thawing soil over time is defined by the laws of 
thawing and compaction (Vyalov, 1981; Malyshev, 
1966). There is a comprehensive analogy between 
these processes and the process of water movement 
in the hydrointegrator (Lukyanov, 1947) because 
they are mathematically described by the same type 
of equations. 

~ • .:.- ca:-> + J-y<~y) + 4-zccJ-z> 
dT OX dX OV a OZ dZ 

(1) 

where T is a function; x,y, z, and T are independent 
variables (coordinates, time); and e, a, b, and c 
are physical characteristics of the medium. 

To solve the problem of thawing soil compaction 
over time, it is necessary to solve two successive 
tasks: 
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- the change of depth of thawing over time (the 
thermal physical task), 

- the pore pressure change over time (the 
consolidative task. 

The result of the first task, whose method of 
solution is described by Golovko (1958), Porkhaev 
(1970), and others, is the boundary condition for 
the solution of the second task. To solve the 
compaction problem, the boundary conditions of the 
region under investigation are defined taking into 
account the results of the thermal physical task 
solution. The region under investigation is divided 
into blocks: the blocks are smallest in the region 
of the most intensive compaction (near to the fil
tering boundary with z-0 coordinate). Block 
volumes and resistivities between their centers 
have been calculated by the formula: 

C. k • ao • V. k • ao • 11,k • F. k (2) 
1 • i,k 1 • i,k 1 • 

where Ci,k -
a -

0 1,k 

Fi,k -
Ri,k -

block volume i, k; 
compressibility coefficient of the 
blocks of the region 
i, k under investigations; 
block cross-section; 
resistivity betiieen centres of the 
blocks; 
block thickness; 
block filtration coefficient. 

Then the scaling correlation between the block 
volumes and the cross-section of the hydrointegra
tor pipes !fc, and between the block centre resis
tivities and the hydrogenerator hydraulic resistivi
ties ~'it are determined. 

Mc • C/w 

MR • R/p 

where Mc - the scale volume; 
C - the block volume; 

(4) 

(5) 
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w - vol\llle of the hydrointegrator; 
Ma - the scale of resistivities; 

R - the resistivity between block centres; 
p - hydraulic resistivity between hydro

integrator pipes; 

Time scale Kr and height scale Mti have been com
puted on the basis of the scale correlations: 

(6) 

(7) 

where U is the pore pressure in the blocks of the 
region under investigation; and 

hr is the water level in the hydrointegrator 
piesometric tubes. 

The working scheme of the hydromodel is composed 
and solved on the hydrointegrator using devices 
that provide the necessary boundary conditions, 
which in turn provide the only solution. 

When the assembly is finished and the necessary 
boundary conditions have been established, compu
tation can begin. The hydromodel's elements 
(hydrovol\llle w, hydraulic resistivities) are incor
porated into the operation in time increments 
determined by the thermal task solution. Before 
each successive block connection, the hydrointeg
rator is switched off and water level readings in 
the piezometric pipes are noted. At the moment of 
complete pore pressure dissipation, when the water 
level in the piezometric tubes is equal or near to 
zero, the hydrointegrator is switched off. The 
complete dissipation criterion is that the water 
level change in the piezometers over a simulated 
10-year time period does not exceed 0.1 cm with 
the time scale taken into account. 

The computation results are processed by 
(Lukyanov, 1974): 

n 
sTP • l (hr - h )1 a 

0 r,T i,k oi,k 
(8) 

where: S~ - thawing soil compaction settlement at 
a given point in time; 

hr, hr,T - water level in the hydrointegrator 
piezometric pipes, initial and at a 
given point in time; 

1 ; a - same as in equations 2 and 3. i,k oi,k 

Thawing soil consolidation has been investigated 
using the hydrointegrator, which might be applied 
to the next three cases: 

Case 1 - permafrost thawing during construction; 
Case 2 - permafrost thawing at the full depth of 

the pres\llled thaw zone, when the thaw
ing soil layer is underlain by low com
pressed bedrock. 

Case 3 - partial permafrost thawing before begin
ning of construction with subsequent 
thawing assumed during the period of 
exploitation. 

For all this, the series of tasks with changing 
parameters of the factors outlined above has been 
solved in order to define the consolidation process. 

On the basis of the interpretation of the solu
tion, the relationship of consolidation extent 
(Sf /sP) of thawing soil to the rate of its thawing 
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and compaction (S/a) (Figure 1) has been obtained. 
Visual support of this proposition is given in 
Tsytovich et al. (1966). 

When the process is one-dimensional, the change 
over time in the depth of thaw and the thawing soil 
compaction S~ might be determined by equations 9 
and 10: 

0 ao2 Q04 0.06 

FIGURE 1 Dependence S~/sP from B/a. For 
thawing soil by different values P; h 
1, 2, 3 - P • (0.05 + P0 ); (0.2 + P0 ) MPa; 
P0 - dead weight of the thawing soil; 
P • 0.05; O.l; 0.2 MPa - compression pres
sure; a, b, c, - hT._ • 6, 10, 20 m. 

(9) 
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FIGURE 2 a) Relationship s¥tsP from <;, 
1, 2, 3, 4 - h • 2, 6, 10, 20 m; 
b) Dependence of the settlement stabili
zation time upon preliminary thawed soil -
Cy; 1, 2, 3 - P • 0.05; 0.1; 0.2 HPa; 
a, b, c - hT•• • 6, 10, 20 m. 

sP - sir 
T 

where hT - depth of thawing at a given point in 
time; 

a - parameter of thaw rate/thermal coef
ficient; 

sP - the same as in eq. 8; 
~ - parameter of compaction rate; 
T - time; 

(lO) 
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FIGURE 3 Nomogram to establish optimal 
depth of thawing before the beginning of 
construction. a, b, c - h • (0.05; 0.8) 
hT._; 1, 2, 3 - P • 0.05; 0.1; 0.2 Hl'a. 

Dividing both parts of eq. 10 into (SP • a h P) 
one obtains an analytical expression for the 0 T•• 

evaluation of the degree of thawing soil consoli
dation at the moment of thaw completion: 

sP /SP • BIT I a Ph 
T O 

(11) 

where sP - stabilized settlement of compaction at 
the moment T'"""'; 

h - depth of thawing at the moment of time 
T_, 

a0 - the same as in eqs. 2, 3, and 8; 
p - pressure under which soil is thawing. 
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It has been stated that when (S/a pa) ! 1 
(Golovko, 1958), soil compaction has0 been com
pleted during the process of thawing, but when 
S/a pa< 1 (Porkhaev, 1970), thawing soil compac
tiog has continued to develop after thawing com
pletion. 

Data computations on hydrointegrator have 
identified the dependencies of the consolidation of 
the preliminary thawed soil layer 50 years after 
construction upon the pressure value, layer thick
ness, and the soil's consolidation characteristics 
(Figure 2a,b). 

It is evident that the consolidation time varies 
over a wide range (from a month to hundreds and 
thousands of years), and at small values of Cy, 
the degree of soil consolidation over a period of 
50 years is 30-50% of the stabilized settlement SP. 
Not only the finite stabilized settlement of the 
foundation bed, but also the settlement correspond
ing to moment T can be taken into account. For the 
computed curve of consolidation of the preliminary 
thawed layer, dependence s~ - a.r.r- is valid within 
the limits of sf /sP • 0.8-0.9. 

The nomogram has been compiled on the basis of 
the task solutions. It is used to select the opti
mal depth of the preliminary thawed layer according 
to the value of its strain characteristics (A ,a ) 
(Figure 3). The nomogram is compiled for the0~i
mum depth of thawing (h • 20 m) under mean permis
sible settlement (S • 0.15 m) for 

a) h/hT...., • 0; 

c) h/hT_, • 0.8 

b) h/hT_, • 0.5 
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The nomogram allows the depth of the preliminar
ily thawed layer h relative to the depth of the thaw 
zone hT.., to be established without additional 
computations. The hydroanalogy metho·d gives a pre
cise solution. 

The investigations lead to the following con
clusions: 

l. The hydroanalogy method gives a satisfactory 
solution. 

2. Developed techniques for calculating settle
ment and the solutions obtained may be used to 
solve practical problems of construction on perma
frost. 
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THE THERMAL REGIME OF THERHOKARST LAKES 
IN CENTRAL YAKUTIA 

A. V. Pavlov and F. E. Are 

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

Annual values of the components of the heat balance of the surfaces of thermokarst lakes 
and of land areas in the taiga zone of Eastern Siberia were obtained. The radiation 
balance and the effective radiation were higher in the case of the lake surface than 
from a meadow surface; the evaporation from the water surface, totalling 500 m, was 
twice as high as the precipitation and 1.8-2.4 times higher than from the soil surface 
in meadows. In contrast to the situation on land, turbulent heat exchange over the 
lakes was positive in winter and negative in suamer. All components of the heat balance 
increased with lake depth. The mean annual temperature on the lake surface was 4-6°C 
higher than that on land. Freeze-up occurred at a water temperature of l.5-4°C. In 
springtime under-ice warming of the water resulted in temperatures of 10°C and melting 
of the ice from below amounted to 35-45% of the total melting. In summertime the 
surface water warms up to 25-30°C. Mean annual temperatures of the lake bed are 
positive throughout the entire water area. The maxim11n warming effect on the bottom 
materials is produced by a water layer 1-1.5 min depth. In the central areas of large 
lakes the annual heat absorption by the bottom is equal to the heat loss but exceeds 
it as one approaches the shore. 

Investigations of the thermal regime of lakes, 
needed in the study of thermokarst processes, were 
placed on a broad footing by Soviet permafrost 
researchers in the 1960's (Dostovalov, Kudryavtsev 
1967; Gavrilova 1969, 1973; Tomirdiano 1965, 1972; 
Are and Tolstyakov 1969; Are 1972; Are 1974), but 
the observations gathered were not comprehensive 
enough and usually did not cover the annual cycle 
of variation of the parameters under study. An 
experimental study of all components of the thermal 
balance within an annual cycle was first carried 
out under the leadership of these authors during 
1973-1977 on Syrdakh Lake, a large thenmnokarst lake 
measuring 2 x 1 km and up to 12 m deep. In addition 
to studying the thermal regime of the lake itself, 
great attention was given to actinometric and 
meteorological observations because the energy 
circulation within lakes is mainly due to heat 
exchange through the surf ace and is therefore 
closely related to atmospheric processes. The 
observations were made at the center of the lake 
and at varied distances from its shore as well as 
on land in a larch-type forest and in open meadow 
areas. The methodology of these observations has 
been described in several publications (Are 1974; 
Pavlov 1975, 1979; Pavlov and Prokopiev 1978; 
Tishin 1980; Pavlov and Tishin 1981). 

The observational data acquired on Syrdakh Lake 
permit the generalization of the available data set 
to the thermal regime of thermokarst lakes of 
Central Yakutia. These lakes occur within hollow
shaped depressions with steep sides and compara
tively flat bottoms. In some cases the hollows are 
as deep as 40 m but their depth mostly varies with
in 5-7 m. They are normally surrounded by woodland 
with trees from 5 to 10 m tall. Depending on the 
stage of development, the lakes occupy a larger or 
a smaller part of the hollow bottom. They are 
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mostly oval-shaped and measure up to several kilo
meters across but most measure from several tens to 
several hundreds of meters. The depth of some 
lakes reaches 10-15 m but most do not exceed 3 m. 
There are n11Derous lakes only 0.3-0.5 m deep with 
an extensive water surface. They usually have a 
flat bottom covered with silt. 

The climate of Central Yakutia is strongly con
tinental. It is notable for a rapid change of 
seasons, large diurnal oscillations of climatic 
elements, and a hot summer with high insolation 
and gentle breezes. The ice-free period lasts 
4-4.5 months. 

Central Yakutia is situated within the continu
ous permafrost zone with a maximum permafrost depth 
of 450 m. Weak winds, shores overgrown with forest 
and steep and relatively lofty shore ledges greatly 
diminish frictional stirring of lake water. The 
high insolation combined with low transparency of 
the water and high suamer air temperatures produce 
a strong heating of surface water layers. The 
permafrost lowers the water temperature from below. 
These factors render water masses highly stable 
during the suamer and are responsible for a variety 
of interesting features of the lacustrine thermal 
regime. 

The albedo (A) of lakes up to 2.5 m deep varies 
from June to September within 0.08 and 0.24 at mean 
values of 0.11-0.14. The albedo of Lake Syrdakh 
with a mean depth of 4.5 m and more transparent 
water averages 0.08 during the s11Dmer. During the 
winter months the albedo ratio of lakes and land 
varies from 0.8 to 1. A maxim\ID albedo of 0.6-0.8 
is observed on lakes in December-January and it is 
decreased to 0.18-0.25 at the time of snow cover 
thawing. 

Since during an ic~-free period the albedo of 
lakes is less than that of meadow areas, the net 
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radiation balance R • Q(l-A) - Ief of an open water 
surface is larger. In the equation Q is total 
radiation, Ief - effective radiation equal to the 
difference in radiation between the ground surf ace 
Is and the atmosphere IA. On the average for the 
sunmer net radiation balance for lakes is by a 
factor of 1.21-1.34 larger than for meadow areas 
(Pavlov 1979). In the winter period the values of 
R are nearly equal and have a negative sign. 

The effective radiation from a lake surface (cf, 
Table 1) is 1.4-1.7 times larger than that of a 
meadow surface, both in winter and in summer. This 
is accounted for by the higher temperature of lake 
surface and by a corresponding increase of Is. 

The evaporation E from the water surface of lakes 
is in magnitude close to the theoretical maximum 
value. Maximum occurs in July: 8-11 mm/day on Lake 
Syrdakh. The July total of evaporation is nearly 
one third of summer total which for shallow lakes 
makes up 400-450 mm. The normal evaperoles from 
the water surface of Lake Syrdakh reaches 500 mm 
which is approximately twice the precipitation and 
1.8-2.4 times the soil evaporation in meadow areas. 
Evaporation is reduced in shoreline wooded areas. 
Here about two thirds of the annual total of pre
cipitation are expended on drainage. Evaporation 
from snow cover on lakes amounts only to about 
10-15 mm (Are 1978), or less than 3% of the annual 
total. Heat expenditure for evaporation from lakes 
is about 80% of R or half the Q for a warm period 
and 90% of R per year. 

TABLE 1 Totals of thermal balance components of 
Syrdakh Lake averaged over Sept. 1974-Aug. 1976 
(lO•MJ/m2) 

Period 
Components 

's 'w •y 

Q 245 113 358 
s 21 70 91 
lef 74 55 129 
R 150 -12 138 
p -13 26 13 
E 119 3 122 
B 43 -43 0 
Brs 1 2 3 
Br1 27 -27 0 
Bw 10 -10 0 
BB 6 -6 0 

Notes: 's - period with air temperature tA > 0°c. 
Tw - period with tA < 0°C, Ty - year, 
S - reflected solar radiation. 

Turbulent heat exchange P on lakes differs from 
the land where it is positive in summer and nega
tive in winter. On lakes, on the contrary, it is 
usually positive in winter and negative in spring 
and partially or even completely negative in 
summer. For example, in 1977 on Lake Syrdakh P 
was negative from April to August. Its monthly 
means for that period varied from -6 to -42 W/m• 
(Pavlov and Tishin 1981). The negative values of 
P in spring and at the beginning of summer are 
explained by the fact that the lakes become 
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completely ice-free 1 month after the establishment 
of an above-freezing daily mean air temperature. 
Since the air temperature is several degrees higher 
than that of a thawing ice surface, the latter 
receives a considerable input of turbulent heat. 
For the same reason the P would also be negative on 
a s1D1Der day. 

For seasonally freezing lakes, thermal flow 
through the surf ace (B) can be determined as the 
sum of heat expenditures for changing the heat 
content of the water mass (JSw), for thawing of ice 
<Br1>. and for heat exchange with bottom deposits 
(BB). For an intermittently established regime the 
above components are recurrent within an annual 
cycle because the process of lake warming is 
replaced by cooling (cf. Table 1). The heat 
expenditure for thawing of ice is so large that it 
is comparable with a limit change of heat content 
of water masses. Conversely, the heat expenditure 
for thawing of snow Brs constitutes a small frac
tion of Bw. 

The heat flow across the lake surface becomes 
positive toward the end of March and again changes 
sign 4-4.5 months later. Thermal input into soil 
in meadow areas becomes negative 1 month later (cf. 
Figure 1). 

All the components of B increase with increasing 
depth of lakes. On Lake Syrdakh when the depth 
increases from 1.5 to 6 m the heat accumulated by 
water masses increases three times. For the lake 
on the whole it is 7-8 times larger than that 
accumulated by soil on land. For a period with 
above-zero air temperatures the B/Q ratio for Lake 
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FIGURE 1. Annual variation of monthly mean values 
of heat flow across the surface of Lake Syrdakh (2) 
and through soil in a meadow area (1). 
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Syrdakh amounts to nearly 0.12 while the B/R ratio 
is 0.21. The mean annual temperature of the sur
face of lakes is by 4-6°C higher than that on land 
because of large heat amounts accumulated by water 
masses. 

The temperature regime of water masses has been 
studied in detail on small and large lakes (Are 
1974, Tishin 1978). Usually the lakes become ice
bound in the first half of October, this occurring 
1.5-2 weeks later on larger lakes in comparison 
with smaller ones, at a comparatively high tempera
ture of water of l.5-2°C in small shallow lakes and 
of 3-4°C for large deep lakes. The temperature 
distribution with depth is nearly isothermal with 
gradients of 0.2-0.3°C/m. Only near the water 
surface and bottom do gradients become steep. 

In the winter period lake waters cool due to 
atmospheric cooling. Heat flow from the bottom 
does not produce any increase of water temperature 
after the lakes become icebound, which is accounted 
for by a relatively high temperature of the water 
before the formation of ice cover and by a decrease 
of the amount of heat flow due to the cooling 
effect of a frozen mass. There are no observed 
diurnal variations of temperature below ice. Once 
the lake becomes ice covered, the increased 
vertical temperature gradients of water within the 
near-surface layer disappears rapidly but remains 
unchanged within the near-bottom layer throughout 
the entire winter, reaching 2-3°C/m toward the end 
of March. Within the main mass of water the 
temperature distribution in depth is close to 
isothermal. In shallow lakes the water cools 
during the wintertime to the freezing point and the 
water in deep lakes cools to 2-3°C. 

The spring warming of the water starts at the 
end of April after the daily mean air temperatures 
have traversed 0°C, that is long before ice break
up on lakes. Initially the warming is produced by 
thermal flow from the bottom. The first manifes
tations of the thermal effect of solar radiation 
penetrating the ice appear in mid-Hay after the 
snow cover disappears completely and the ice thick
ness is decreased to 1 m. Subsequently, the water 
temperature below the ice increases rapidly due to 
the penetrating radiation and can be as high as 
10°C by the beginning of the ice cover break-up. 

During the period of under-ice warming, the 
water temperature distribution depends on the size 
of lakes, their depth, and water transparency. In 
lakes that are less than 1.5 m deep, the penetrat
ing radiation warms not only the water but also the 
bottom sediments. For instance, within a lake 1.35 
m deep, at the water temperature of 8.5°C, the 
bottom temperature was measured to be 6°C. Within 
small turbid lakes 2-3 m deep the warming 
penetrates to 1.5 m while deeper layers remain 
nearly isothermal prior to break-up. Within large 
and deep lakes with a transparent water the warming 
penetrates to greater depths. For instance, warm
ing penetrates to a depth of 6 m in Lake Syrdakh. 
In this case the temperature gradient gradually 
decreases with depth. The period of warming below 
ice is notable for daily fluctuations of water 
temperature of l°C to a depth of 1 m. The radi
ation warming of the water below ice initiates 
intensive thawing of ice from below, which con
stitutes 35-45% of the total thawing for the time 
before the start of ice cover movements. 
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The summer temperature regime of water is estab
lished after the lakes become ice-free in the first 
half of June. Smaller lakes open 10-15 days 
earlier than larger ones. After breakup there is 
some decrease of temperature within the upper one
meter layer of water but thereafter a rapid warming 
starts and even within a few days the temperature 
of surface layers on large lakes usually reaches 
10-15°C and on small lakes 15-20°C. In this case 
on lakes deeper than 1.5-2 ma normal three-layer 
temperature distribution in depth is established. 
The thickness of epilimnion is 1-1.5 m on smaller 
lakes and 2-3 m on larger ones; that of metalim
nion, respectively, ranges from 0.5 to 4 m. The 
vertical temperature gradients in the smaller lake 
metalimnion are 20-25°C/m while those for larger 
lakes are 2-3°C/m. The surface water layers are 
warmed up to maxilllUll temperatures of 25-30°C. In 
this case the epilimo.ion decreases in thickness 
while on lakes up to 2 m deep the temperature 
distribution sometimes becomes rectilinear through
out the entire depth, particularly during the day
time. The vertical temperature gradients reach 
8°C/m. Diurnal fluctuations of temperature within 
the epilimnion reach 3-4°C and on occasions 6°C and 
those within the metalimnion do not exceed 1°C. 

The s1D111ertime cooling of water masses starts in 
the first half of August. In this case the epilim
nion increases in thickness and a icothermal 
condition is established throughout the entire 
depth at a temperature of about 10°C in the second 
half of September even in the deepest lakes. Sub
sequently, in the period prior to freezing the 
water temperature decreases and the character of 
the temperature gradient remains unaltered. 

There are no substantial horizontal temperature 
gradients of water for most of the year. Only at 
the onset of the S\Dlller warming in June and in the 
first half of July in shallows less than 1 m deep 
is the water temperature higher than that within 
the same layer of a deep part of lakes. 

An important parameter needed in calculations of 
the thawing of permafrost below water reservoirs 
is the temperature of the bottom surface. It is 
largely determined by the water temperature and 
depends on the depth of a lake. The observations 
on 12 lakes have been used to infer a dependence of 
the mean annual temperature of the bottom surface 
on the depth for smaller shallow lakes and for Lake 
Syrdakh, shown in Figure 2. The plots in Figure 2 
show that the maximum warming effect on underlying 
ground is produced by a water layer of 1 m thick
ness for smaller lakes and of 1.5 m for larger ones. 
A further increase of the water layer of smaller 
lakes leads to an abrupt decrease of bottom 
temperature. For larger lakes this effect is much 
weaker. The maximum temperature of the bottom 
surface of smaller lakes is about 6°C and that of 
larger ones is 7°C. It is found that under clima
tic conditions of Central Yakutia the mean annual 
temperatures of the bottom surface are above zero 
throughout the entire water area of lakes up to 
the water edge. 

The heat exchange of water masses with the 
bottom is characterized by a heat flow BB• which 
varies over the annual cycle both in value and in 
sign. In the part of the water area of lakes that 
do not freeze up to the bottom, BB becomes positive 
in the second half of Hay and then reverses sign in 
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FIGURE 2. Mean annual temperature of the bottom 
surface versus depth: (1) Lake Syrdakh (Pavlov 
and Tishin 1981), (2) small lakes (Are 1972). 

the first half of September. The maximum amount of 
heat of about 30 MJ/(month•m2) is received by the 
bottom in July and the maximum loss of heat of 
17-20 MJ/(month m1 ) takes place in September or in 
October. The maxim\111 heat absorption by the bottom 
on Lake Syrdakh is observed at a depth of about 1.6 
m. The dependence of this quantity on the predom
inant depth of lakes is illustrated by figures 
listed in Table 2, obtained by Gavrilova (1973), 
Are (1974), and Pavlov (1979). 

TABLE 2 Heat absorption of bottom of lakes for 
a season 

Predominant 
Lake depth (m) BB(MJ/m2) 

Syrdakh 4.5 58 
Prokhladnoye, 

Tyungyulyu 2.0-2.5 63-66 
Kradenoye 0.2-0.5 138 

For smaller lakes with closed taliks below lakes 
and for larger lakes near the shore the annual heat 
input into the bottom exceeds substantially the 
heat loss. Irreversible heat absorption of the 
bottom is spent for maintaining the talik below a 
lake within permafrost. For larger lakes with an 
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open talik below a lake at a considerable distance 
from the shore the permafrost effect is missing and 
the annual heat absorption of the bottom is equal 
to the losses (cf. Table 1). 

The above relationships of energy exchange in 
atmosphere-water medium-underlying ground systems 
hold true not only for thermokarst lakes of Central 
Yakutia but also for the whole taiga zone of East 
Siberia. 

REFERENCES 

Are, A. L., 1978, Snow cover of Central Yakutia, 
some features of its radiative and hydrothermal 
regime, in Heat exchange in permafrost land
scapes: -Yakutsk, IM SO AN SSSR, p. 30-42. 

Are, F. E., 1972, Das w"armeregime der Seen Zentral
Jakutiens: Verhandlungen der lnternationalen 
Vereinigung fiir Limnologie, 18, S. 574-579. 

Are, F. E., 1974, Thermal regime of shallow lakes 
of the taiga zone of East Siberia (in the 
example of Central Yakutia), in Lakes of the 
permafrost zone of Siberia: NOvosibirsk: Nauka, 
p. 98-116. 

Are, F. E., and Tolstyakov, D. N., 1969, On pene
tration of solar radiation into water: Meteoro
logiya i gidrologiya, No. 6, p. 58-64. 

Dostovalov, B. N., and Kudryavtsev, V. A., 1967, 
General cryology: Moscow, lzd. Moak. un-ta, 
403 p. 

Gavrilova, M. K., 1969, Microclimatic and thermal 
regime of Lake Tyungyulyu, in Questions of 
Yakutia geography: Yakutsk-:-Kn. izd-vo, v. 5, 
p. 57-72. 

Gavrilova, M. K., 1973, Climate of Central Yakutia: 
Yakutsk, Kn. izd-vo, 119 p. 

Pavlov, A. V., 1975, Heat exchange of soil with 
atmosphere at northern and moderate latitudes 
of the USSR: Yakutsk, Kn. izd-vo, 302 p. 

Pavlov, A. V., 1979, Thermal physics of landscapes: 
Novosibirsk, Nauka, 285 p. 

Pavlov, A. V., and Prokopiev, A. N., 1978, Heat 
exchange of soil with atmosphere in conditions 
of a larch forest in Central Yakutia, in Heat 
exchange in permafrost landscapes: Yakutsk, IM 
SO AN SSSR, p. 3-29. 

Pavlov, A. V., and Tishin, M. I., 1981, Thermal 
balance of a large lake and of the area adjacent 
to it in Central Yakutia, in Structure and 
thermal regime of frozen earth materials: 
Novosibirsk, Nauka, p. 53-63. 

Tishin, M. I., 1978, Temperature regime of water 
masses of Lake Syrdakh, in Geothermophysical 
research in Siberia: Novosibirsk, Naulta, 
p. 58-66. 

Tishin, M. I., 1980, Thermal regime of the bottom 
of a large thermokarst lake in Central Yakutia, 
in Permafrost exploration in development areas 
of the USSR: Novosibirsk, Nauka, p. 40-47. 

Tomirdiano, S. V., 1965, The physics of lacustrine 
thermokarst in polar plains and Antarctic Region 
and cryogenic transformation of earth materials: 
Kolyma, no. 7, p. 30-34; no. 8, p. 36-40. 

Tomirdiano, S. V., 1972, Permafrost and exploita
tion of highlands and plains: Magadanskoye kn. 
izd-vo, 174 p. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


PREDICTION OF CONSTRUCTION CHARACTERISTICS OF SLUICED MATERIALS 
USED IN FOUNDATIONS UNDER PERMAFROST 

CONDITIONS AND IN SEVERE CLIMATES 

V. L. Poleshuk 

Design and Research Institute for Industrial Enterprises 
Eastern Baikal Division, Yakutsk, USSR 

During engineering preparation of an area for construction in permafrost areas by 
means of hydraulic action it is essential to predict the thermal interaction of the 
sluiced and natural materials and their structural properties. The investigation 
revealed that the use of sluiced and underlying materials as foundations can be 
handled in three different ways: the sluiced material forms the levelled building 
surface; a combination of sluiced materials and the underlying materials is used 
for the building foundation; no load is exerted directly on the underlying material 
and only the sluiced material forms the foundation. With these schemes in mind, 
requirements in terms of the construction properties of materials are examined and 
principles for using them as foundations are formulated. 

Building in permafrost areas requires special 
engineering preparation of the territory that takes 
into account the protection of the environment. 
Construction codes permit the use of permafrost 
ground as a building foundation in accordance with 
two conditions: in a frozen state (condition 1) 
and in a thawed or state of thawing during opera
tions (condition 2). When either condition men
tioned above exists, the engineering preparation 
of the site must provide for the conservation of 
the calculated temperature regime of the foundation 
soil and for the preservation of the natural envir
onmental conditions. In order to drain storm-water 
and other kinds of surf ace water from the construc
tion site and to preserve the vegetative and soil 
covers, the engineering preparation of a site 
should be carried out by using fills during ver
tical levelling and grading. As a rule, shear cuts 
are not permitted. Bedding fills are used in the 
construction of road embankments, accesses, build
ing sites for one or more buildings. 

During the engineering preparation of a con
struction site for large industrial enterprises and 
large-scale developments (towns, cities, individual 
housing), it becomes necessary to construct differ
ent types of embankments of considerable size. 

From a technical-economic point of view, the 
optimum method for the use of fill in construction 
must be selected during the engineering preparation 
of large areas. Both foreign and domestic practices 
in temperate climate zones widely employ the "hydro
mechanical" method in earth works related to 
municipal construction. This method is cheaper and 
less labor-intensive in comparison with conven
tional "dry" technology. It does not require the 
construction of quarries and roads, the extensive 
use of trucks and machinery, or the transport and 
placement of soil into the fill. The net cost of 
the soil extracted and placed by the hydro-mech
anical method is 1.5-3 times less, while the 
labor required is 15 times less than in the con
ventional "dry" method. The high degree of 
efficiency of fill construction by hydro-
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mechanical means has promoted the widespread use of 
sluiced materials for the engineering preparation 
of sites in different cities of the Soviet Union 
including Moscow, Leningrad, Kiev, Gomel, Gorky, 
Omsk, and Archangel. In recent years, the areas in 
which sluiced materials are being used has expanded 
to regions of Western, Central, and Eastern Siberia 
and to the east of BAH. 

Several years ago in permafrost regions several 
embankments were constructed for different purposes 
using sluiced materials. For instance, in 1960-62 
this method was used to form the site of the 
present river port in Yakutsk and to construct a 
dike to protect the port area. To the north of 
Krasnoyarsk, Yakutsk and Magadan, a number of small 
tailing storage dams for ore enrichment plants was 
built using the sluice method. The extraction of 
bottom sand and gravel deposits in river beds and 
other water basins, where they are in a thawed 
state all year round and easily developed using 
hydromechanical means, has been made possible by 
the use of sluiced materials under such extreme 
conditions. 

These first attempts to use sluiced materials in 
permafrost revealed a number of specific character
istics of these materials which form when they are 
used as foundations. These features hinder the 
direct application of experience in building on 
sluiced materials in temperate climate zones. The 
main feature is the thermal interaction between 
fill and the underlying perennially frozen natural 
ground and a tendency for the development of cryo
genic processes. This interaction determines the 
formation of the structural properties of sluiced 
materials and their suitability as foundations. 

It became necessary to carry out special 
investigations on the properties of sluiced 
materials in permafrost. These investigations were 
conducted by the Yakutsk Division of the "Zabai
kalpromstroyiniiproekt" Research Institute of the 
Ministry of Eastern Construction at a special 
experimental site in Yakutsk. The site is 
situated on the Lena River floodplain on the bank 
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of its channel which floods every year. The 
alluvial deposits mainly consist of fine-grained 
sand 14-20 DID thick underlain by sandstone and 
aleurolite bedrock. The sand stratum includes 
silty sediments, peat and, in some places, layers 
of dusty, sandy loam and sandy clay from 0.3 to 
3.0 m thick. The floodplain is characterized by 
typical meadow vegetation; the average thickness 
of the soil's vegetative layer is 10-20 cm. The 
depth of seasonal thaw varies from 0.9 to 2.6 m 
depending upon soil type and surface cover. The 
entire area of the floodplain is characterized by 
flat topography. The annual fluctuation of soil 
temperature varies from -0.3 to -l.9°C. Moisture 
content of the alluvial deposits usually is in the 
range of 20-30% and ice content is 14-22%. The 
distribution of ice along the section is relatively 
uniform, and the soils are characterized by massive 
cryogenic texture. Information on the permafrost 
thickness in the floodplain is contradictory but 
at the site it exceeds 100 m. This was demon
strated by drilling a special well: the lower 
limit of the frozen zone was not established. 
Experimental fill, having a total volume of 
300,000 m' and varying in thickness from l to 6 m, 
was constructed by the sluice method on a 12-
hectare test site. 

The processes of heat exchange were studied. The 
foundation was tested by static loading and the 
construction techniques were examined. The rate 
of soil drainage was determined. The technical
economic efficiency of the use of sluiced materials 
for the construction in Yakutsk was evaluated. 

The investigations outlined above demonstrate 
the feasibility of developing the floodplain ad
jacent to the city for large-scale construction 
using the sluice method. An area of about 800 
hectares has to be developed at an average depth of 
a 6-7 m sluiced embankment. Therefore, Yakutsk 
will be the first building site where construction 
on sluiced materials in permafrost is to be per
formed on a large scale. In the absence of 
analogous construction in permafrost, the decision 
was made to begin the floodplain development with 
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the construction of three experimental buildings on 
sluiced materials. They represent 5-storey resid
ential buildings which are being constructed by 
different methods on different types of foundations 
(pile, columnar and foundations-enveloped). Exam
ination of these types of foundation and the tech
niques used to build them on beds composed of sluiced 
materials should provide the optimal solutions for 
their future application in large-scale development. 

FIGURE 1 Schemes for using fill soil as a bed: 
(I) Foundation does not influence fill; (II) Fill 
is influenced by the foundation together with un
derlying layer; (III) Foundation loads are totally 
transferred to the fill: 6 • width of foundation 
bottom; H • computable compressed layer; N • load
ing on foundation; p • pressure on the soil under 
foundation bottom. l. foundation; 2. planning 
mark; 3. limit of seasonal freezing-thawing in 
the sluiced layer; 4. surface of natural soil; 
5. limit of seasonal freezing-thawing in the 
natural soil before sluice; 6. plot of distri
bution of compressed pressure; 7. foundation bot
tom mark. 

.l 
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Depending upon the vertical levelling done for 
the engineering preparation of the site and the use 
of sluiced materials as the foundation bed, three 
scenarios can be distinguished (Figure 1): 

I. The foundation does not exert ioad on the 
embankment fill; it functions as the levelling 
layer. 

II. The foundations of structures exert loads on 
the embankment fill and its natural underlying 
layer. 
III. The embankment fill accepts all of the loads 

exerted on it by the foundations and structures. 
The underlying layers are not affected by the 
foundation loads. 

In the first scheme the use of a fill embankment, 
irrespective of the use of foundations, requires 
that there be no evidence of heave in the sluice; 
gravel, sand or a combination of both are used. 

It is necessary to provide high load bearing 
capacity of the natural ground. It is compressed 
under the sluiced layer and frozen in the com
pressed state, which improves its structural 
properties. As for Yakutsk, when scheme I is used, 
freezing takes place over the course of one winter 
if the fill height does not exceed 2 m. 
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If foundation works for the account of soil 
freezing along the lateral surface, it is recom
mended to use fine-grained soils. Their highest 
load bearing capacity will be reached under con
ditions of total moisture capacity and maximum 
density. Maximum density is provided by the 
special selection of fractions. The best degree 
of pore filling in the mixture of two fractions 
is obtained when the small fraction weight is 30% 
(Bannik 1976). Filter particles must not be frost
heaved and have a dimension greater than 0.1 nm 
(Dalmatov and Lastochkin 1978). 

When scheme II of sluiced fill use has been 
chosen, it is necessary that maximum load bearing 
capacity of both the sluice materials and the 
underlying ground be maintained. Under sluicing 
this soil thaws, but under the weight of the sluiced 
materials it is compacted and a redistribution of 
moisture takes place. It is recoumended to take 
measures for draining the thawed layer in order to 
prevent frost heave. Experiments show that sandy 
soil compresses during the thawing period. When 
compression is completed they might be used as beds. 
The calculation of strain deformation must be done 
according to norms established for two-layered 
foundation beds. In the case, of Yakutsk, the 
degree of settling under working loads does not 
exceed allowable standards. Strain deformation of 
the underlying soil can be reduced when the warming 
effect of sluicing decreases. Depth of thawing can 
be diminished by depositing sluiced materials on 
the frozen ground in the spring, increasing the 
sluicing intensity and by thermal insulation of the 
natural surface. In some cases, it appears to be 
feasible to obtain maximum depth of thawin~ of 
natural soils for their melioration in the sluicing 
process. The technical and engineering techniques 
that allow for the control of this process within 
definite limits in a prescribed direction are well 
known. 

When scheme III for the use of sluiced materials 
is adopted, the thickness of working layer exceeds 
the computed thickness of the linearly deforming 
layer. Therefore, the total depth of the sluiced 

embankment will be 10 m or more in the case of big 
skeleton soils. 

The deformation requirements for the structural 
properties of the sluiced and underlying soils are 
the same as for scheme III. If und~rground ice, 
ice-rich soils, frozen peat and other types of soil, 
which undergo considerable settling during thawing, 
are found in the underlying natural layer sluicing 
must be done with an eye toward restriction of its 
thermal effect on the underlying soil. The possi
bility that the underlying soil could thaw during 
the construction and operation of buildings must be 
completely eliminated. The third scheme expands 
the limits of application of the second principle 
of soil use as a foundation bed, because the depth 
of the layer of sluiced materials promotes the 
formation of an extensive, positive temperature 
thaw zone. Under natural conditions it can take 
more than 15 years for this layer to freeze. 
Measures designed to accelerate this freezing pro
cess are frequently ill-advised due to technical 
and economic considerations. 

The choice of scheme depends upon the thickness 
of the fill and the characteristics of the natural 
topography of the area being developed. Therefore, 
in the engineering preparation for future construc
tion on the Yakutsk Lena River floodplain, all 
three schemes could be adopted. 

When the fill embankments are constructed by the 
sluice technique in permafrost and severe climatic 
conditions, the problem of choosing the correct 
scheme for the use of sluiced materials as a foun
dation bed is of particular importance. This 
problem has evoked considerable controversy among 
specialists. The problem, first of all, relates to 
acceleration of the time required to freeze the 
sluiced materials, while increasing the thickness 
of this layer. In addition, the engineers are 
interested in obtaining a frozen foundation bed as 
fast as possible. Periods of freezing and stabili
zation of the temperature depend on the intensity 
of sluicing, the season when the work is being 
performed, moisture content of the alluvial fill 
and also upon the design of building foundations. 
In order to use permafrost as a foundation bed (in 
thawed or frozen state) it is recoanended to go 
with the natural development of cryogenic processes 
in the new fills. Technological and engineering 
solutions must facilitate intensification of these 
processes and under no circumstances impede or 
oppose them. This makes it possible to provide the 
necessary reliability of the beds and stability of 
building and structures. 

Insofar as temperature regime of the fill soil 
affects the condition of the ground water, it 
determines to a great extent the soil's construc
tion properties. In connection with this, the 
prediction of fill thermal conditions is particu
larly important for different technological schemes 
of the use of sluiced materials, thickness of the 
alluvial layer and conditions of thermal exchange 
between the alluvial layer and the underlying soil 
in the bottom of fill and the atmosphere. For the 
conditions in Yakutsk, the problem of such predic
tion was solved for the first time using hydro
integration and computer technology at the Perma
frost Institute of the USSR Academy of Sciences 
(Konstantinov and Votyakova 1981). 
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These calculations proved that there is a tend
ency for permafrost to form in the alluvial embank
ment fill under the heat exchange conditions in 
Yakutsk. However the freezing time indicated by 
these predictions was considerably longer than for 
the results of natural experiments. 

Based on the results mentioned above and new 
experimental data from a test polygon and an experi
mental construction site, the scientists of the 
Yakut research division have now developed more pre
cise methods of calculating alluvial soil tempera
ture conditions using a computer. The calculations 
make it possible to get accurate data on fill 
freezing periods as a function of its thickness, 
time and sluice intensity, soil composition and 
moisture distribution taking into account the ef
fect of the inhomogeneity of thermophysical proper
ties on fill depth. An algorithm for the numerical 
solution of this problem has been developed. 

Mathematical models make it possible to select 
any principle for the use of fill soil as a founda
tion bed. It should be remembered that formulation 
of the principles for definition of the conditions 
for the use of sluiced materials changes in compari
son with standards available. This makes it 
necessary to take into account thermophysical 
processes in alluvial soils. 

Thus, the formulation of the first principle's 
definition under conditions for the use of sluiced 
materials might be written as follows: 

- alluvial and natural underlying soils of bed 
are used in a frozen and freezing state (freezing 
may occur during construction and operation of a 
building or structure). 

For the second principle: 
- alluvial and underlying soils are used in a 

thawed state (thawing of underlying soils at a 
calculated depth is assumed during the deposition 
of sluiced materials, building or use of a struc-
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ture). In this case, steps must be taken to 
prevent subsequent soil freezing. 

In the process of sluicing big skeleton soils 
and when schemes II and III are used it is advis
able to use foundations with developed surface of 
support, which make greatest use of the resistance 
of alluvial soil to normal pressure. 

When principle I is employed the freezing periods 
can be considerably (2-3 times) shortened when such 
measures have been undertaken as construction of 
ventilated sub-basements, forced cooling of the 
soil by blowing cold air through the cavities of 
foundations and engineering lines, the use of 
automatic closed convective or condensation cooling 
system, cleaning of snow cover, etc. 

The optimum use of sluiced materials, intensi
fication of natural cryogenic processes as a func
tion of nature (climatic and frost-soil conditions), 
and specialized designs for buildings and structural 
foundations make it possible to manage the construc
tion properties of foundation beds on sluiced 
materials both during construction and during the 
use of buildings and structures. 
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ANALOG METHODS FOR DETERMINING LONG-TERM DEFORMABILITY 
OF PERMAFROST MATERIALS 

L. T. Roman 

Design and Research Institute for Industrial Enterprises 
Eastern Baikal Division, Yakutsk, USSR 

The paper demonstrates the possible use of temperature-and-stress-time analog methods 
for predicting long-term deformation of frozen earth materials. A solution was 
achieved which allows one to process the data from ground testing using a spherical 
punch by analog methods. 

To compute foundations composed of elastic 
frozen soil it is necessary to predict settlement 
for a period comparable to the lifetime of the 
building and construction. The reliability of the 
prediction depends on the choice of the optimal 
mathematical model. It should be capable of reveal
ing the strain character during the primary phase 
of loading and of giving an exact quantitative 
description of the deformation over a time of 
several orders of magnitude greater than the 
experimental one. 

Studies of the rheological properties of frozen 
soil (Vyalov, 1978) have shown that strain is 
significantly influenced by temperature. As temp
erature lowers, creep of soil decreases, other 
things being equal. In its turn, the effect of 
temperature on the str~ln value is interconnected 
and interequivalent with the effect of time: under 
stress that is an equal ratio of either instantane
ous or long-term strength over a longer time period 
in low-temperature soil the same strain value 
appears as in high-temperature soil. Therefore if 
the influence of temperature and time on soil de
formation is determined using the results of short
term specimens in high-temperature tests under 
loading, long-term soil deformation at low tempera
tures might be predicted. An analogous relation
ship has been observed between the effect of stress 
and time on deformability. It suggests that 
temperature and stress-time analogy techniques may 
be used to evaluate deformability of frozen soil. 
These techniques intensify the strain by one of the 
affecting factors (e.g., temperature increase) in 
order to observe the strain under the increased 
rate and to extrapolate the results of short-term 
experiments for longer time periods. 

To make this extrapolation it is necessary to 
determine the time reduction ratio (a). Its basis 
is the correlation of compaction intensity as a 
function of time and temperature (Urzhumtsev, 1975): 

where g(t,9) - the function of the compaction 
intensity; 

p,p0 - densities under temperatures 9,90 
respectively; 

t - time; 

(1) 
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t' - t/aa; 
a6 - temperature-time reduction ratio. 

The equation is-complicated to use. In practice, 
the reduction coefficient is determined according 
to the dependence of the specimen's compliance upon 
the effect of the time of loading under different 
temperatures. Compliance is the relationship of 
relative strain to stress (o): 

J • 6/a (2) 

Methods of strain computation based on the uni
axial tension and compression (Urzhumtsev, 1975) and 
on spherical punch pressing (Takahashi, 1964) have 
been the test techniques widely used in frozen soil 
mechanics. They simplify the use of analog methods 
for frozen soil strain prediction and permit the 
combination of the specimen strength and strain 
tests. 

Using the analog method it is necessary to estab
lish the character of the thermorheological behavi
our of the samples under loading. In the theoreti
cal prerequisites of the temperature-time analogy 
two types of such behaviour are considered (Urzhumt
sev, 1975). 

1. Under temperature change, compliance depends 
only upon the displacement of the macromolecules. 
Isothermal curves of viscous-elastic compliance 
obtained for different temperatures are similar. 
The reduction ratio a6, which permits the general
ized curve under comparative experimental conditions 
to be plotted, is the function of the single 
argument of temperature. 

Geometrically, the sense of this proposition is: 
under temperature change the compliance curves J vs 
ln t are barely displaced along the time axis and the 
parallelism of their displacement is not disturbed. 
This significantly simplifies the determination of 
the reduction ratio ae because temperature change 
stipulates only the horizontal time shift of the 
compliance. 

This type of strain is the characteristic 
feature of thermorheologically simple materials. 

2. When strain is complicated by the effect of 
structure transformations, the relationship J vs 
ln t also becomes complicated. A vertical shift as 
well as the horizontal one has been marked. The 
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FIGURE 1 Compliance of the log peat (R • 20%, y0 • 1.03 g/cm3, 
Yr • 1.5 g/cm, W • 4.95) according to the spherical punch test. 
1 - generalized curve plotted as for thermorheologically simple 
materials. 
2 - generalized curve plotted as for thermorheologically complex 
materials. 

reduction ratio depends on both the period of 
strain and the temperature. These are referred to 
as thermorheologically complex materials. 

Computation of the reduction ratio for thermo
rheologically complex bodies is a complicated 
problem, so, when the effect of vertical shift is 
insignificant, it may be ignored. In this case one 
may plot the generalized curve as for thermorheo
logically simple materials. The temperature-time 
analogy does not permit accurate long-term strain 
prediction when the vertical shift factor cannot be 
determined. 

To apply the analog method to frozen soil it is 
necessary to understand whether the frozen soil is 
a simple or a c011plex -terial. 

The results of frozen soil tests with a 22-mm 
diameter spherical punch (Roman, 1982) have been 
analyzed. Under all temperatures the spherical 
punch was loaded so that its settlement was similar 
at any given moment in time. It makes identical 
the stress influence upon strain, and revealed only' 
the effect of temperature. The specimens were made 
from an upper layer of bog peat. The degree of 
peat decomposition was from 18 to 20%. To provide 
homogeneity, the air-dried soil was sieved. The 
diameter of the sieve was 4 1111. The specimen was 
then saturated with water and kept in the sieve for 
48 hours covered with a filter for free drainage. 
The soil mass prepared by this technique was used 
to prepare metaform blocks 100 x 10 x 100 mm. Com
paction was by layered tamping and freezing in the 
underground laboratory at 4.2°C. The specimens 
were then kept at the test temperature. The experi
ments had been carried out in the chambers of an 
underground laboratory and in a heat-proof room 
where temperature conditions were provided by the 
effects of outside air temperature in winter. The 
experimental data for analysis were obtained under 
isothermal conditions. The physical properties of 
the soil teated were as follows: soil density, 
1.03; soil skeleton density, 0.172; particle den
sity, 1.5; moisture, 4.95; and initial freezing 
temperature of soil water, -0.08°C. The unfrozen 

water content, determined by calorimetric method, 
is shown in Table 1. 

TABLE 1 Unfrozen water content (We unit frac
tions) in peat test specimens vs. temperature 

e0 c -2.5 -4 -6 -8.5 -9.5 -13 -25.5 -28 

2 1.3 0.9 0.7 0.6 0.55 0.51 0.5 

The most appropriate metho4 must be chosen to 
determine the relationship between the settlement 
soil strain modulus load and the punch dimensions 
for frozen soils to calculate the strain value 
using the results of the spherical punch teat. 

Experimental analysis showed that the modulus 
of strain of frozen soil may be computed from the 
rigid spherical punch pressing into the elastic 
half-space (Bezukhov, 1953). In this case, as well 
as for thawed clayey soil, the radius of the punch 
print as the initial parameter in the solution must 
be equal to the radius of the truncated segment of 
the punch being submerged in the soil. 

Since the compliance (J) is the reciprocal 
magnitude of the strain module using the above 
solution it can be determined by the formula: 

J 
4S 3/l (d-S) l 

3(1-µ2)p 

where S is the punch settlement (cm); 
\J is the Poisson ratio; and 
P is the load on the punch. 

(3) 

In Figure 1, the compliance of the teated speci
mens in conditions J va ln t calculated by eq. 3 
is represented. 

The generalized curve has been plotted for -13°C 
for both thermorheologically simple materials (curve 
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FIGURE 2 Compliance with K-parameters being taken into account 
and generalized curve plotted as for thermorheologically simple 
materials. 

1) and thermorheologically complex ones (curve 2). 
The procedure for plotting the generalized curves 
by ~oth methods is detailed in Roman (1982). To 
evaluate the degree of reliability of any method, 
i.e. to decide whether the frozen soil is a thermo
rheologically simple or complex material, long-term, 
30-day tests were conducted. The conditions of the 
base experiment were preserved. The results show 
that frozen soils should be referred to as thermo
rheologically complex materials: the test points 
are on curve 2. 

Factors that disturb the frozen soils' continl.DD 
and homogeneity are the main reasons for stipulating 
the vertical shift of the compliance curves. To 
plot the generalized curve, results of experiments 
carried out under a wide range of temperatures were 
used, so the influence of unfrozen water content 
will be different in either test. 

The voll.DDe of soil occupied by unfrozen water and 
gases as well as the voll.DDe occupied by ice and 
soil particles can be determined. The relative 
content of ice and particles (K) is easily expressed 
as a proportion of the soil voll.DDe: 

where Yck - density of the soil skeleton; 
Yr - soil particle density; 
We - total moisture; 
WM - unfrozen water content 
YA - ice density. 

(4) 

To take the influence of the gas content and 
unfrozen water on compliance into account, the 
stress should be referred not to the geometric 
square of the specimen but to the square occupied 
by soil particles and ice. An approximation is 
acceptable if it is proportional to the relative 
content of soil and ice (K). Therefore, the com
pliance value related to the source of soil par
ticles and ice will be equal to: 

(5) 

For the experimental data given in Table 1, K-values 
calculated with eq. 4 are represented in Table 2. 

TABLE 2 K-values for specimens tested 

e 0 c -2.5 -4 -6 -8.5 -9.5 -13 -25.5 -28 
K 0.625 0.746 0.815 0.85 0.867 0.876 0.883 0.884 

Plots JK vs ln t and the generalized curve plotted 
for thermorheologically simple materials are shown 
in Figure 2. It can be seen that the K parameter 
allows the influence on the compliance of the struc
ture modifications connected with moisture phase 
transition to be reduced, and simplifies long-term 
strain prediction. 

Interpretation of the experimental data on the 
J vs. ln t coordinates shows that the family of 
compliance curves has converged at the pole. The 
abscissa of the pole was approximately equal to 
the time log of the atoms' free oscillation (10-13) 
and the ordinate was approximately equal to the 
value of the instantaneous-elastic compliance. To 
calculate the pole ordinate for the specimen 
tested, the module of instantaneous elasticity Ey 
was obtained with an ultrasonic technique (Urght1Dt
sev and Maksimov, 1975). Instantaneous-elastic 
compliance taken as a reciprocal value Ey was from 
1.1-6 to 2.1-6 MPa-1 • It is one to two orders of 
magnitude less than the compliance value computed 
on the total strain of the specimens (elastic and 
residual). It makes it possible to determine the 
pole ordinate, which is equal to O. 

The availability of the pole suggests the plot 
technique of curve construction. The rays crossing 
the compliance curves are drawn. The coordinates 
of the points of the rays' concurrence and either 
curve have been determined. The relationship JK 
vs. ln t from et - eo under temperature-time analogy 
and Oi - a under stress-time analogy have been 
plotted. ~00 , 00 are stress and temperature corres
pondingly, and the baae curve has been plotted for 
them). Extrapolating these relationships to the 
ordinate axis we determine the JK and ln t values 
corresponding to oi - o0 • 0 or ei - 00 • O; i.e. we 
have the coordinates of the points of concurrence 
of the secant rays with the base curve. Using 
those coordinates, the base curve for a period of 
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FIGURE 3 Plotting method of generalized curve construction using 
the log peat experimental results by the stress-time analogy method 
(e • 4.5°C). 

time exceeding the experimental one by several 
orders of magnitude was plotted. Figure 3 is an 
example of generalized curve plotting based on the 
results of frozen peat tests using the stress-time 
analogy. In practice, the generalized curve coin
cides with the curve obtained by the conventional 
method, i.e. a rigid horizontal shift to the com
pliance curves to the right of the reduction ratio 
value. 

The secant ray technique proposed in this paper 
is less labour-consuming and it permits the period 
of strain prediction to be increased. 

A series of experiments carried out to plot the 
generalized curve allows long-term strains to be 
predicted under other than base stress. Inter
pretation of the experimental data shows that the 
plotting relationships ln.JK vs ai - a0 determined 
for either fixed time form a family of parallel 
lines (Figure 4A). Therefore it is easy to get the 

a. 

orbit line lnJK - ai - a for the time being equal to 
each value within a preSicted period including the 
maximum one Ctmax>· For this purpose it is neces
sary to find ln.JK value on the abscissa of the 
ln.JK vs Oi - a0 plot taken from the base curve for 
tmax· Across this point a line is drawn parallel 
to the experimental ones. This line is the com
pliance relationship with stress for time period 
tmax· 

For the temperature-time analogy method the 
ln.JK vs ln t relationships prove to be linear. 
Their extrapolation to the given time period allows 
the long-term compliance under all experimental 
values oft to be determined (Figure 4b). 

The reliability of the results of frozen soil 
long-term strain prediction by the analogy method 
has been verified in two ways: 

1. Comparison of the results of the strain pre
diction based on the creep equations suggested by 

b. 

FIGURE 4 ln JK relationships: a) ln JK - ai - a0 plotted on test data given in Figure 3. 
b) ln JK - ln t plotted on test data given in Figure 2. 
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Vyalov (1978) and those based on the time-stress 
analogy method. 

2. Comparison of the punch experimental settle
ment computed for the case when the strain module 
had been determined by the analogy method. The 
same data were used as in the first case. 

The equation was written as a power function, 
accounting for the similarity of the creep curves. 
A comparison of the results is given in Table 3. 

TABLE 3 Significance of bog peat compliance tested 
at 4.5°C under pressure of 0.2 MPa for 908 hr. 

Technique 

Using unconfined compres
sive strength 

Creep equation 

Stress-time analogy 

1.45 

1.68 

1.39 

The punch test was used to test the second method 
of comparison of the settlements. In the under
ground laboratory (8 • -4°C), a cylindrical hole 30 
cm in diameter and 17 cm deep was drilled in a sand 
layer of natural composition. It was filled with 
peat moss under layered tamping. 

After freezing and temperature stabilization a 
17-cm-diameter punch waa installed. A jack provided 
incremental loading. The process of settlement over 
time and its dependence upon stress has been fixed. 
The frozen peat compliance at the same temperature 
was also determined by the stress-time analogy. 
The generalized curve could be plotted and the 
relative settlement determined for these specimens. 
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At the end of the stabilization period, the settle
ment was determined by the layer-adding technique. 
Comparison of the experimental and the computed 
settlement values show a good agreement for the 
first step of loading. For the last steps, the 
predicted values were somewhat less than the 
experimental ones. This was caused by ignoring the 
fact that the loading of previous steps occurred 
over longer periods of time. In conclusion it 
should be pointed out that settlement prediction is 
most reliable by the analogy method. It accounts 
for the character of the soil rheological proper
ties, in particular the nonlinearity of the strain 
dependence upon stress. 
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RESISTIVITY LOGGING OF FROZEN ROCKS 

A. M. Snegirev 

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

The article examines the present state of some aspects of resistivity logging as a 
means of studying the cryolithozone, and the results of investigations in the past 
few years. The efficacy of resistivity logging is determined by the differentiation 
of the electrical properties of frozen ground, by the accuracy of measurement and 
by the technical conditions of drilling. The potential of the major methods is being 
fully realized in holes drilled without using fluid solutions as long as the values 
for electrical resistivity of the frozen rocks do not exceed 800-1000 ohm-meters. An 
increase in the range of measurements turned out to be possible only by using meas
uring equipment with a high input resistance and of new technical elements that sub
stantially improve the accuracy and operational characteristics of resistivity logging 
equipment where parameters of constant and low frequency electric fields were being 
measured in dry holes. The investigations carried out and the observational error 
achieved allow one to apply resistivity logging studies of low-gradient processes 
occurring within the permafrost zone, to improve the methods and technology of study
ing geoelectrical cross sections, and to study variability in the physical and chemical 
properties of permafrost in relation to the effects produced by external physical 
factors. 

Resistivity logging as a method of obtaining 
information about frozen rocks is based upon the 
assllDption that the geocryological section can be 
represented as spatially distributed electrical 
parameters of the medillD of study (for example, 
resistivity, electrochemical activity, dielectric 
permittivity), varying in time and depending on 
composition, ice content, concentration of mineral 
salts in ice and pore moisture, temperature, and 
other characteristics of rocks. In principle, 
finding correlations between these parameters will 
contribute to a mass determination of the geotech
nical characteristics of permafrost that are needed 
by building workers and specialists studying heat 
and mass exchange in permafrost and the deep freez
ing of the Earth's crust, as well as by geologists 
and geophysicists for the purposes of reliable 
interpretation of field data. 

Study of resistivity logging with regard to 
permafrost is justified given the rich background 
of experience associated with the application of 
resistivity logging in prospecting for oil,· coal, 
and ore in areas where no permafrost is present. 

In a more specific context~that is, the deter
mination of analytical and experimentally statisti
cal relationships between the recorded components 
of an electric field and the properties of the 
medium being studied~this problem becomes extremely 
complicated, not only because of the special 
features of permafrost but also because of the 
metrological characteristics of measuring instru
mentation and equipment, and peculiarities of the 
state of frozen rocks in the vicinity of a borehole, 
which are in many respects determined by the drill
ing method. 

This last factor is known to play an important 
role in selecting electrical methods for frozen 
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rock studies in boreholes and should be taken into 
account in field data interpretation. 

In this connection we now consider, in the first 
line, the conditions of conducting resistivity 
logging in boreholes that are drilled using a fluid, 
whether the fluid remains in the borehole shaft or 
is removed after drilling operations are completed, 
or that are drilled using compressed air. 

The interpretation of resistivity logging dia
grams and electrical field parameter measurements 
in boreholes filled with drilling fluid is marked 
by the appearance of an unfrozen layer in the 
vicinity of the borehole shaft by a high-gradient 
temperature field perpendicular to the borehole 
axis, and by the properties of the drilling fluid. 
The unfrozen layer produced by the drilling sur
rounds the borehole shaft (on occasion its thick
ness reaches 1-2 m (Maramzin 1963) and allows only 
lithological boundaries within the cross section 
of the borehole to be revealed through resistivity 
logging (for example, Musin and Sedov 1977), and to 
a considerable extent it hinders or even rules out 
the possibility of studying the electrical proper
ties of the permafrost levels. 

In the presence of such a layer and temperature 
gradient normal to the borehole axis, large resis
tivity installations have to be employed to reveal 
the cross section and to investigate only relatively 
thick frozen rock benches. The use of drilling 
fluid in drilling operations plays an important 
role in assessing the thickness of the permafrost 
zone using resistivity logging diagrams of the 
natural electrical field. The experience accumu
lated in the Soviet Union (Volodko 1976, and 
others) indicates that the accuracy of such deter
minations is fairly high. 

In boreholes where the drilling fluid is 
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removed after drilling is completed, there also 
arises a relatively thick layer of modified rocks. 
The processes of thawing at the time of drilling 
and of refreezing in the vicinity of the borehole 
shaft after drilling operations are completed lead 
to irreversible changes in the rock properties. In 
particular, once drilling is terminated, it is 
possible to apply methods using direct and alter
nating current in order to subdivide the cross 
section lithologically, but after the temperature 
regime has recovered it is difficult to resolve 
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this task. In a ntnber of cases the high electrical 
resistivity of frozen rocks makes it impossible to 
apply frequency methods in investigations (for 
example, the induction method) and postulates 
special requirements to the measuring technique 
for electrical conductivity, natural electrical 
field, and polarizability (for example, ensuring 
low contact resistance at the electrode-rock con
tact, the use of instr111entation with high input 
resistance, and others). 

Similar measuring conditions are created within 
boreholes that are drilled through permafrost while 
purging the face with cooled compressed air. How
ever, experience shows that these boreholes are 
more suitable for studying the geoelectrical cross 
section of permafrost because the maxim\ID thickness 
of rocks warmed by the drilling does not exceed 
0.2-0.3 m, and the natural temperature regime re
covers in the course of a few days (Balobaev et al. 
1977). 

For several reasons, notably the lack of water 
in the winter time and the difficulties of prepar
ing and using unfrozen drilling fluids, drilling 
operations using compressed air is widely used in 
the North for drilling test and prospecting holes. 
The volume of such drilling for the Yakutian 
Republic alone exceeds many hundreds of running 
meters. At the same time, techniques for resis
tivity logging of these boreholes, judging by the 
available publications (e.g., Bakulin 1973, Akimov 
1973, Hunter 1975, Jackson 1956, Avetikyan and 
Dorofeev 1970, Bakulin 1967, and others) have not 
yet been adequately developed. 

Most of the publications include an analysis of 
the results of investigations, but technical and 
methodical questions are discussed to a lesser 
extent, although logically it is they that should 
be emphasized in connection with the specifics of 
the investigations being conducted. Poor informa
tion about the results of the investigations and 
imperfect resistivity logging techniques for frozen 
rocks in dry boreholes seem to be the reasons why, 
in the practice of engineering-geological and geo
cryological work, the resistivity logging method is 
being used to study only an insignificant number of 
boreholes. In addition, these boreholes are most 
frequently filled with a specially prepared fluid 
and observations are made with techniques developed 
in oil and ore geophysics using standard measuring 
instr111ents. In this case the rocks near the bore
hole shaft, particularly dispersive ones, become 
mechanically not solid and therefore there are 
frequent cases of a tack of electrical probes. It 
is understandable that the effectiveness of such 
research is on the whole low not only because of 
the need for performing a number of additional 
labor-consuming operations but also in connection 
with time limitation of such observations and 

therefore of operations in each borehole. 
All of this requires further solution of the 

theoretical, methodological, and technical prob
lems of resistivity logging of dry boreholes be
cause they provide the best conditions for the 
study in the permafrost zone. 

Theoretically, due to the wide range of electric
al conductivity values of frozen rocks it is prac
tically infeasible in the investigations to give 
preference to resistivity logging methods using 
either direct or alternating electromagnetic fields. 
The primary application in the Soviet Union and 
abroad of resistivity logging using direct current 
could be due to the relative simplicity of the 
technical and methodical capabilities of this kind 
of research, but analysis of the published data and 
of results of special research shows this explana
tion is premature. 

Several problems face resistivity logging, namely 
the identification of particular features of a geo
electrical cross section (determining electrical 
parameters of individual levels, their time varia
tion and space variation, etc.), the refinement of 
the structure of a geocryological cross section 
(ice content distribution in the cross section and 
within the lithological-stratigraphical levels, the 
thickness of particular rock benches, etc.), iden
tification of the structure of natural and artif
icial electrical fields in the vicinity of the 
borehole and within the area of study, and so forth. 
These problems will be successfully resolved through 
the use of appropriate measuring installations and 
a sufficiently high accuracy of measurements of 
electrical field parameters is ensured. 

The former (except for the solution of special 
problems such as detection of ice in the borehole 
cross section, evaluation of the amount of unfrozen 
water, etc.) does not require special developments 
and is satisfied comparatively readily on the basis 
of an extensive scope of theoretical and method~ 
ological investigations in the field of oil, coal, 
and ore resistivity logging. 

The latter requirement however can only be met 
after the main factors that distort the results of 
measurement of electrical parameters are identified 
and removed. We now consider these factors in the 
context of resistivity logging using direct current. 

The contact resistance electrode-frozen rock 
(Pel> predetermines the choice of a generating 
device and measuring instruments for the resistivity 
logging installation. For a dry borehole drilled in 
frozen rocks, Pel is of particular importance 
because the known methods for decreasing and ensur
ing the stability of this value (moistening, increase 
of the contact area, enhancement of clamping of the 
electrode to the hole wall, etc.) are not always 
feasible. For example, increasing the electrode's 
area of contact with the hole wall decreases Pel• 
limits the minimum dimension of resistivity log-
ging installations and necessitates complex cal
culations of the geometrical coefficient of the 
probe (Oparin 1978, and others). In this case, the 
value Pel nevertheless remains dependent on the 
electrical resistivity of rock (Pn>• 

Tests of various borehole electrode designs 
(brush, spring-type, and others) have demonstrated 
that a maximum value of Pel is reached as high as 
500 Kohm; therefore, to obtain a relative error of 
measurement 6 • 1-20%, the input resistance of the 
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measuring device should be of at least 50 ~.ohm. It 
can be seen that operating instrumentation with 
such input resistance is possible only when 
definite microclimatic conditions are provided in 
the field laboratory, which is not always feasible. 

In one of the latest papers (Snegirev et al. 
1981) it is proposed to dampen the surface ot the 
contact electrode-rock with an electrolyte con
tained in a nonpolarizing electrode. Automatic 
control of the electrolyte flow foreseen in the 
design ensures a value of Pel ~ 100 Kohm. 

In addition, stable electrode potential (no more 
than ~5 mV) makes it possible to study in a dry 
borehole the natural electrical field and the in
duced electrochemical activity of rocks. 

One other property of the measurements may in
clude current leakage from the current line into 
the measuring line through the surface of the re
sistivity logging cable. 

In general, the influence of current leakage in 
resistivity logging installations upon the results 
of the investigations is known, as are the steps to 
be taken to avoid leakage (Geophysicist's Manual 
1961). Their observance in investigating boreholes 
filled with drilling fluid normally yields stable, 
high-precision results. For dry boreholes the ful
fillment of these conditions is necessary but 
insufficient. 

As a result of friction of the electrodes on the 
borehole walls, the detaching ice particulates 
touching the relatively warm cable thaw to produce 
a wet film on its surface between the probe elec
trodes. Such a film may also result from electro
lyte leakage from the non-polarizing electrode or 
from moisture that penetrates into the borehole 
from a seasonally unfrozen layer, as well as from 
other causes. The electrical conductivity of the 
rising layer is unstable and varies due to vari
ations in its thickness, salt concentration, etc. 
Depending on voltage, the elec.trical resistivity 
of the rock, and the electrode earthing resistance, 
the amount of current leaked may be substantial. 
It is easy to show that with increasing rock 
resistivity and electrode earthing resistance the 
relative fraction of leaked current on the cable 
surface between the electrodes increases, other 
conditions being equal; therefore the measurement 
error will increase. (According to calculations 
and experimental observations the relative error 
reaches 100% and more.) 

This fact increases the existing requirements 
for insulation resistance among all structural 
elements of the resistivity logging installation 
(not less than 50 Hohm) and requires the develop
ment of special methods for eliminating the current 
leakage between borehole electrodes that occur over 
the surface of the cable. One of these devices, 
proposed in Snegirev et al. (1981), breaks the 
current-conducting film by hollow packings, made of 
dielectric hydraulic insulating material shaped 
like cones bell-mouthed downwards and mechanically 
supported by the cable between the electrodes. 

297 

The evaluation of the influence of complicating 
factors, such as the diameter of the borehole wall, 
the Earth's surface, and the altered rock zone, upon 
other kinds of measurement results can in principle 
be carried out analytically and via modeling. 

While excluding the possibility of using them, 
nevertheless in practical work it is advisable to 

apply such resistivity logging installations, whose 
readings would be independent of these factors. In 
particular, probes that are more than 5-6 times the 
diameter of the borehole satisfy quite reasonably 
the solving of most of the problems; in this case 
the borehole diameter can be omitted in interpreting 
the observations. Efficient is also the application 
in probe designs of special devices that preserve 
the separation of clamping borehole electrodes (for 
example, Borisenko et al. 1977, and others). 

Figure 1 exemplifies some results of resistivity 
logging, as obtained within one of the regions of 
Yakutiya. 

The scientific objective included an assessment 
of the abilities of resistivity logging installa
tions to distinguish between various frozen 
lithological-stratigraphical levels. To aid com
parison, a gradient probe and middle and vertical 
gradient installations were employed. 

The last two modifications were used to preclude 
shielding effects in the results of the investiga
tion. For that purpose, a system of fixed feed 
electrodes installed on the Earth's surface or 
within the borehole was used to create a d.c. 
vertical electrical field. 

The measuring system of all installations (Figure 
le) incorporated nonpolarizing electrodes, a resis
tivity logging cable, and a millivoltmeter with 
input resistance of more than 50 Hohm. The elec
trode potential drop and natural electrical field 
potential were compensated for at every point before 
cutting in. The measuring step was 0.5 m. 

The set of all elements of the system and allow
ance for special features of frozen rock resistivity 
logging described above provided at least 3% error 
of measurement. 

The geocryological cross section depicted in 
Figure 1 is representative of typical rocks of the 
region, exhibiting in the vicinity of the borehole 
a uniform thickness, horizontal bedding, and differ
ent electrical conductivity. The behavior of the 
Pk plots within each lithological difference is due 
both to the peculiarities of the formation of the 
geocryological cross section and to the properties 
of the measuring installation being used. 

The curve Pk on the interval of rocks of trap 
formation (0-40 m) has a maximum in connection with 
the different degree of metamorphism of the central 
and peripheral parts, while the peaked appearance 
of the Pk plot obtained with a gradient probe is 
accounted for by current shielding effects produced 
by rock cracks. Given fixed feed electrodes (Figure 
lb, le), the curve displays a smooth behavior. 

We have similar plots on the borehole interval 
between 95 and 150 m, composed of benches of 
dolomites, marls, and limestones, which have differ
ent electrical resistivities. By reducing the 
effects of shielding, the positions of separate 
benches of seams can be reliably determined. 

The middle part of the cross section made up of 
sand from the Permian age is characterized by smooth 
Pk plots. Despite the different conditions of 
electrical field excitation, the Pk values do not 
practically differ from each other, so the sand 
cross section, especially its upper part (50-70 m), 
can be regarded as uniform and isotropic. 

For a specific conduction of work this interval 
can be selected as a reference in determining trans
verse resistances (Alpin 1978). 
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FIGURE 1 Results of resistivity logging. 
1) crack dolerites; 2) sand; 3) alteration of marls, limestones, dolomites; 
a) Pk curve, gradient probe; b) Pkcurve, middle gradient installation; c)Pk 
curve, vertical gradient installation; d) temperature t°C and weighting 
humidity W % of frozen rocks; e) layouts of measuring resistivity logging 
installations. 

Comparison of the plots in Figure lb and le 
suggests that, in principle, the use of a middle 
gradient installation makes it possible to deter
mine the transverse resistance of seams that form 
the middle part of the cross section because within 
the borehole it helps create a vertical electrical 
field, ensures the measurement of fairly high 
values of electrical potentials, and removes the 
influence of shielding effects on the measurement 
results. Nevertheless, operations with this instal
lation are complicated by the labor-consuming 
operations needed to provide reliable grounding of 
the feed electrode in the dry borehole shaft and by 
the presence within the borehole of a feed cable, 
which displaces the measuring dipole. Therefore 
the vertical gradient installation for a study of 
shallow dry boreholes provides a number of advan
tages as compared to the known point resistivity 
logging technique KC. 

The essence of these merits lies in the possi
bility of obtaining plain-shaped plots of observa
tions, uncomplicated by shielding effects, that 
permit solution of a major logging problem, namely 
the determination of the parameters of rock seams 
that have different composition and properties. In 
addition, it is also possible to run continuous 
resistivity logging of rocks within a dry borehole. 
No attempts have been made to address this problem 
through the use of three-electrode probes because 
of the extreme difficulty of producing a current 
stabilizer that operates where there is sharp 
variation of load. With the vertical gradient 
installation, the need for such a stabilizer no 
longer arises, while the variation of the installa
tion coefficient as the measuring dipole moves along 
the borehole shaft can be compensated for. 

The example just considered reflects an insig
nificant fraction of work on the effectiveness of 
resistivity logging methods. (See Akimov 1973, 
Bakulin 1967, Snegirev et al. 1980, 1981, and 
others). 

In summarizing, the following has to be emphas
ized. It is advisable to conduct studies of geo
electrical cross sections of frozen rocks with 
resistivity logging within boreholes driven without 
the application of drilling fluids. The technical 
and methodological problems can be overcome if the 
factors that influence the accuracy of observations 
and distort logging plots are taken into considera
tion and eliminated. 

The investigations carried out permit measurement 
of electrical field parameters within a dry borehole 
with a relative error of 1-3%; which makes it 
possible to utilize logging installations in experi
ments and observations of weak-gradient processes 
occurring within permafrost. 

The peculiarities of resistivity logging of rocks 
outlined above do not cover the diversity of factors 
that researchers may encounter, but we feel they are 
crucial. The degree of reliability in determining 
the electrical parameters of the cross section using 
resistivity logging data.will largely determine the 
aucceaaf ul application of electrical methods in 
areas of development of permafrost. Therefore there 
is a need for further development of the techniques 
for borehole investigations. An in-depth study and 
accumulated experience will make it possible, taking 
into account the state-of-the-art of the measuring 
teclmique, to start implementation of the most 
advantageous continuous resistivity logging of 
frozen rocks in dry boreholes. 
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STRESS-STRAIN CONDITION AND THE ASSESSMENT OF SLOPE STABILITY IN 
AREAS OF COMPLEX GEOLOGICAL STRUCTURE UNDER 

VARIOUS TEMPERATURE REGIMES 

S. B. Ukhov, E. F. Gulko, V. P. Merzlyakov, and P. B. Kotov 

Institute of Civil Engineering 
It>scow, USSR 

Calculations of the stress-strain condition and the stability of rock masses in 
northern regions are complicated by the effects of temperature and by associated 
physical and mechanical processes. In terms of thermodynamics these processes are 
controlled by the stress tensor, temperature, concentrations of individual components 
and phases, crack density tensor, and by irreversible internal parameters. Equations 
of the condition of the rock, including the above-mentioned variables, complete the 
system of equations of equilibrilAll expressing geometric relationships and heat-mass 
exchange. It is possible to simplify the proposed scheme to the level of engineering 
possibilities by taking into account adequate representation of results. In this 
case a set of engineering investigations essential for assessing the stability of 
the sides of reservoirs under different regimes would include the following: 1) On 
the basis of data derived from engineering exploration the real structure is repre
sented in the form of engineering and geological models and reflecting the peculi
arities of its composition, structure and condition; 2) the laws governing the behavior 
of rocks under loads in frozen, thawed, and thawing conditions are determined under 
both field and laboratory conditions. On this basis the physical and mechanical 
properties of the rocks of separate zones and the elements of the actual slope are 
determined. Geomechanical models of the rock mass are then built on the basis of 
the data obtained; 3) items 1) and 2) allow one to compile calculations of the stress
strain condition of the slope under varying conditions; 4) on the basis of the data 
derived from calculations of the stress-strain condition minimum stability safety 
factors may be determined in each element of the layout network, potential slip planes 
may be identified and integral safety factors of slope stability may be calculated. 

Analysis of the stress-strain condition and the 
stability of rock masses in northern regions in
cludes the physical and mechanical processes con
nected with temperature. For a general case, 
thermal strains of frozen and thawing rock are 
controlled by the behavior of skeleton and ice 
crystal lattice, phase transitions, structural 
transformations, water and air compressibility, 
chemical reactions, and migration and filtration 
of moisture. In this connection, the classical 
concept of thermal strains 

the stress tensor components Oij (or strains Eij) 
and temperature e. The influence of the intensive 
phase transition zone is taken into account by 
adding concentrations of components and phases m1, 
variable in this process, to the mentioned variable& 
The degree of fissuring described by crack density 
tensor Bi· (Vakulenko 1974) also influences the 
mechanical properties of rock to a considerable 
extent. Thus, thermodynamic functions, namely full 
thermodynamic potential ~. are the functions of 

e- a.tie (1) 

should be more accurate. Here 6 is the relative 
strain, a is the thermal expansion factor, and ~9 
is the temperature change. 

In frozen masses of complicated geological com
position, several nonhomogeneous types can be 
distinguished. The nonhomogeneity of properties 
is conditioned by the nonhomogeneity of the mass 
composition, its structure, and state (Ukhov 1975). 
Nonhomogeneity caused by phase transitions (frozen 
and thawing zones) is clearly seen within a homo
geneous rock mass. It is necessary to apply thermo
dynamics to describe the processes in such a medilAll 
(Merzljakov 1980). 

To describe a thermodynamic system one should 
choose the so-called external parameters charac
terizing conversible processes. First, there are 
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four variables 

(2) 

and a potential change in a reversible process may 
be expressed by 

<it + ~ • ;t> d9 • (3) 

Also taking into consideration that in the rever
sible process, 

d~ • ii1dm1 + Sd0 - e . . do .. 
1J 1J 

(4) 
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we get 

(5) 

where µl is the chemical potential of a component 
or phase 1 and S is the entropy of the system. 
Here and further, summing up is implied by repeated 
indices. Tensor cij• in general, is a tensor of 
t1nite strains. It should be noted that eq. 4, 
generally speaking, makes it possible to take into 
account mass exchange processes by introducing of 
the source of the K-component: 

(6) 

where Gk is weight flow per time unit. By disin
tegrating a thermodynamic potential (eq. 2) into 
Taylor's series regardless of initial stressed 
state and differentiation in accordance with eq. 5 
we get 

Here, the constant coefficients are respectively 
equal to the following: 

(7) 

c1.J.kl - ca 2•1aa .. aak1 + ca 2•1aa .. as ><as 1aak1>1. 1J 1J pq pq 0 

a .. - ca 2•1aa .. ae - ca 2•1aa .. am )(am 1ae)] • 1J 1J 1J p p 0 

As a rule, not every elastic constant Cijkl is 
independent. It is possible to demonstrate that, 
for instance, for fissured rock the number of 
independent constants does not exceed six. Instead 
of eq. 7, it is possible to use the equivalent 
relationship 

(8) 

where coefficients Cijkl and aij are functions of 
variables ok1,e, ~l• and mp. which are determined 
experimentally. 
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Equations of state 7 or 8 complete the equilib
rium equation system, geometric relationships, and 
equations of heat-mass exchange. As has been shown 
by Porkhaev (1970), mass exchange processes may be 
neglected in most cases while calculating thermal 
field in mass rock. Therefore further we shall 
consider that heat movement inside frozen and melted 
zones and displacement of a "demarcation" line are 
carried on only by conductivity heat exchange. 
Stephen's problem solution may be obtained accord
ing to enthalpy techniques, which take into account 

the intensive phase transition zone. One of the 
versions may be found in Plotnikov (1978) • The · 
variable surface of frozen water in such a case is 
a known temperature function (Ershov and Akimov 
1979). Coaaon calculation of the stress-strain 
state and filtration is one of the indirect ways 
of using eq. 6. 

De1cribing the mechanical behavior of rock in 
terms of non-linear equations 7 or 8 causes a non
linear equation system of the 1tress-strain state 
calculation problem. The solution of the problem 
is possible only by means of numerical methods 
according to the iteration scheme, provided actual 
nonhomogeneous and boundary outlines are taken into 
account. Let us explain the scheme by a particular 
example. In the case of an isotropic nonlinear 
elastic medi1m1, eq. 7 is equivalent to the relation
ships: 

(9) 

(10) 

where 

llx • ICx11-x22) 2 + Cx11-Xs3) 2 + (x22-X3s) 2 

2 2 2 
+ 6(x12 + x13 + x23). 

Here, A and µ are elastic characteristics in terms 
of Lame factor, concentrations m1 are considered to 
be temperature functions, and their change are 
evaluated by a, the coefficient, thus, 

a• a' + 61·am1/ae 
(Merzljakov 1980). To determine the parameters of 
relationships 9 and 10 14 , I~, la, 110 , 'IJc, e it 
appears to be necessary to add two dependencies 
that are determined experimentally: 

ljli (It• lie, lo, Ila, µ6 , 0) • 0, i • 1,2 (11) 

where iAeis the Lode parameter. It is assumed that 
a stress tensor and a strain tensor are similar 
(J.Je• ~);temperature changes during the experiment 
and parameter a may be determined by the supplem
entary experiments. Dependencies 11 also include 
strength conditions. Then, using equilibrium equa
tions in displacements 

(µ • u. .) • +(11 • Uj) i+ 2(A • u.k) . + (y0) • 
1,J ,1 • It .J .J 

+ x. - 0 
J 

(12) 

where i,j • 1,2,3. We can draw up an iteration 
solution of nonlinear elastic problem, in the same 
way as was done by Gulko (1979), but taking into 
account temperature changes. Equation 12 makes it 
possible to determine displacements with the given 
elastic constants A and µ, thus determining le, 
111 , and µl· la and 110 may be determined from 
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eq. 11, and more accurate values of A andµ from 
eqs. 9 and 10. The process is repeated. It should 
be noted that eqs. 9 and 10 express the so-called 
deformation theory, while relationship 8, generally 
speaking, is non-holonomic. 

To describe irreversible processes in the system, 
it is necessary to consider particularly chosen 
internal parameters along with the external para
meters of a medi\111 (Sedov and Eglit 1962). The so
called "non-compensated" heat dq' is added to the 
right side of eq. 4. As the simpliest hypothesis 
describing creep, it is possible to assume 

dq' • K(dx/dt)dx, K>O (13) 

where K is scalar functions of external parameters 
and internal parameter. Hon-holonomic relations 8 
under condition 13 turn into the following: 

d6 .. • c. "kldakl + a •• de + A •• dx ••• 
1J 1J 1J 1J 

(14) 

where coefficients Cijkl• aij• and Aij are external 
parameters, functions, and x. If nec~ssary, due to 
the experimental data, hypothesis 13 can be altered 
and internal parameters can be added. 

The full equation system described above, even 
with the stated limitations, cannot be completed 
because of the great expense of the research under 
complicated geological conditions. By simplifying 
the scheme to the capacity of an engineer and to 
considerable reliability of the results obtained, 
acceptable practical solutions of the given problem 
are possible. 

The suggestions made above concerning mechanical 
behavior of frozen-thawing rock is the basis for the 
solution of a stress-strain state problem. The 
problem of evaluating slope stability is closely 
connected with it, and the ultimate stable state of 
the rock is considered to be the final state. In 
this case, the stability safety factor (K8 ) of a 
slope may be defined as the ratio of critical para
meters of the problem (failure load, critical em
bedding of slopes, etc.) to the actual spatial para
meters. However, this method was not a success in 
practice since it does not have enough practical 
grounds. In this connection, in design practice 
traditional techniques are used based on the 
definition of <Ka> as the ratio of forces keeping 
a creeping fill to forces shifting it along the 
given surface of sliding. Experimental data of K8 
relevant to this technique have been stored which 
assures slope stability. However, traditional 
techniques have a significant shortcoming which is 
to the following effect: confining and shearing 
forces are determined rather approximately and 
without any connection with the solution of a 
stress-strain state boundary-value problem. Bound
ary condition influence and changes in maintenance 
period, force, and temperature influence cannot be 
accurately taken into consideration. 
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The following method of evaluating slope stability 
of complicated geological composition, developing 
upon suggestions of Ukhov (1975), may be considered 
a rather important specification of traditional 
techniques: 1) On the basis of the design data and 
the geological and geomechanical research of an 
object, the geomechanical 111>del and design scheme 
are worked out. They reflect its structural peculi
arities, composition, state, and other factors 

responsible for its physical and mechanical 
behavior. 2) Stress components are calculated for 
the boundary area in question by the solution of 
some physical problems (e.g., thermo-technical) 
determining a state of the object and a stress
strain state problem. 3) Strength safety factors 
(K18) are considered to be the ratio of ultimate 
values of shear stresses (the latter is determined 
by the condition of strength, e.g. Coulomb's 
equation) to the maximum acting shear stresses, the 
stress field being known. 4) By analyzing the 
minimum Kas values and the stress-strain state 
pattern, the area that is evidently responsible for 
the formation of the dangerous collapse surface is 
revealed and serial of potentially collapse sur
faces is chosen. 5) For the series mentioned above, 
integral total stability safety factors (K8 ) are 
defined as the ratio of epure square of ultimate 
shear stresses at the dangerous surface to epure 
square of acting shear stresses along the same 
surface. The design surface is chosen from the 
possibly dangerous surfaces with minimum K8 value. 

Below, as an example, the results are given of 
the slope evaluation of the K8 of the complicated 
geological composition of a northern water-storage 
reservoir. The slope in question consists of 12 
types of rocks whose disposition and the location 
of the supposed great wreck are shown in Figure 1. 
Due to the lack of experimental data, the sequence 
of quasi-stationary (temperature and mechanical) 
states is under consideration to make eq. 1 more 
concrete. The calculations are carried out on the 
basis of the thermo-physical and mechanical proper
ties of rock in frozen, thawing and thaw states. 
The design versions and calculation results of Ka 
are given in Table 1. 

In different periods (pre-construction, construc
tion and maintenance of a dam) the rock's physical 
state and its mechanical properties may be quite 
different. To compile the calculation schemes, 26 
quasihomogeneous rock areas were considered. The 
permafrost and thawed areas are demarcated in 
Figure 2-6 by a dotted line. A boundary of a slop~ 
melting area at filling of a water storage reservoir 
(Figures S and 6) is meant for SO-year maintenance. 

In deciding upon the design (calculation) schemes 
and the nwnerical solution of the problem, the 
choice of the dimensions of a calculation area is 
important. The dimensions were derived from the 
test calculations (other conditions being equal). 
Preliminary calculations and analysis carried out 
in this way demonstrated that marking the dimen
sions of a calculated area by Version 1 (Figure 2) 
caused erroneous results for Ka• which is 10-14% by 
Version 2 (Figure 3-6) and to the error not exceed
ing 1-2% in calculation versions (the area of 
Version 2 is increased by 35% in comparison with 
Versioa 1). For exaaple, the value of Ka for a 
slope in the preconstruction period is 1.09 and 
0.95, according to Versions 1 and 2, respectively. 
As shown the results obtained are considerably 
differen~. In the first case, the slope is stable, 
in the second it is not. Thus, when applying 
nwnerical methods of evaluating slope stability, 
one should be very accurate in outlining the calcu
lation area. 

The following conditions are asswned as the 
calculation area boundaries: at the lateral bound
aries, horizontal displacements are equal to zero; 
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nGURE 1 Geological scheme of a left bank and a 
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FIGURE 2 Calculation area schematic in precon
struction period (Version 1) 

FIGURE 3 Calculation area schematic in precon
struction period (Version 2) 
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II 

FIGURE 4 Calculation area schematic in construc
tion period (Section I-I) 

FIGURE 5 Calculation area schematic in maintenance 
period (cross-section is higher than dam) 

v 

FIGURE 6 Calculation area schematic in maintenance 
period (Section I-1) 
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TABLE 1 Calculation Results of Minim1m1 Stability Safety Factor (Ks) 

Calculation 
number Description 

Ks values 

Without 
cracks 

With a crack 
filled with 

breccia 

1 Preconstruction period (natural 
slope) 1.35 1.18 

2 Construction period (design 
out, "discharge" stress 
considered) 1.26 1.09 

3 Similar to No. 2 but without 
"discharge" stress 1.57 1.39 

4 Maintenance period, natural, 
melt slope at TWL 1.46 1.38 

5 Similar to No. 4, at instant 
discharge of NTWL up to tail
water level and non-stabilized 
depression curve, stress dis
charge involved 1.28 1.20 

6 

7 

8 

Similar to No. 5, but at 
stabilized depression curve 

Maintenance period, cross
section 1-1 (within a dam 
and upstream), "discharge" 
stress considered at con
struction period cut 

Similar to No. 7, regardless 
"discharge" stresses 

1.23 1.13 

1.42 1.32 

1. 73 1.60 

9 Similar to No. 7, but at 
instant discharge NTWL up to 
TWL and non-stabilized depres
sion curve, "discharge" stress 
involved 1.33 1.21 

10 Similar to No. 9 but at 
stabilized depression curve 

at the lower boundaries vertical displacements are 
equal to zero; and at the upper boundaries external 
loads are zero. During the construction and main
tenance periods, in shear areas external forces are 
ass11111ed to be equal to discharge forces. Hydro
static water pressure upon frozen mass outline, in 
accordance with breaking of the area into finite 
elements, is applied in terms of horizontal and 
vertical components of discretion forces. After 
the normal top water level is removed, the "dis
charge" forces are applied to the areas of frozen 
mass outline free of hydrostatic pressure. 

For every design, Ks has been calculated for the 
probable sliding surfaces disposed in the area of 
minimum values of local strength safety factors. 
The typical surfaces (I, II, III) corresponding to 
minimum values of Ks are presented in Figure 2-6. 
In the calculated versions with a supposed crack, 

1.36 1.27 

dangerous surfaces are composed of two regions: the 
first includes a crack plane, the second a formation 
surface III. Table 1 lists minimum Ks values. In 
the versions without cracks, minimum Ks values 
correspond (in different versions) to surfaces II 
and III, for versions with cracks--to surfaces IV. 
Comparison of calculation results shows that the Ks 
of a slope during different periods (pre-construc
tion, construction, and maintenance) undergoes 
different changes. Rock thickness during construc
tion period causes considerable change of a stress
strain state and Ks value decrease. 

When a water storage reservoir is filled, slope 
stability increases due to the horizontal component 
of hydrostatic water pressure. At maximum water 
discharge and a stabilized depression curve, Ks 
tends to minimum values. The latter is conditioned 
by the size of the thawed slope area and by the 
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difference in mechanical rock properties in frozen, 
thawing, and thawed states. In a dam cross-section 
an extra load from upstream fill increases slope 
stability in all calculated versions. 

Thus, calculation result analysis makes it pos
sible to draw the following conclusions: 
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1. The differences in rock's strain and strength 
properties in the frozen, thawed, and thawing 
states changes considerably the stress-strain state 
and the stability of a slope. 

2. Slope stability is conditioned by the con
struction period and by the maintenance regime of 
the reservoir. The design value of Ks is influ
enced by several variable force factors dependent 
upon a) construction cutting of rock thickness, 
b) changing hydrostatic head, c) unit weight change 
of a thawed part of a hillside along with a change 
of a depression curve disposition, and d) the dim
ensions and configuration of the thawing area of a 
hillside outline. 

3. The suggested method of evaluating slope 
stability, based on numerical calculations of the 
stress-strain state, is efficient for a great 
extent actual non-homogeneity of slopes (initial 
and changing with the maintenance of the water power 
project, variable force, thermal effects, and other 
factors. 

REFERENCES 

Ershov, E. D., and Akimov, U. P., 1979, Phase mois
ture composition in frozen rock: Moscow, Moscow 
University. 

Gulko, E. F., 1979, Forecast of stress-strain state 
of soil fill in its spatial action: Candidate 
thesis, manuscript, Hoscow. 

Merzljakov, V. P., 1980, Application of the basic 
thermodynamic relations in description of soil 
strains, Proceedings of the 3rd All-Union 
Symposi1111 on soil rheology: Erevan, p. 273-278. 

Plotnikov, A. A., 1978, Temperature regime calcu
lation of permafrost footings, Energeticheskoye 
stroitelstvo, .. no. 8, p. 70.;73, 

Porkhaev, G. V., 1970, Heat interaction of build
ings and structures with permafrost soils: 
Hoscow, Nauka. 

Sedov, L. I., Eglit, M. E., 1962, Non-holonomic 
modelling of continuous media by finite strain 
application and some physical and chemical 
effects: Doklady Academii Nauk USSR, v. 142, 
p. 54-57. 

Ukhov, S. B., 1975, Rock footings of water power 
structures: Hoscow, Energia. 

Vakulenko, A. A., 1974, Interaction of micro and 
macro models of an elastic-plastic body, Elastic 
and Plastic Research, vol. 10: Leningrad: 
Leningrad University, p. 3-37. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


A NEW TECHNIQUE FOR DETERMINING THE STATIC FATIGUE 
LIMIT OF FROZEN GROUND 

V. V. Vrachev, I. N. lvaschenko, and E. P. Shusherina 

Geology Department, Y.oscow State University 
Moscow, USSR 

Existing techniques for determining the static fatigue limit (~) of the frozen 
ground are time-consuming and labor-intensive (Vyalov et al. 1966, 1978; Tsytovich 
1973). The proposed new method can achieve an accelerated determination of the 
static fatigue limit by means of brief tests by gradually increasing loading on 
sublimated samples of frozen ground. The physical bases of the method, which has 
been verified experimentally, are as follows: 1) the static fatigue limit of 
frozen clay materials depends upon the structural bonding of the mineral frame
work rather than on bonding by ice-cementing; 2) the structure and texture of 
the mineral framework do not vary considerably during sublimation of the icecrete 
until the ground moisture equals the content of unfrozen water under the same 
thermodynamic conditions; and 3) the static fatigue limit of sublimated ground 
approximates in magnitude its theoretical instantaneous strength Ro· To determine 
~ by the proposed method within limits of accuracy which are acceptable for 
practical purposes, it is recommended that one select for analysis samples of 
frozen clay material with a massive or micro-veined cryogenic texture within the 
temperature range of -3 to 20°C. 

INTRODUCTION 

The mechanical properties of frozen ground stem 
mainly from porous moisture crystallization and 
icecrete bonding (Tsytovich 1973, Vyalov 1978). 
Two types of bonding can be distinguished: intra
crystalline bonding within the polycrystalic ice
crete and ice-cementing between the ice and mineral 
particles. Both types are of chemical (hydrogenic) 
nature, but can vary considerably in their energy 
depending upon the chemical affinity between the 
surface contacts and the presence of an unfrozen 
water film between them. The rheological processes 
of creep, relaxation, and decrease of strength in 
time are associated with the presence of ice in the 
frozen ground. 

The strength and deformability of frozen clay 
ground can also be determined by structural bonding 
of the mineral framework caused by molecular and 
ion electrostatic interaction of particles and their 
cementation by various cryohydrates. Elimination 
of ice by means of sublimation allows evaluation of 
the individual role of structural bonding and ice
cementing in the formation of mechanical properties 
of frozen ground. 

The present paper considers the use of ice sub
limation for the evaluation of the static fatigue 
limit ~. which is a basic engineering parameter 
used in the design of structures with foundations 
in frozen ground (Vyalov et al. 1962). 

&v is used in different design formulae to pre
dict the origin and development of cryogenic pro
cesses (Grechischev et al. 1966). Existing methods 
to determine parameters of strength and deform-
abi lity require strict observation of the tempera
ture regime during the test because of the 
instability of the mechanical properties of the 
frozen ground. The allowable temperature deviations 
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in the field of intensive phase transformation 
should not exceed ±0.1°C. In addition, to protect 
samples of frozen ground from erosion it is neces
sary to keep them hermetically sealed in special
ized cases. These factors complicated the 
preparation and perforl!IB.nce of extensive tests; 
moreover, slight deviations from these requirements 
causes significant scattering of the experimental 
data. The most reliable values of ~ can be 
obtained when a number of identical ground samples 
are tested by loads that are different in strength, 
but constant over time. The first sample was tested 
by rapid loading and its conditional instantaneous 
strength Ra was then determined. The rest of the 
samples (no less than 6) were tested for creep 
effect at various loads less than Ra· Each sample 
was pushed to failure and the corresponding time 
was recorded. The resulting static fatigue curve 
approximates, in particular, the experimentally 
verified expression: 

R(t) • _B_ 
titf 

where S, T are parameters of the static 
curve and t is the time to destruction. 
to be equal to 100 years, we obtain the 
fatigue value, ~. 

(1) 

fatigue 
Assuming t 

static 

The proposed method of accelerated estimation 
of ~ was at the Cryology Division of the Geological 
Department, Moscow State University. It is based on 
the study of the process of ice sublimation and its 
specific effect upon the composition, structure, 
and mechanical properties of frozen ground. 

Ice sublimation is a phase transformation of the 
first type, and is a direct transformation of water 
molecules from solid to gas phase (Lykov 1968). 
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Taking into consideration experimental data that 
indicate the existence of a thin "quasiliquid" 
layer of bound water on the surface of the ice 
crystals, this sublimation is, in fact, evaporation 
of unfrozen water and simultaneous enrichment of 
its reserves due to melting from the lower ice layer 
brought about by the thermodynamic balance between 
the solid and liquid phases (Ershov et al. 1975). 

METHOD OF TEST PREPARATIOU AND 
PER.'11QRMANCE 

The research performed included the study of the 
composition and structure of the frozen and sub
limated ground by electron and optical microscopy, 
and the determination of strength and deformability 
parameters with consideration of the time factor. 
Samples of .Paleogenic clay (mPgkV) having natural 
and disturbed structure and a m~isture content (W), 
on the order of about 32-34%, and a framework 
density (Yck> of 1.45 g/cm' were analyzed. Hore 
precise definition of the physico-mechanical 
properties of the clay have been studied in a paper 
by Ershov et al. (1975). Cylindrical samples of 
ground (d • 3.8 cm, h • 8 cm) were frozen at a 
temperature of -30°C to form massive cryogenic 
texture. The experimental subject was selected 
due to the fact that sandy types of disperse 
grounds (sands, fine sandy loam) with massive 
cryogenic texture and clays with veined cryogenic 
texture did not fit the purpose of research because 
during frost desiccation they broke down into their 
constituenL elements or units (Zhestkova et al. 
1972). 

lee has been sublimated at -10°C in the special 
sublimators in which air at an optim1111 velocity of 
10-20 m/sec. was blown over and around it. During 
ice evaporation the changes in the sample were 
periodically monitored by the formula 

(2) 

where Pe is initial sample mass (in grams); PK is 
final mass (in grams), V is sample volume (in cm'); 
Yck is density of ground framework (in g/cm'); We 
is initial sample moisture (in %); and We.B. is 
unfrozen water content (in%). 

Desiccation of the samples stopped when moisture 
of clay W became equivalent to the unfrozen water 
content for the given temperature of -10°C (We.B. • 
7.5%). 

The moisture limit We.B. is of special considera
tion; below this limit vol1111e densification of the 
ground occurs, resulting in a considerable increase 
in strength. After ice sublimation is completed, 
the samples were sealed hermetrically and kept at a 
given temperature regime for more regular distribu
tion of the moisture within the sample. Homogeneity 
of samples was verified by nondestructive monitor
ing of the velocity of acoustical wave propaga
tions in orthogonal directions (Zykov et al. 1974). 

The microstructure of frozen and sublimated clay 
samples has been studied using a light polarization 
microscope, MIN-8 (Vrachev and Rogov 1975). 
Simultaneously, the micro-aggregate composition of 
the described samples was determined by Kachinsky's 
method (1957). Creep tests have been performed at 

-10°C under uniaxial compression by various acting 
stresses constant in time (Vyalov et al. 1966). 
All creep tests were repeated three times. 

DISCUSSION OF RESULTS 

Results of the study of the microstructure of 
the frozen clay ground by electron microscope Tesla 
B5-242 (Rogov and Zabolotskaya 1978) show that the 
mineral framework is initially represented by 
separate elementary particles of various size (from 
clay to sands) and by their aggregates. Aggregates 
vary in shape and size from 0.1 to 2 mm. lcecrete 
was not detected even at 5000X magnification. There
fore, we can suppose that structural bonding in the 
aggregates is determined mainly by the molecular 
and ion electrostatic interaction of mineral 
particles. lee inclusions should be considered 
typically cement-like, since they form as the result 
of water freezing in the ground pores with neglig
ible displacement. As a rule, isometric icecrete 
inclusions consist of one or, rarely, several 
crystals with chaotic orientation of optical axes. 
The ice inclusion-ground aggregate boundary is 
indistinct, which can be explained by the existence 
of an unfrozen water film in the gap between them. 
The type of bonding between the crystals within the 
ice inclusions can be regarded as intercrystalline, 
and between the ice and mineral aggregates as ice
cementat ion. Intra-aggregate ground porosity (n), 
in particular, is another basic element of micro
structure. The optical method used to study the 
surface of a cross-section of clay samples in 
reflected light revealed the distribution of pores 
over 0.02 mm. To estimate the effect of ice sub
limation upon a given component in the microstruc
ture of frozen ground we derived individual indices 
of its porosity. General porosity nr is determined 
by 

b. - Yck 
nr • -r- • 100 (3) 

where b. is density of mineral mass of the ground 
(2.72 g/cm') and Yck is density of solid in g/cm'. 
Porosity formed in 0.02 mm voids has been calculated 
as a percentage ratio between the density of these 
pores and the total area of the analyzed sample in 
its plane section. Pores of this size are the most 
sensitive to any volume changes of the ground. 

Table 1 illustrates data on micro-aggregate 
composition and porosity of frozen and sublimated 
clay samples. 

Analysis of the structure of the mineral frame
work in the sublimated clay samples shows that 
elimination of ice leads to formation of post
cryogenic (inherited) structure and texture in the 
ground. There is no significant change in the 
geometry and average size of the aggregates, of 
their mutual alignment and the degree to which they 
fill in the structural space. The latter agrees 
well with results (Lykov 1968) on the study of the 
effect of vacu~sublimation drying on the structure 
of capillary porous bodies. Lykov noted that "this 
drying technique keeps the pores of the material 
uncompressed and the structure almost unchanged. 
Slight shrinkage does occur during elimination of 
adsorptive bound water." All this allows the sub-
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TABLE 1 Composition and Structural Properties of Clay Samples 

Micro-aggregate cmmposition 

Size of particles (mm) 
Content of particles (%) 

n(%) 

Sand Silt Clay 
yck (g/cm3) n > 0.02 mm 

Clay >0.05 0.005-0.05 <0.005 nI: 

Frozen 46.2 44.6 9.2 1.45 46.5 
33.2 37.3 29.5 1.43 47.4 9.9 

Sublimated 48.2 43.8 8.0 1.47 46.0 
30.0 38.4 31.6 1.46 46.3 8.1 

Note: Numerator stands for indices of natural composition of ground, 
denominator is for destructed gro1md. 

12,5 

KJ.O 

7,5 

s,o 
2.5 

0 
t, di.!/°' 

FIGURE 1 Creep curves for frozen clay of natural 
composition; stresses equal to: 1- 0.47; 2- 1.24; 
3-1.49; 4-2.10; 5-2.48; 6-2.64; 7-2.79; 8-
2.94 MPa. 

J 
-s 
-~ 2 1-LJ , .... +f,_2 , 2' 

0 I 2 J 4 5 '6o 
t, d.iyt; 

FIGURE 2 Creep curves for sublimated clay of 
natural composition; stre88es equal to: 1- 0.1; 
2-0.5; 3-1.27; 4-1.58; 5-1.7; 6-1.78 MPa. 

limated gro1md to be viewed as an adequate model of 
the mineral framework structure of the frozen 
ground. The strength of the clay material is known 
to be determined not by the strength of their struc
tural elements (i.e. micro-aggregates), but by the 
bonding forces between them (Osipov 1979). As has 
already been noted, icecrete and structural bonding 
can be distinguished in the frozen ground. Forma
tion of icecrete bondinR in the freezing ground 

with complete water saturation occurs throughout 
the intraphase surface of particles, while forma
tion of structural bonding occurs only at sites of 
greatest contact. Resistance to the breakdown of 
such a porous system as the mineral framework of 
the ground depends upon the bonding strength between 
micro-aggregates at contacts and upon spatial dis
tribution of these contacts. As far as the differ
ence in the reaction of structural and icecrete 
bonding to external mechanical influences is con
cerned we shall consider the behavior of frozen and 
sublimated cliq samples under conditions of pro
longed loading. The origin and behavior of rheo
logical processes in the frozen ground stems mainly 
from ice inclusions, i.e. icecrete and ice bands in 
their composition. Practically any load can cause 
plastic flows in them and a re-orientation of their 
ice crystals, in addition to viscous films of 1m
frozen water (Vyalov 1978, Tsytovich 1973). The 
process of deformation of the non-sublimated clay 
samples over time is typical of frozen ground 
(Figure 1). The creep curves show three distinct 
stages when stresses exceed static fatigue limit 
(a >R"'): 1) non-stable creep with a gradually 
decreasing rate of deformation; 2) stable creep 
with an approximately constant rate of deformation 
(i.e. plastic viscous flow); and 3) progressing 
flow with an increasing rate of deformation. 

In the case of natural ground the last stage 
ends in breakdown of the sample with the formation 
of visible fractures. Samples of irregular composi
tion demonstrate plastic deformation with the 
following barrel-line formation. The stable creep 
stage dominates over time. The second and the third 
stages are absent in the presence of small stresses 
(a<~), and the deformation process occurs as 
attenuated creep with a gradually decreasing rate 
of deformation. 

lee elimination due to frost drying of the 
frozen gro1md sharply changes the character of the 
deformation and the destruction of the samples 
(Figure 2). Even for stresses Ro from 0.85 to 0.9, 
deformation of the sublimated samples occurs during 
creep reduction when the test time exceeds 6 months. 
When this limit was exceeded, a typically fragile 
destruction of the ground occurred 1 to 4 hours 
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TABLE 2 The Effect of Ice Sublimation on Physico-Mechanical Properties 
of Clay (0 • 10°C,. 

State of the w (%) Yck (g/cm3) ~ (MPa) ~ (MPa) 
ground 

Frozen 32±2.0 1.45±0.04 3.10±0.3 1. 74±0. 25 
34±2.0 1.44±0.03 3.90±0.2 1.50±0.25 

Sublimated 
9. 7±0.5 1.45±0.01 2.00±0.l 1.73±0.05 

10.2±0.5 1.45±0.01 1.35±0.1 1.27±0.05 

Note: Numerator stands for properties of undisturbed ground, denominator 
stands for disturbed ground. 

after the test began. Deformations developing in 
the initial period are caused by elastic compression 
of the ground framework and by a predominantly 
reversible relative shift of mineral particles along 
viscous films of unfrozen water. General creep 
deformation of the frozen ground is 15-20% depending 
on the effective stress and is mainly plastic 
(reverse). That of sublimated samples is reduced 
to 3-5% with domination of the elastic component. 

When ground freezes its strength is sharply 
increased due to crystallization of porous water 
and formation of ice-cementing. This phenomenon is 
widely used in civil engineering, for instance, 
during tunneling or trenching in weak and water
saturated ground by means of artificial freezing 
(Vyalov et al. 1962). Ice-cementing depends on 
the amount of ice and the ground temperature; it is 
less stable than structural bonding. Ground loading 
causes a shift in the balance between the ice and 
unfrozen water due to a concentration of stresses 
at particle contacts. Under the influence of the 
gradient that arises, the unfrozen water, which is 
replenished by melting ice, shifts to the less tense 
zone where it refreezes. Simultaneously, the ice 
recrystallizes and a basal plane reorientation of 
crystals occurs parallel to the shift forces. 
These processes cause a decrease in the frozen 
ground's strength when the loading is prolonged. 
The load for clay samples Ro is determined by (1) 
and equals 0.45 to 0.5 (Table 2). 

Sublimated clay samples, as compared to frozen 
samples, do not demonstrate considerable decrease in 
strength over time; their static fatigue resistance 
to compression is 0.85 to 0.9 of the conditional 
instantaneous strength. ~ of the frozen ground 
and Ro of the sublimated ground show considerable 
similarity. Such coincidence seems to be regular 
if we assume ~ as maximal stress at which no defor
mation of the ground occurs during plastic-viscous 
flow or breakdown. A similar conclusion about the 
physical properties of the &v of capillary porous 
bodies was reached by Bykovsky (1954) when he 
analyzed the after-effects of deformation of wood. 

If we treat the frozen ground as an elastic
plastic-viscous mediwa pierced by an elastic spatial 
grid, the system could be destroyed when the stress 
limit is surpassed; as a result, further increase 
of deformations in the frozen ground is no longer 
inhibited by its mineral framework. As far as 
interground bonding is concerned, this stress limit 
corresponds to the value of structural bonding of 

the mineral framework, which can be determined by 
short-term tests for the strength of the sublimatec 
ground samples. 

If we compare the proposed and existing methods 
for determining ~. we note that the first has 
obvious merits. In particular, it reduces test 
time since it allows us to determine the ~ of the 
frozen ground by conducting short-term tests of 
their sublimated analogues. Besides, sublimated 
samples are less sensitive to temperature varia
tions, especially beyond the field of intensive 
phase transformations (below -5°C). And finally, 
the accuracy of the test results for sublimated 
samples is higher (±4%) than for frozen samples 
(±12 to 15%). 

At the same time, it should be noted that the 
proposed method can be used only to determine the 
~ of clay ground in massive cryogenic structures. 
The possibility of using this method at tempera
tures below -10°C is also debateable because we 
have little knowledge about the rheology of low
temperature frozen ground. 

CONCLUSIONS 

1. To determine the &v of the frozen clay 
ground of a massive cryogenic structure, the sub
limated analogues can be used, because the struc
ture of the mineral framework is not disturbed 
during the process of frost drying until Wu.B.• and 
its static fatigue limit corresponds to the condi
tional instantaneous strength of the sublimated 
ground. 

2. The proposed method for determining the lit\. 
of frozen ground has certain merits as compared to 
existing methods. It allows a reduction in test 
time, is not as sensitive to temperature variations 
(±3°C), and its results have high accuracy. 

3. Ice sublimation allows for more detailed 
investigation into the nature of the strength and 
deformability of frozen ground. In particular, it 
allows us to determine the individual roles of 
structural bonding and ice-cementing in the forma
tion of their mechanical properties. 
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PERMAFROST BENEATH THE ARCTIC SEAS 

L. A. Zhigarev 

Geography Department 
Moscow State University, Moscow, USSR 

Frozen seabed materials are widespread beneath the Arctic seas, thus forming a 
submarine cryolithozone. The major part of this submarine cryolithozone consists 
of mineralized materials containing water supercooled below 0°C. Perennially frozen 
rocks occur as a continuous belt along both continental and island coasts, and also 
as isolated masses on the open shelf within the limits of the Zyryan-Kargin lacustro
alluvial plain. The conditions of formation and survival of the frozen sediments 
beneath the seabed in the arctic seas are discussed. 

Cryogenic rocks, which are widespread beneath 
the Arctic Ocean and its marginal seas and which 
are one of the most striking phenomena of the 
Arctic, constitute a vast subaqueous cryolitho
zone. The study of cryogenic rocks in the sea
bed is of both theoretical and practical signif
icance. Both Soviet and foreign experience in 
the economic development of the Arctic shelf show 
that during design and construction in offshore 
zones, lack of knowledge about and insufficient 
account of, or disregard of, the characteristic 
features of development of the subaqueous cryo
lithozone and its cryogenic rock constituent can 
cause no less grave consequences than on dry 
land. 

Changes in cryogenic conditions in the off
shore zone of the Arctic seas take place with 
hydrotechnical construction, prospecting, and 
especially the exploitation of mineral and oil-
gas deposits. An essential change in the cryo
genic-geological CODditions is to be expected in 
estuarine off shore regions as a result of inter
basin diversion of northern rivers, as well as in 
shoals of bays and straits as pipeline construction 
progresses. 

The first data on the occurrence of frozen 
sediment in the Arctic seabed were obtained in 1739 
during the Great Northern Expedition, when Kh. P. 
Laptev, co11111ander of the naval detachment, observed 
sea ice adfreezing to bottom deposits at the north
eastern coast of the Taimyr Peninsula. He suggested 
that sea ice in the western part of the Taimyr also 
adfreezed to the bottom sediments. Such a phenom
enon was recorded by U, R. Parry in 1819-1820 in 
Viscount Melville Bay (the eastern part of the 
Beaufort Sea). 

Later, data on the subaqueous cryolithozone 
resulted from the expeditions of Nordensheld, Toll, 
and Sverdrup, as well as some Soviet expeditions 
for the exploration and exploitation of the Northern 
Shipping Route, It is to be noted that a particular 
contribution to the study of the special features 
of cryogenic .rock distribution in the seabed was 
made by the Russian polar expedition headed by E. v. 
Toll. 

In the USSR, systematic studies of the subaqueous 
cryolithozone with the use of boring have been 
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carried out since the 1930s in connection with port 
surveys and prospecting for mineral deposits. 
Abroad, investigations into cryogenic rocks, based 
on drilling, were carried out in 1932 by McLachlan 
in the northern part of the Atlantic Ocean on the 
western coast of the Hudson Bay. Systematic 
studies of the subaqueous cryolithozone in the 
.American-Canadian North were co11111enced only in the 
late '60s in connection with the discovery of oil 
and gas deposits in the Beaufort Sea. 

These studies have revealed patterns of dis
tribution of cryogenic rocks in the Arctic seas, 
as well as special features of the subaqueous 
cryolithozone formation. They allowed evaluation 
of permafrost conditions within a large part of 
the water area in the Arctic basin. Such evalua
tions were made by Baranov (1958), Grigoryev (1962), 
Kudryavtsev and Romanovsky (1975), Are (1976), and 
Danilov and Zhigarev (1977). Recent research into 
the subaqueous cryolithozone makes it possible to 
essentially clarify the cryogenic conditions in 
the Arctic seas. 

But is is to be recalled, first of all, that 
cryogenic rocks are divided (Danilov and Zhigarev, 
1977) into recent and relict by age, perennial and 
seasonal by existence period, and into frozen 
(negative temperature, containing ice and unfrozen 
water), frosty (negative temperature, containing no 
ice and practically no water), and supercooled 
(negative temperature, containing unfrozen water 
but no ice) by physical state. 

The subaqueous cryolithozone develops due to 
thermodynamic, chemical, and hydrodynamic inter
action between the atmosphere, the hydrosphere, 
and the lithosphere. The basic external agents 
that determine freezing or thawing of rocks in the 
sea are those of absorbed radiation, turbulent and 
convective circulation of the water mass, and 
advection of heat by currents, which is determined 
to a considerable degree by the sea depth, the 
bottom relief, and the ice cover. The main inter
nal agents are the lithological composition of 
rocks, humidity, mineralization of deposits, and 
pressure of the overlying water mass and sediments. 
The integral expression of the external agents is 
the temperature of the bottom sea-water layer, and 
that of the internal agents is the temperature of 
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the pore water freezing in the bottom sediments. 
As has been established earlier (Molochushkin 

and Gavrilyev, 1970; Zhigarev and Plakht, 1974), 
the mean annual temperature of the bottom water 
layer is almost identical to that of the deposits 
at the base of the layer of zero annual amplitudes. 
Hence the correlation between the temperatures that 
determine the external and internal agents indic
ates directly the possibility of freezing or thaw
ing of the deposits, i.e. the formation of recent 
(newly formed) frozen rock series, conditions of 
conservation of relict perennially frozen rocks, 
and distribution of seasonally or perennially 
supercooled deposits. Only frosty rocks are 
characterized solely by the mean annual temperature 
of the bottom sea-water layer. 

Existing perennially frozen rocks are found to 
occur in all recently emerged localities as well 
as in the water areas of the seas, but at depths 
not exceeding the maximum thickness of the fast 
ice. Bottom sediments in the coast-ice areas 
freeze deep due to the high heat conductivity of 
ice and the insignificant thickness of the snow 
cover. The annual repetition of deep freezing 
results in new growths of permafrost. With the 
sea depth exceeding the mentioned value, recent 
perennially frozen rocks do not form even near the 
shore. In all the other areas, the recent frozen 
rocks encircle the entire off shore zone at the 
continental and island coasts with a belt of vary
ing width. The width of this belt is greatest in 
the Laptev Sea (up to 35 km) and in the western 
part of the East Siberian Sea (up to 30-40 km). 
The temperature of the recent perennially frozen 
rocks at the depth of the annual variation base 
was -11°C in one of the sections of the Laptev Sea, 
and their thickness for 35 years of freezing 
approximated 60 m, as was estimated in the East 
Siberian Sea. 

The problem of occurrence of relict permafrost 
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in Arctic seas is extremely complicated; it can be 
solved only on the basis of research into the paleo
geographical conditions of the Late Pleistocene 
period. These conditions comprise the development 
of transgressions and regressions of the Arctic 
seas and the sea level during their maximum phases, 
the relief of the shelf and possible formation of 
an ice sheet on it, the thickness of the perennially 
frozen rocks prior to their becoming subaqueous, 
the interior heat flow, as well as the above
mentioned external and internal agents of freezing 
and thawing. 

Relict perennially frozen rocks have undoubtedly 
survived in some comparatively recently abraded 
areas in the Laptev Sea and in the western part of 
the East Siberian Sea within the bounds of the 
lacustro-alluvial plain of the Zyryan-Kargin age. 
The boundary of this plain probably ran at a depth 
of about 30 m. This is demonstrated by numerous 
sand fields and banks that are residual outcrops of 
the former continental plain and that do not exceed 
that depth in the Arctic seas, and also by the fact 
that there is little or no subaerial relief over 
the entire area of the sand fields and banks. 

During the period of development of transgres
sions of the Arctic seas, as is known, there took 
place thermoabrasional destruction of the shores 
built of ice-rich deposits of the Zyryan-Kargin 
lacustro-alluvial plain. The deposits thawed in 

the destroyed shore sections as they were sub
merging. It has been noted (Zhigarev, 1981) that 
the most intensive thawing of frozen sediments 
takes place at sea depths ranging between 2-3 m 
and 5-7 m. The mean annual temperatures of the 
bottom water layer within this depth range are 
positive and can reach relatively high values. 
The sea takes hundreds, and possibly thousands, of 
years to transgress through this depth range. 
Therefore, extremely intensive degradation of the 
frozen rocks from top and from bottom develops 
during this time period. The continuing rise of 
the sea level and bottom sediment washout increase 
the depth, lower the mean annual temperatures of 
the bottom water layer, and hence stop the thawing 
of frozen rock from above and retard the thawing 
rate from the bottom. Occurrences of relict perma
frost are distinguished on the basis of an analysis 
of sea depths, bottom relief, and the lithological 
composition of the bottom sediments. Relict frozen 
rock series have survived in areas of the completely 
thermoabraded Semenov, Vasilyev, Figurin, and Diomid 
islands. 

The survival of relict permafrost is also pos
sible in regions with intensive present-day accumu
lations of marine sediments where the sea depth 
has decreased to a value equal to the maximum 
thickness of the fast ice. Thus, for example, 
highly ice-rich rocks were recorded at a depth of 
from 86 m to the borehole face at 100 m on an inlet 
offshore bar in the Laptev Sea, with its depth here 
being 1.9-2 to 2.5 m (Zhigarev, 1981). Relict 
frozen rock masses can be supposed to occur in 
regions of extensive sand field distribution over 
shoals of the seas. It can be assumed, according 
to the mentioned characteristics, that relict frozen 
rock series are most widespread in the Laptev Sea, 
but they also occur in the western part of the Eai.~ 
Siberian Sea and more rarely in the Kara Sea. Their 
thickness can reach hundreds of meters in freshly 
abraded areas, but it probably does not exceed tens 
of meters in regions of old thermo-abrasion within 
the Zyryan-Kargin lacustro-alluvial plain. 

The recent and relict perennially frozen rocks 
near continental and island coasts form original 
''visors" (overhangs) directed towards the sea where 
they wedge out. Grigoryev (1966) was the first to 
record such forms of deposition of perennially 
frozen rocks. In some gulfs of the Laptev and East 
Siberian Seas, we happened to observe double 
''visors", with the upper and lower ones being 
characteristic of the recent and relict frozen 
rocks respectively. 

As is known, the zone of the Arctic seas is a 
mosaic structure consisting of a number of large 
upheaved or lowered blocks divided by folded 
formations or by wide ruptured belts. The upheaved 
blocks are built of sedimentary rocks of the 
Silurian, Devonian, or Carbonic periods. In the 
eastern sector of the Arctic, these are overlain by 
the Cretaceous effusive rocks and by a thin cover 
of loose deposits, but this cover is locally washed 
away completely, and the effusive rocks, under 
negative temperatures, are overlain by frost rocks. 
The latter are widespread in the Kara, Laptev, and 
East Siberian seas. 

The lowered blocks in the western sector of the 
Arctic are built of a series of poorly consolidated 
or unconsolidated sediments with a thickness of up 
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to several kilometers of the Triassic-Quaternary 
or Jurassic-Quaternary age, and those in the 
eastern sector are built of a series of Cretaceous
Cenozoic deposits. The occurrence of relict frozen 
rocks is theoretically possible in lowered block 
areas under negative temperatures. However, pore 
water of loose deposits in the offshore zone of the 
Arctic seas, as seen from the studies carried out 
by the HSU Problem Laboratory for Development of 
the North and other organizations, is characterized 
by extremely high mineralization of chloride-sodium, 
sulfate-sodium, or chloride-calcium types, reaching 
50 to 160 g/kg and penetrating right down to the 
underlying bedrock. Under the conditions of such 
mineralization and of relatively high negative 
temperatures of the bottom deposits (-0.4° to 
-l.8°C), loose rocks supercooled below 0°C are most 
widespread in the Arctic seas. Perennially super
cooled rocks occur in all the Arctic seas, as well 
as in the abyssal part of the Arctic Ocean. These 
are absent only in areas where the warm Atlantic 
and Pacific waters affect the bottom, and in the 
zones of influence of the major Siberian rivers, 
where the mean annual temperatures of the submarine 
deposits are always positive. 

The recent and relict perennially frozen and 
perennially supercooled rocks recorded in the Arctic 
seas are overlain by seasonally frozen and season
ally supercooled rocks in the offshore zone. 
Seasonally thawed rocks occur in the emerged areas 
of the newly formed frozen rock masses. Seasonally 
supercooled rocks are rather widely spread in the 
Arctic seas. According to estimations, these are 
deposited as a layer up to 4 m thick from zero sea 
level to depths of 16-18 m, 14-16 m, and 20-22 m in 
the Kara, Laptev, and East Siberian Seas, respec
tively. Within the above depths, these rocks are 
absent only in areas of localization of fast-ice 
masses (the Northern Land, Yana, and New Siberian 
massifs). 

Seasonally frozen rocks in areas with rapidly 
growing depths extend into the sea for tens or 
hundreds of meters, while on shoals with depths 
not exceeding the fast-ice thickness they extend 
for kilometers or even tens of kilometers. The 
maximum thickness of seasonally frozen rocks at 
zero sea level reaches 2 m. The thickness in
variably decreases towards the water. Such rocks, 
as well as the newly formed frozen rock masses 
discussed above, occur at sea depths not exceeding 
2.5-3 m. Sections of submarine deposits washed by 
fresh river underchannel flows in estuaries and 
estuarine offshore zones are an exception to this 
rule. Seasonally frozen rocks in this case can 
form at greater depths as well. In the autumn
winter period, due to the reduction of the warm 
flows of the river waters, sea waters supercooled 
below 0°C intrude along the deepest sections of 
the rivers. Because the sea waters have negative 
temperatures, while the pore water of the poorly 
permeable underchannel deposits is fresh, freezing 
of the latter takes place. The extension of the 
halocline in the estuaries of individual rivers can 
reach hundreds of kilometers, and most deep-water 
and poorly permeable sediments over this entire 
distance are seasonally frozen. The depth of their 
freezing, according to estimations, reaches 1 m. 

A unique characteristic of freezing bottom 
sediments is observed in regions of stamukha 
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occurrences. Stamukha is an ice hU11111ock (or 
grounded ice) of dynamic origin that forms as a 
result of the wind effect and the development of 
sea-ice compression pressure forces on shoals, 
banks, and reefs, with sea depths not exceeding 
20 m. Usually, floating hU111110cky ice penetrating 
shallows adfreezes to the bottom sediments, becomes 
immobile, and turns into stamukhas. The latter 
have a shape of gently sloping eminences with slope 
steepness not greater than 30°. In some parts of 
the East Siberian Sea, an average of one stamukha 
per km2 can be observed (Gorbunov et al., 1977). 
Their lengths, widths, and heights vary here from 
50 to 4750 m, 20 to 3500 m, and 2-4 to 20 m, 
respectively. Occasionally some stamukhas standing 
near one another form chains or ramparts and ridges 
stretched for several tens of kilometers. No one 
has studied the temperature regime of stamukhas. 
There are, however, some temperature data on a per
ennial ice mass from the section. Cherepanov 
(Peschansky, 1963), for example, studied the temp
erature regime in an 8-m ice mass at the SP-6 
Station (North Pole drifting station). The tempera
ture at its base varied during the year from -2.4°C 
(June, 1957) to -3.8°C (April, 1958). 

A rather intensive destruction of stamukhas takes 
place in suamer in the ice-free water area due to 
the effects of heat and wave agents. The greater 
the size of the stamukhas, the slower their des
truction. After the stamukhas are destroyed com
pletely, the bottom sediments in places of their 
bedding can be found to be nonsaline or even frozen. 
It is probably just such sediments that were ob
served by Molochushkin (1973) in the Dm. Laptev 
Strait of the East Siberian Sea. The very wide 
distribution of stamukhas in this region is corrob
orated by observations carried out during navigation 
in various years (Khmyznikov, 1937). The existence 
of sediments in a frozen state is determined by the 
time period of existence of the stamukhas them
selves. It can be either seasonal or of 2- to 3-
years existence. The areas of such freezing, like 
the areas of stamukha occurrences, have no permanent 
character. The depth of freezing of the bottom 
sediments in these areas apparently does not exceed 
several tens of centimeters. Hence it follows that 
small sporadic islands of the original seasonally 
frozen rocks, or pereletoks of frozen ground, occur 
in the bottoms of the Arctic seas. 

Seasonally thawing rocks ("osushki", beaches, 
spits, barriers, bars, etc.) are widespread on the 
emerged surfaces. Due to the high mineralization 
of the pore water, these rocks thaw considerably 
earlier and freeze later than the nonsaline deposits. 
The thickness of seasonally thawed deposits in the 
region of zero sea level is equal to the thickness 
of the layer of seasonal freezing. 

Thus, the Arctic seas are characterized by the 
wide distribution of various cryogenic rocks that 
create a very complicated cryolithozone structure. 
This factor should be given proper attention and 
must be taken into account in any kind of economic 
development of the vast Polar territory. 
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P.I. Mel'nikov, Editor-in-chief 
Nauka, Moscow, 1983 

PREFACE 

The preaent collection contains papers by 
leading Soviet experts in the field of geocryol
ogy, prepared for the Fourth International Confer
ence on Permafrost, held in Pairbanka, Alaska, 
July 1983. The collection contains the results of 
research conducted between 1978 and 1982 in vari
ous areas of permafrost study. Probl•a of theo
retical, experillental, and engineering geocryology 
are examined, and principles of new scientific 
trends are formulated. 

Thia collection combines the results of re
search carried out on general geocryology, cryo
lithology, the thermal properties of peraafroat, 
rheology, -chanica and engineering geocryology, 
aa well aa on the principles of enviromaental pro
tection and the recultlvation of landscapes that 
have been altered by man and that are found ln the 
vicinity of permafrost. 

The combination of leading experts ln differ
ent areas of geocryology, who describe important 
probl•a for future research, ia of great interest 
within the frmaet0rk of a single collection. 

The collection opens with a paper by Mel' ni
kov et al. that, baaed on a geohiatorical analysis 
of the conditions of developaent of cryogenic 
strata during the Quaternary period, presents zon
al and regional principles of the cryogenic trans
formation of rocks and groundwater in various hy
drogeological structures within the USSR. ltud
ryavtaev'a paper presents an analysis of the ther
mal bases of geocryology and describes ways to im
prove geocryological surveys and to obtain raw 
data for forecasting changes in permafrost condi
tions and for considering cryolithogeneala aa a 
zonal type of llthogeneaia. Specific zonal fea
tures are distinguished ln the structure of epi
cryogenic rock strata, and the spatial correlation 
between types of cryogeneaia and the conditions of 
unidirectional tectonic developaent la noted. 

A nmber of the papers present results of re
search ln the area of aoll -chanica and the con
struction of foundations. Taytovich et al. pres
ent a unique -thod for forecasting the thermal 
atreaa-atrain states of aoll structures that la 
baaed on the theories of thermoelaaticlty and 
thenaomechanica. The paper by Vyalov et al. pre
sents new methods for calculating pile foundations 
on the basis of two groups of lillitlng conditions 
that take into consideration the rheological char
acteristics of frozen soils. A new approach to 
the thermal physics of the foundations of build
ings and structures ia described by Khruatalev. 

The collection includes papers that are de
voted to the study of cryogenic structures and the 
structure and characteristics of freezing, frozen, 
and thawing soils. There are papers describing 
research into the dynamics of the cryollthozone aa 
it ia affected by changes ln climate and by human 
activity, the role of thermal abrasion ln the de
velopment of the cryolithozone of the Eurasian 
Arctic shelf during lhe late glacial period, and 
other problems. Current views on the history of 
the development of permafrost in the USSR are giv
en by Baulin et al. Gorbunov presents correlated 
results of studies on permafrost ln the mountain
ous regions of Central Asia. 

Individual problems of enviro111ental protec
tion and the recultivatlon of disturbed landscapes 
are examined ln the papers by El'chaninov and Gri
goryev. 

The materials ln this collection shed light 
on various problellB and trends ln geocryology and, 
in some -•sure, a11111 up the work that Soviet geo
cryologlata have conducted ln recent years. 

ABSTRACTS 

New trends in ground water study in cryogenic re
gions. Mel'nikov, P.I., Romanovakii, N.N., and 
Potlev, S.M., P• 7-21. 

Baaed on a geohlatorlcal analysis of the de
velopmental conditions of cryogenic strata during 
the Quaternary period, the zonal and regional 
characteristics of the cryogenic transformation of 
rock strata and ground waters in various hydrogeo
loglcal structures in the USSR are examined and 
indicated on a map. The characteristics of the 
cryogenic transformation of the conditions of 
water exchange in different geocryological zones 
and hydrogeologlcal structures are evaluated. 
Particular attention la given to the results of 
new studies of open underwater talika and icing, 
which are indicators of ground water discharge 
foci. The importance of studying the composition 
and mineralization of cryometamorphoaed fresh and 
salt waters la dlacuaaed. 

Initial aaaumptlona of the thermophyalcal (geo
physical) bases of geocryology. 
Kudryavtaev, V.A., P• 21-27. 
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A broad geophysical approach, which unites 
the geoatructural, geographic, geohiatorlcal, and 
thermophyaical approaches, ia substantiated for 
the study of the frozen zone of the Earth's 
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cruet. It involves the use of a large variety of 
.. tbods to study the qualitative and quantitative 
relationships between the par1111etere of seasonally 
and perennially frozen strata, as well as the 
principles of formation of the composition and the 
cryogenic structure of permafrost, cryogenic proc
esses and phenomena with the constituents of the 
geological and geographical envirom1ent, exlllllned 
within a geohlstorlcal framework. The pel"118froet 
survey le the basic .. tbod of obtaining the ini
tial lnfol"118tlon. 

Geocryological conditions of Yakutiya in relation 
to the construction of trunk pipelines. 
Mel'nlkov, P.I., and Grave, N.A., P• 28-35. 

The paper presents a brief phyelco-geographl
cal description of Yakutlya. Geocryologlcal re
gions are described, and the territory ls echemat
lcal ly divided into regions according to the re
sistance of the surface to technological activi
ties. Data are presented of observations of the 
development of surf ace damage along the route of a 
burled pipeline. 

Cryollthogeneele as a zonal type of lltbogeneele. 
Popov, A.I., P• 35-43. 

The general position of cryollthogeneele 
within the llthogenesle system ls detel"lllned. 
Cryollthogeneele ls exaalned as a phenomenon of 
dlagenesls and hypergenesls (cryodlagenesls and 
cryohypergenedls) that ls characteristic of the 
thermodyn81111.c situation of the zones of constant 
cooling of the Earth. Specific zonal features 
are distinguished in the structure of eplcryogen
lc rock strata that are characteristic of north
ern Eurasia (as an example of the zonal nature of 
cryollthogenesls). The spatial relationships of 
types of cryollthogenesls to the conditions of 
equldlrectlonal tectonic development are noted. 

Predicting the ther .. 1 stress-strain condition of 
earthworks by the finite element method. 
Taytovlch, N.A., Kronlk, Ya.A., Gavrllov, A.N., 
and Demln, I.I., p. 44-56. 

ROif to formulate and obtain an approxl .. te 
solution to the problem of predicting the thel"1181 
stress-strain state of earthworks that are con
structed under severe climatic conditions ls ex
amined. A unified .. thod ls developed for pre
dicting the thel"1181 and stress-strain states of 
earthworks on the basis of the theories of thet'llO
elastlclty and thet'llOmechanlcs in the fol'llUlatlon 
of a disconnected plane problem. As an example, 
the thel"1181 stress-strain state of a teat embank
ment constructed of macroelastlc soil ls calculat
ed by the finite element method with the aid of a 
computer. The results of the computations are 
compared with two years of field observations of 
the test embankment. 

Settlement and bearing capacity of pile founda
tions on permafrost. Vyalov, S.S., Slepak, M.E., 
and Tlkhomlrov, S.M., P• 57-67. 

Methods are presented for designing pile 
foundations on the basis of two groups of llmltlng 
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conditions. In contrast to traditional .. thods, 
the .. thods described take into account the rheo
logical characteristics of frozen solla and make 
it possible to carry out pile computations under 
both constant and variable external loads and tea
peratures. Examples are presented to illustrate 
the new .. tbode. 

Foundations on peraafrost that thaWB while the 
building or structure ls in use. Koleeov, A.A., 
P• 68-75. 

Effective .. tbods are exaained for the con
struction of foundations on pel"118froet for indus
trial and civil uses. Rec011mendatlone are given 
for the design of foundations, hOlf to lay them, 
and hOlf to prepare the ground prior to construc
tion. 

Ventilated solid f oundatlons on fill. 
Kutvlteksya, N.B., and Dashkov, A.G., P• 76-82. 

Design solutions are exlllllned for solid foun
dations of the slab, strip, and column types, 
which combine bearing and cooling f unctlons. On 
the basis of experimental and theoretical re
search, a solution la given to the problem of the 
interaction between buildings on ventilated solid 
foundations and the pel"118froat. Examples are pre
sented of design solutions and of actual construc
tion. 

Calculating the thawing depth of multilayer cover
ings on per .. frost,lncluding a highly efficient 
layer of theraal insulation. Ivanov, V.N., 
Merzlyakov, V.P., and Plotnikov, A.A., P• 82-89. 

An analytical 11ethod ls proposed for calcu
lating Stefan-type thel"1181 conductivity in ailtl
layer constructions that include an eff lclent lay
er of thermal insulation as used in permafrost 
coverings. The solution ls reduced to a series of 
recurrence formulas that are used to write a com
puter program in Fortran IV. The results of the 
calculations are compared with field observations. 

Fundamentals of the theraorheology of cryogenic 
soils. Grechlahchev, S.E., p. 90-100. 
--The thet'llOrheology of cryogenic soils (TCS) 
la defined. A brief overview la presented of cer
tain scientific trends in the physics and 11echan
lca of cryogenic soils from the point of view of 
the applicability of the obtained results to the 
develop11ent of the principles of TCS. The thermo
dynamic and 11echanlcal conditions at the phase 
boundaries in waterlogged soils are presented, as 
ls a theoretical aodel of cryogenic heaving. Sev
eral known cryogenic soil phenolll!Da are explained 
on the basis of the proposed theory. 

Shear resistance of per .. frost during thawing. 
Shusherina, E.P., Makalayak, R.V., and Martynova, 
G. P. • 100-108. 

Results of experimental studies of the shear 
resistance of permafrost during thawing are ex
aml ned. The research was carried out on undis
turbed natural soils of various origins, charac-
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terlzed by dlf ferent structural and textural f ea
t urea, 111>lsture contents, and compositions of the 
skeleton. The shear resistance of thawed soil at 
the thawing boundary as a function of these fac
tors is presented, as is the relation of the size 
of the nol'11111 load and the angle of inclination of 
the ice layers to the shear plane. 

The flow of frozen soils on rock slopes. Sadov
akil, A.V., and Bondarenko, G.I., P• 108-113, 

The •chani• of the shear defol'lllltion of 
frozen soil during flow over a rock slope was 
studied. The shear testing of saaples of soil 
that are adfrozen to rock slopes and observations 
of the defol'lllltion of frozen soils during dumping 
on rock slopes established the existence of two 
flow zones in soils that are flowing down a rock 
channel: a contact layer and a layer that is lo
cated higher in the soil. The rate of flow at the 
soil surface is equal to the sum of the rates of 
flow of these layers. The rates of flow that are 
calculated using the suggested formulas are ln 
good agree•nt with observed rates of creep of 
frozen soil dumps. 

Phyaicochemical aspects of the creation of man
made ice structures using seawater. Savel'ev, 
B,A,, Gagarin, V.E., Zykov, Yu,D., Latalin, D.A., 
Rozhdestvenakii, N.Yu., and Chervinakaya, O.P., 
P• 113-118, 

The creation of man-made ice structures is 
examined from three points of view: the quality of 
the artificial ice, the adfreezing of the struc
ture to the bottom of the reservoir, and the dura
bility of the structure. On the basis of experi-
11ents that used structural analysis and geophysi
cal methods, the advantage is shown of creating 
ice structures and of securing them to the bottom 
by freezing ice within a volume of water. The 
question of the thermal regime of a man-made ice 
structure in shallow water ls examined. 

Elastic and electrical properties of ice-rich 
soils and ice. Zykov, Yu.D., Rozhdestvenakii, 
N.Yu., and Chervinakaya, O.P., P• 118-127, 

To successfully use geophysical methods to 
study ice-rich soils and ice, it is necessary to 
study their properties, beginning with their elas
tic and electrical properties. Experimental data 
are examined on specific electrical resistances 
and speeds of elastic waves in ice of varying com
position and structure, as well as the dependence 
of these parameters, as measured on model samples 
with layered cryogenic structure, on the ice con
tent. Significant anisotropy was observed, and 
its dependence on various factors was studied. 
The results are compared with calculations. The 
possibility of evaluating the properties of ice 
and ice-rich soils by electrical and acoustic 
measurements la demonstrated. 

Thermophyaical probl•a of permafrost engineer
i ng. Khrustalev, L.N., p. 127-136. 

Practical problems that currently confront 
researchers in the construction of foundations on 
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permafrost are exaJ1ined. The author discusses the 
problellS of thel'lllll interaction between erected 
structures and permafrost, foundation cooling us
ing natural cold with the aid of various types of 
self-regulating cooling installations, and evalu
ating foundation reliability to arrive at a sci
entifically valid way of choosing the •thod for 
building a foundation. The most effective ap
proaches and methods of solving these problems 
are indicated. 

Significance of soil complex changes on the per
mafrost temperature regime. Shur, Yu.L., 
Shvetsov, P.P., Slavin-Borovakii, V.B., 
Moakalenko, N.G., and Malevskli-Malevich, S.P., 
P• 136-143. 

The effects of weathering, soil formation, 
and vegetation on the temperature regime of per
mafrost are ex811ined. Changes in •an annual t•
perature are evaluated in connection with a di
rected change in the properties of the seasonally 
thawing layer. Temporary variability of the com
ponents of the temperature balance is studied. 

Formation of cryogenic structures during epigenet
ic and syngenetic freezing of dispersed soils. 
Ershov, E.D., p. 143-152, 

The mechanl• of the formation, development, 
and transformation of various types of cryogenic 
structures is examined on the basis of heat-mass 
exchange and physicochemical and physico•chanl
cal processes that occur in freezing and frozen 
soils. The formation of migration ice and segre
gated lee layers in permafrost, which have frozen 
epigenetically and syngenetically, is examined. 

Investigation of the main factors and the mechan
ism of the cryogenic transformation of minerals. 
Konishchev, V.N., Kolesnikov, S.P., and Rogov, 
V.V., P• 152-157, 

A theoretical model of the cryogenic stabil
ity of particles of various sizes of the main 
soil-fol"lling minerals is examined on the basis of 
notions about the protective role of unfrozen 
water. The cryogenic breakdown of quartz, feld
spars, hornblendes, pyroxenes, and ores is modeled 
in the laboratory. Tables are given of the cryo
genic stability of minerals at various teapera
tures and 111>isture contents. 

Permafrost faciea structure of modern alluvial de
posits of plain rivers in the eastern Subarctic. 
Rosenbaum, G.E., P• 158-161. 

The faciea structure of modern alluvial de
posits of plain rivers of the eastern Subarctic is 
examined. Riparian and inner-floodplain facies 
are distinguished in the structure of the river 
plain alluvium. Subfacies are distinguished with
in each f acies, depending on the nature of the de
velopment of the polygonal relief and the ice 
veins in different sections of the plain surf ace. 
Superi111poaed river plains are distinguished in 
whose cross sections the facies of the inner 
floodplain is underlain not by channel alluvium 
but rather by deposits of an alas complex. 
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Cryolithogenic deposits and their permafrost-form
ation complexes. Katasonov, E,M,, P• 162-169, 

Deposits that form near permafrost are ex
amined, Depending on the conditions of accumula
tion and freezing, they are classified as perma
frost formation complexes - strata that are dis
tinguished by the types of facies and their con
tent and distribution of ground ice. Special at
tention is devoted to ice complexes. Standard 
sections are presented. 

Cryolithogenic consequences of non-unidimensional 
freezing of soil. Zhestlcova, T.N., p. 169-177, 

The freezing of soils under two- and three
dimensional conditions was investigated. The re
lationship between the cryogenic structure and the 
thermal field of the frozen soil is established, 
The existence of horizontal heaving, which may at
tain significant proportions under non-unidimen
sional soil freezing conditions, is proven. 

Paleogeographic reconstructions of the Pleistocene 
based on the thickness and structure of per11a
frost. Baulin, v.v., and Chekhovskii, A.L., P• 
177-184. 

ProblelllB of paleocli11atic reconstructions 
based on the analysis of the distribution of thick 
permafrost are examined. It is concluded that the 
thickness and structure of permafrost can serve as 
indicators of changing heat exchange conditions at 
the Earth's surface. 

Cryolithozone dynamics as related to climatic 
changes and anthropogenic influences. Balobaev, 
V,T., and Pavlov, A.V., P• 184-194, 

An analysis is presented of cli11atic and geo
cryological changes effected by the natural global 
cycle (which has a period of several thousand 
years) and influenced by anthropogenic changes in 
the composition of the atmosphere, for the next 
century, and, as affected by local technology, in 
the short tet"ll. An attempt is 118de to evaluate 
the quantitative limits of possible transforma
tions of the cryolithozone, its thermal regime, 
thickness, and local development. 

The role of thermal abraaion in the development of 
the cryolithozone of the Arctic Shelf of Eurasia 
during the late- and post-glacial period. Are, 
F.E., P• 195-201, 

Based on studies of the deterioration of the 
shores of arctic seas and on paleogeographic con
cepts, the role of thermal abrasion in the devel
opment of the subaqueous cryolithozone of the Arc
tic Shelf of Eurasia during the late- and post
glacial period is presented. In the Soviet Arc
tic, six regions are distinguished that differ 
with regard to the development of ther1181 abra
sion. It is shown that in the East Siberian re
gion the rise in the sea level during the post
glacial transgression was responsible for a rapid 
rate of change in the position of the shoreline. 
During this process ther111Bl abrasion broke up the 
upper layers of the continental glacial deposits, 
which then came to be in a subaqueous position. 
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Methodological principles of the evaluation, prog
nosis, and mapping of natural complexes with vary
ing resistances to thermal subsidence. Zhigarev, 
L.A., and Parauzina, O. Yu., p. 201-206, 

The principles of evaluating and forecasting 
ther11al subsidence in natural complexes are de
scribed. Methods are proposed for mapping such 
complexes, which have varying resistance to thera
al subsidence. 

The effects of mining on the environment and meth
ods for alleviating them. El'chaninov, E.A., P• 
207-214. 

Mining for minerals causes the removal from 
the natural environment and the dumping into the 
environment of a series of components. An evalua
tion is presented of the subsystems of the techno
logical cycle and the degree to which they affect 
the environment. Information is given on devel
oped technological procedures that contribute to 
the elim1nation or attenuation of the harlllful 
effects of mining on the environment. 

The Central Asia permafrost region. Gorbunov, 
A.P., P• 214-222, 

Data about the cryolithozone and the cryogen
ic relief of the mountains of Central Asia are 
correlated, The extent of the area of permafros~ 
in the region is estimated to be 2.09 million 31aa , 
the volume of the cryolithozone is 1,0,000 laa and 
the volume of ground ice is 9,000 laa • The upper 
permafrost boundary in the northern part of the 
region is at 2200 m above sea level, and in the 
south at 5000 m above sea level. 

History of the developaent of peraafrost in the 
USSR. Baulin, v.v., Velichko, A.A., and Danilova, 
ii:S':"°, P• 222-229, 

A brief paleogeographical scheme is proposed 
for the formation of per118frost throughout the en
tire territory of the Soviet Union for the main 
stage of the Quaternary. The Upper Pleistocene 
and the Holocene, which are subdivided into stages 
of 11Ulti-directional permafrost dynamics, are cov
ered in the greatest detail. All of the recon
structions are 11ade on the basis of an analysis of 
the cryogenic structure of the permafrost, of 
wedge ice, and of associated pseudomorphosis, as 
well as the thickness of the permafrost. Special 
features of the development of per118frost in large 
regions of the USSR, such as the European plain 
and western Siberia, are examined. 

The use of cryoche.t.cal data in the study of the 
origin of ground ice deposits. Anisimova, N.P., 
and Kritzuk, L.N., P• 230-239, 

The physicochemical processes that deteraine 
the chemical composition of ground ice deposits 
that were formed in various ways are exaained. 
The comprehensive study of the unique deposit of 
ground ice in the valley of the Se-Yakha River on 
the Ya11al Peninsula is presented as an example. 
It is concluded that it originated underground, 
and that the injection mechanism of formation 
played a role. 
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Suprapermafroat water of the cryollthozone: Ita 
claaaiflcatlon and description. Shepelev, v.v., 
P• 239-244. 

The characterlatlca of the auprapermafroat 
waters of the cryollthozone and schemes for their 
claaalflcatlon are examined. A brief description 
la given of the lndlvldual subtypes, claaaea, aub
claaaes, and varletles auprapermafroat water, dls
tlnguished according to their relatlonahlps to the 
various cryogenic confining strata, .the degree of 
freezing, their conditions of occurrence, hydraul
ic propertlea, and temperature. The great impor
tance la pointed out of auprapermafrost water in 
the development of many per11afrost processes and 
phenomena, as well aa ln changes ln the perma
frost-hydrogeological clrcumatancea that are due 
to man's actlvltles. 

Thermodynamic criteria of the stability of the 
soil complex in the Subarctic. 
Shvetaov, P.F., p. 245-247. 

The expenditure of energy for cryogenic proc
esses la evaluated on the baaia of heat storage 
data. The thet'llOdynamic and mechanical stability 
of aubarctlc aoll complexes la exaained. 

The cryolithoaphere of Mara and cryogenic phenom
ena on lta surface. Kuzmin, R.O., P• 247-255. 

Structural features of the planetary perma
frost mantle of Mara' crust (cryollthoaphere) and 
the possible dlatributlon within lt of stable 
phases of water and carbon dloxlde are examined. 
Data are presented about the detend.nation of the 
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depth at which soll strata that contain lee occur 
ln the cryolithoaphere, aa are results of the geo
morphological study of various permafrost lndlca
tors ln the relief of Mara. 

Autoregeneration (optimization) of disturbed sur
face condltiona lo northern West Slberla. 
Grlgoryev, N.F., P• 256-263. 

Exaaplea are presented of relatively rapid 
(3-4 years) arrest of thet'llOkarat during ita lni
tlal atagea, when lt la caused by the disturbance 
of the vegetative cover of tundra on ice-rlch 
aoll. The s\D!Er thawing layer la observed to dry 
out gradually after the removal of the vegetative 
cover, which helps to improve the stability of the 
surface. 

Permafrost aurveya and forecaatlng of changes in 
permafrost conditlona during economic developaent 
of permafrost regions. Kudryavtaev, V.A., p. 264-
269. 

The existing requirements for permafrost sur
veys, aa stated in Departmental and All-Union 
standards and technical regulations for surveys, 
are ln&aequate for producing sclentlf lcally sub
stantiated forecasts of permafrost condltlona dur
ing the conatructlon and uae of structures ln the 
permafrost zone. Recommendations are presented 
for conducting permaf roat surveys ln such a way aa 
to 11alce lt possible to produce a geocryological 
forecast, and measures are proposed that will en
sure the atabillty of structures and of the envi
ronment. 
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Other Contributions 

WATER FLOWS INDUCED BY THERMAL GRADIENTS 

D. Blanchard and H. Fr&.ond 

Laboratoire Central des Ponts et QiaussEes 
SS Blvd. LeFebvre, 7S732 Paris, France 

Water flows are important in soil freezing. 
At the frost line (0°C isotherm) which separates 
the frozen soil from the unfrozen soil a large de
pression, the cryogenic suction, draws in a large 
amount of water, which freezes. We describe a 
-croscopic model of thermal gradients and water 
flows, including the cryogenic suction. The model 
is based on the deformability of the soil consid
ered as a porous medi\11 and the existence of un
frozen water in the frozen soil. It uses the con
servative laws (Fourier's law, Darcy's law, unfro
zen water content versus temperature in the frozen 
soil). Its outputs are the temperature and hy
draulic potential functions of space and time. A 
two-dimensional CODputer prograa is available. 

THE NATURE AND DISTRIBUTION OF SHALLOW SUBSEA 
ACOUSTIC PERMAFROST 

ON THE CANADIAN BEAUFORT CONTINENTAL SHELF 

S.H. Blasco 

Geological Survey of Canada 
Bedford Institute of Oceanography, P.O. Box 1006 

Dartmouth, Nova Scotia, Canada B24 4A2 

H.J. O'Connor 

H.J. O'Connor and Associates Limited 
101-4712, 13th Street 

Calgary, Alberta, Canada T2E 6P 1 

scale, shallow APP is laterally and vertically 
variable and discontinuous. East of the 13S0 me
ridian, the distribution is less well defined be
cause of the marginal nature of the ice bonding. 

The distribution is closely related to the 
surficial geology. The shelf is overlain with a 
thin veneer of fine-grained marine deposits (unit 
A) that overlie or grade downward into a trans
gressive sequence of interbedded fine- to medium
grained sediments (unit B). These two units un
conformably overlie older pre-Holocene sediments 
(unit C) of possible reworked fluvial-deltaic ori
gin. The llPF is pr1-rily confined to unit C (al
though some ice content has been observed in the 
overlying units). Depth to the llPF may vary from 
0 m to SO m below the unconformity. In some 
areas, the top of the llPF is found to mirror the 
unconformity surface. 

FROST-HEAVED STRUCTURES IN BEDROCK: A VALUABLE 
PERMAFROST INDICATOR 

J.C. Dionne 

DEpartement de GEographie, UniversitE Laval 
QuEbec City, QuEbec, Canada GlK 7P4 

Frost-heaved structures in bedrock are peri
glacial features produced by the vertical dis
placement of bedrock fragments. Blocks, frost
wedged frca bare bedrock along joints, are raised 
above the general surface by frost processes. 
They are common and exclusive to permafrost re
gions, and are considered by French as features 
representative of very active periglacial regions. 

Although they were mentioned long ago in the 
literature by Tyrrell, they have been described 
and studied in some detail only recently by Bour
nErias, Payette, Dyke, and Dionne. Among the var-

The correlation of high resolution analog re- ious features reported, isolated heaved blocks 
flection sei8111ic profiles with shallow and deep (monoliths) and conical mounds are the most com--
borehole data has led to the identification of mon. Their existence, to our knowledge, is re-
several types of shallow acoustic permafrost (APP) stricted to the Northern Hemisphere: Canada, 
to depths of 100 m below seabed, including discon- Greenland and Spitsbergen. Numerous sites occur 
tinuous h\DaOcky APP, continuous APP, stratigraph- in subarctic Qu4bec, between latitudes Sl 04S' and 
ically controlled llPF, llPF lensing, and possibly 60°20'N, and in subarctic Canada between latitudes 
maHive APP a99ociated with offshore pingo-like S8°30' and 66°10' N. 
features. The occurrence of shallow llPF has been They develop in various lithologies: basalt, 
mapped over the shelf from the coast to the 70-m diabase, andesite, gabbro, granite, gneiss, crys-
isobath and from Baillie Island to the eastern talline schists, and occasionally in sedimentary 
edge of the Mackenzie Trough. On a regional rocks such as sandstone and quartzite. However, 

This section contains non-Soviet abstracts and papers that were not available at the time of printing of 
either the Abstract and Program volume or the first Proceedings volume. 
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111>at features are in volcanic, igneous and meta-
111>rphic rock with well-developed ayate• of 
joints. 

Single heaved blocks from 50 to 200 cm long 
are often raised aa aich aa 150 c• above the sur
rounding surface. Conical mounds made of several 
blocks (up to 15 fragments) are commonly 3 to 10 m 
in diameter, and a central depression (crater) 
characterizes a fe11 structures. Moat heaved 
blocks exhibit weathered and lichen-covered aides 
except at their bases where freshly e:iq>oaed sur
faces indicate recent heaving. As already men
tioned, these features result from frost action, 
particularly frost wedging and heaving due to 
pressure of ice in vertical, oblique and horizon
tal joints. 

Frost-heaved features in bedrock are all lo
cated in the permafrost zone. 'lbe southernmost 
occurrence ia at the aumlli t of the Groulx Moun
tains, Qu'1>ec (51°45'N), near the southern liad.t 
of the discontinuous permafrost zone. 'lbe mean 
annual air temperature in the area considered 
ranges fro• -4° to -9°C. Although snow depth ia 
not known for each locality, llOBt sites consist of 
bare, well-e:iq>oaed bedrock surfaces which are 
wind-blown during the winter. Consequently, a 
thin snow cover ia common to the environment. 

Dating heaved structures ia a difficult prob
lem. However, recent heaving ia usually evidenced 
by lichen-free aides at the base of heaved blocks. 
The occurrence of several structures in a locality 
indicates primarily that the conditions required 
for their development do or did exist; the struc
tures may have developed in a relatively short 
time (a fe11 decades) as well as over many centu
ries. Thus, further studies are needed to docu
ment the time required for the development of 
heaved features in bedrock and to deterad.ne their 
age in a given locality. 

Baaed on their geographical distribution, on 
climatic data, and on the occurrence of permafrost 
at almost every site, it ia suggested that heaved 
features in bedrock could be considered a valuable 
indicator of permafrost. If found outside the 
permafrost regions today, relict heaved features 
will indicate former permafrost conditions. 

ROCK GLACIERS OF THE EAST CENTRAL BROOKS RANGE, 
ALASKA 

J.M. Ellis 

Gulf Oil Exploration and Production Co. 
P.O. Box 37048 

Houston, Texas 77236, USA 

P.E. Calkin 

Dept. of Geological Sciences, State University of 
Ne11 York, Buffalo, NY 14226, USA 

H.P. Bruen 

Rarza Engineering Company, 203 w. 15th Avenue 
Anchorage, Alaska 99501, USA 

Rock glaciers here were largely formed by in
creased maaa wasting associated with valley degla-
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ciation in latest Pleistocene time; aoat have up
per surfaces which first stabilized by the early 
Holocene. They range fro• 3-km-long, tongue
ahaped lobes that are cored by glacial ice and 
headed by reactivated (Neoglacial) cirque glaciers 
and late Holocene 111>raines to smaller lobate llll&

aea 15 to 150 • in length lying beyond talus 
cones. 'lbey appear beat developed below resistant 
ridges with large e:11poaurea of shale, siltstone, 
and phyllite; their talus enhances insulation of 
subsurface ice. All rock glaciers occur within 
the zone of continuous permafrost at altitudes 
from 900 to 2,000 •· About 75% of the rock gla
ciers and alllOBt all of the active for• occur 
north of the Continental Divide, deaonatrating 
the climatic significance of this east-west trend
ing divide. Active tongue-shaped rock glaciers 
have a strong N to NE orientation pattern. How
ever, lobate for• face all directions, de11Dn
strating insensitivity to inaolation and perhaps a 
lower ice content relative to debris. Both for• 
occur 50 to 100 m higher on south-facing slopes 
than on northerly slopes. No correlation was 
found between solar energy received at a rock gla
cier and the rock glacier's present state of ac
tivity. Little correlation also exists between 
the activity state and a) bedrock, b) overall 
slope, c) orientation, or d) latitude and altitude 
north of the Continental Divide. Whether or not a 
rock glacier ia active appears to depend moat upon 
the availability of debris fr011 headward cliff a. 

ACTIVE LAYER STUDIES IN NORTHERN QlJtBEC: TOWARDS A 
PREDICTIVE ~DEL 

J.T. Gray and J. Poitevin 

1>4fpartement de c.!ographie, Univerait~ de Montr~al 
Montr4al, Qu4bec, Canada R3C 3J7 

J. Pilon 

Earth Physics Branch 
Department of Energy, Mlnea, and Resources, 

Ottawa, Ontario, Canada KIA 043 

Field studies recently conducted on the west coast 
of Ungava Bay, in the southern part of the contin
uous permafrost zone, have perad.tted the estab
lishment of the pattern of active-layer develop
ment for six different geo111>rphological and vege
tational terrain types. All study sites were sit
uated on horizontal surfaces free from local topo
graphic influences in order to perad.t the e:11plana
tion of thaw progression in ter• of the earth 
materials, 111>isture content, and vegetation cover 
that characterize each terrain type. 'lbermal pro
perties for organic and mineral soil and for bed
rock were calculated fro• field data on texture, 
bulk density, and moisture content of the earth 
materials at the sites, and were used to explain 
thaw-layer development for each terrain type. A 
linear relationship was established for each group 
of sites between the logarithmic transformation of 
thaw penetration and an at111>apheric thawing index 
obtained through interpolations of air temperature 
data fro• the two closest meteorological stations 
--itwjjuaq (Fort Chi111>) and Koartaq (Cape Rope's 
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Advance). This relationship was then used in a 
predictive sense to establish, first, the depth of 
the active layer at the end of the thaw season for 
each terrain type, and second, variations in ac
tive-layer depths in the region over a 20-year 
time period. Probable spatial variations of ac
ti-ve layers for extreme climatic variations in the 
Ungava Peninsula are also briefly presented. 

THE INFLUENCE OF CLAY-SIZED PARTICLES ON SEISMIC 
VELOCITY 

FOR CANADIAN ARCTIC PERMAFROST* 

M.s. King 

Lawrence Berkeley Laboratory and 
University of California 

Berkeley, California 94720, USA 

Seismic wa-ve velocities have been measured on 
37 unconsolidated permafrost samples as a function 
of temperature in the range -16° to +5°C. 'nle 
samples, taken from a number of locations in the 
Canadian Arctic Islands, the Beaufort Sea and the 
Mackenzie River, were tightly sealed i-diately 
upon reco-very in several layers of polyethylene 
film and maintained in their frozen state during 
storage, specimen preparation, and until they were 
teated under controlled environmental conditions. 
During testing, the specimens were subjected to a 
constant hydrostatic confining stress of 0.35 MPa 
(50 psi) under drained conditions. At no stage 
was a deviatoric stress applied to the permafrost 
specimens. 'nle fraction of clay-sized particles 
in the teat specimens varied from almost zero to 
approximately 65%. At temperatures below -2°C the 
compressional-wave velocity was observed to .be a 
strong function of the fraction of clay-sized par
ticles, but only a weak function of porosity. At 
temperatures above 0°C the compressional-wave vel
ocity was observed to be a function only of poros
ity, with virtually no dependence upon the frac
tion of clay-sized particles. Calculation of the 
fractional ice content of the permafrost pore 
apace from the Kuster and Tolta6z theory showed 
that for a given fraction of clay-sized particles 
the ice content increases with an increase in por
osity. It is concluded that the compreasionalwave 
velocity for unconsolidated permafrost from the 
Canadian Arctic is a function of the water-filled 
porosity, irrespective of the original porosity, 
clay content, or temperature. 

PERIGLACIAL DUNE FORMATION AND NIVEO-EOLIAN 
FEATURES AS EXEMPLIFIED IN THE 

ICOBUK SAND DUNES, ALASKA 

E.A. Koster 

Physical Geography and Soil Science Laboratory 
University of Amiterdam 

Amiterdaa, The Netherlands 

*Pull paper subsequently published in Canadian 
Journal of Earth Sciences, vol. 21, P• 19-24, 
1984. 
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J.P. Galloway 

U.S. Geological Survey, 345 Middlefield Road 
Menlo Park, California 94025, USA 

Active dune building in the Nogahabara Sand 
Dunes (approximately 44 km 2) in the Koyukuk Flats 
and in the Great !nd Little Kobuk Sand Dunes (ap
proxi11Stely 64 km ) in the central Kobuk River 
valley is being studied to compare it with paleo
dune building in the well-known Weichaelian inland 
dune and cover sand regions of Western Europe. 
The active dune fields in the Kobuk River valley 
consist prillarily of large parabolic and trans
verse ridges, indicating prillllry wind directions 
from the east and southeast. During summer months 
secondary slip faces on the dunes develop due to 
westerly winds. Wavy transverse ridges have been 
deformed into barchan-like dunes. Radiocarbon 
dates (approximately 24,000 B.P.) of sandy peat 
and organic mud layers underneath the dune sands 
indicate a late-Wisconsin age. 

Distinct stabilized, canoe-shaped dunes re
semble the "Cree Lake-type dune ridges" which oc
cur in northern Saskatchewan. 'nley have been 
formed by southeasterly paleowinda of uniform di
rection by elongation of primary parabolic dunes. 
Recent analogues are found opposite the mouth of 
the Akillik and Hunt Rivers. 

In early summer annual denivation features, 
several meters high, develop in the steep west
ward-facing slip faces of the large transverse 
dunes. Sand layers incorporated in the snow indi
cate niveo-eolian deposition during winter, relat
ed to a discontinuous snow cover. H~cky topog
raphy with a coapletely cracked, aoiat sand sur
face rapidly develops. During the course of sum
mer these features gradually disappear and a 
smooth slip face is reestablished. 

THAW PENETRATION AND THAW SETTLEMENT STUDIES 
ASSOCIATED 

WITH THE KIRUNA TO NARVIK ROAD, SWEDEN 

s. Knuteson 

University of Lulea, S-951 87 Lulea, Sweden 

A permafrost study has been undertaken on the 
recently built road between the towns of Kiruna, 
Sweden, and Narvik, Norway. The road crosses an 
area with discontinuous permafrost (68°15'N) where 
an environmental engineering study was initiated 
during autunm of 1979. 

Eight holes were drilled to maximum depths of 
11 m. Four of these were located outside the road 
in the undisturbed permafrost and four within the 
road in a cross section perpendicular to the road 
line. 

Temperature gauges were installed in the 
drill holes at vertical distances of 0.5 m. Meas
urements of the temperatures are taken approxi
mately once a month, and the measurements from 
three years of data-logging have been analyzed. 

'nle discontinuous permafrost is warm, -1°C at 
6-8 m depth, and the depth of seasonal thaw pene-
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tration (active layer) in the undisturbed areas 
adjacent to the road is on the order of 0.5-1.0 
m. Beneath the road the seasonal thaw penetrates 
about 2.5 m. The difference is explained by the 
dark colour of the bitumen top cover and of the 
relatively coarse road material, with its rela
tively high thermal conductivity during summer
tiae. The permanently frozen soil materials range 
from rock to ice-rich, fine-grained silts with a 
top layer of peat. 

The core from the undisturbed area is geolog
ically described and the amount of ice and thick
ness of ice lenses have been measured by means of 
X-ray technique. This technique seeim to be a 
useful, easy and non-destructive tool for ice-con
tent measurments in cores of frozen soil. 

In addition to.the temperature measureaents, 
settlement of the road has been observed as well. 
This shows gradually increasing settlements, which 
are due to the thawing of the underlying perma
frost. The observed settlements are compared to 
those predicted. The predictions are based on 
thaw-consolidation tests performed in the labora
tory, and these are described as well. Reasonable 
agreement between the observed and predicted set
tlements is obtained. 

THE EFFECTS OF COAL DUST ON SURFACE ALBEDO AND 
THAW DEPTH IN NOR.THERM ALASKA 

J.s. Hakihara 

C formerly) Geography Department 
Pennsylvania State University 

State College, Pennsylvania 16801, USA 

The effects of coal dust on surface albedo 
and thaw depth in arctic Alaska were studied via 
field data acquisition and analysis and computer 
si1111lation modeling. Field research was conducted 
during summer 1981 in the vicinity of Prudhoe 
Bay. Coal dust reduced albedo by 25 to 90 per
cent. Apart from a higher rate of thaw exhibited 
on coal-dusted plots compared to control plots in 
July, the short-term effects of coal dust were not 
apparently significant in the field data due to 
the short period and spatial extent of observa
tion, and natural variability in thaw and soil 
thermal regimes. In determining long-term ef
fects, computer si111Jlations of one-dimensional 
heat conduction revealed deeper maxilllUll thaws up 
to 52.4 cm, 20 percent over the undisturbed condi
tion, and especially a higher thaw rate in the 
first part of the sWBlm!r on disturbed plots as 
compared to control plots. Given comparable 
parameters, winter-only impact cases produced 
greater thmr depths than summer-only impact 
cases. Dusting in winter produces prellllture 
spring meltout and consequently deeper thaw; any 
potential coal mining activities should be re
stricted in April and Hay. The model a88umes that 
dust does not affect vegetation mortality. In 
actuality, dust can reasonably be assumed to dam
age vegetation with subsequent enhanced thermal 
impact. Future research should take into account 
the effect of vegetation mortality on surface al
bedo. 
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PALEO-CLIMATIC R.ECONSTRDCTION FllOM MEASUR.ED 
TEMPERATURES 

IN BOR.EHOLES IN NOllTHERN QUEBEC 

J.A. Pilon, A.S. Judge and A.E. Taylor 

Earth Physics Branch 
Department of Energy, Mines and Resources 

Ottawa, Ontario, Canada KlA 043 

J.T. Gray and J. Poitevin 

04fparteaent de G4ographie,Universit4 de Montr4al 
Qu'1>ec City, Qu'1>ec, Canada H3C 3J7 

B. Lauriol 

University of Ottawa 
Ottawa, Ontario, Canada KlA 6N5 

The analysis of deep borehole temperature gradi
ents can assist in the reconstruction of former 
climates at the ground surf ace. In this report, 
emphasis is on the modelling process itself, but 
some results are presented in the context of the 
authors' geothermal studies in northern Quebec. 
The modelling process begins with the acquisition 
of temperature profiles from one or several bore
holes once the disturbance due to drilling has 
dissipated. The drill-hole temperature profile 
integrates the geothermal heat flux fro• deep in 
the crust and a n1111ber of largely near-surface 
modifying effects. The latter, which create de
partures from the constancy of the heat flow pro
file with depth, reflect the role of 1) varying 
thermal conductivity in an anisotropic mediua, 2) 
spatial topographic and microclimatic irregulari
ties around the collar of the borehole, 3) water 
movement in fractures and joints, and 4) temporal 
fluctuations in ground surface temperatures. 
Through the modelling process, the influence of 
the first two groups of factors on the temperature 
profiles is determined, and secondary profiles are 
derived fro• which irregularities results from 
these influences have been removed. Where charac
teristic responses indicating water flow are pres
ent, the data are usually not suitable for the 
climatic analysis. In suitable data sets the fin
al step then takes available information on the 
dates and direction of climatic change at the sur
f ace and generates the amplitude of such changes 
backwards in time. Since the mathematical solu
tions are non-unique it is necessary to use inde
pendently derived information on dates and ampli
tudes and to use geothermal profiles to determine 
the unknown parlllll!ter. 

Other applications of the technique are to 
determine the development or degradational history 
of permafrost, whether it is contemporary or relic 
in nature, and to determine approximate ice-base 
temperatures beneath the Wisconsin ice sheets, 
provided the drill holes are sufficiently deep. 
Such modelling of geothermal data carried out at 
two sites in northern Quebec indicates major dif
ferences in the permafrost and glacial history 
between the central highlands of Ungava and a low
land region approximately 500 km southeast. 
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EXCAVATION RESISTANCE OP FROZEN SOILS UNDER 
VIBRATING CUTTINGS 

Shingi Takaaugi 

Technical Research Center, Komatsu Ltd. 
Kanagawa, Japan 

A. Phukan 

University of Alaska, 3221 Providence Avenue 
Anchorage, Alaska 99504, USA 

This paper presents dynamic laboratory exper
i11ental studies of frozen sands and silts at tell'"" 
peratures varying from -2°C to -11•c, using vari
ous cutting velocities from 2 11111 per second to 18 
mm per second. The 6-Hz vibration model used was 
varied from 1.3 ma amplitude to 4 mm amplitude. 
Theoretical analyses of the cutting resistance of 
frozen soils under vibration cutting are for1a1lat
ed to explain the failure characteristics obtained 
during the experi11ental work. Energy ratio versus 
the number of contacts per inch of cutting (Ne) 
plots show a similar tendency for both silty and 
sandy frozen soil saaples; that is, as the energy 
ratio increases, Ne increases. The contact length 
between the soils and the tool in the vibration 
cycle is inversely proportional to Ne. At high 
Ne, the contact length is too small to cause soil 
failure and thereby increases the vibration ener
gy. Relationships between the energy ratio and Ne 
at various amplitudes, for both soil types, show a 
greater energy requirement at 4 mm aaplitude of 
vibration than at 1.3 mm amplitude, in spite of 
the identical draft energy reduction at both vi
bration amplitudes. It is possible that by induc
ing vibration of the cutting tool, a reduction in 
draft energy can be obtained and thereby the exca
vation process can be efficiently executed in fro
zen ground. 

SHORELINE REGRESSION: ITS EFFECT ON PERMAFROST AND 
THE GEOTHERMAL REGIME, 

CANADIAN ARCTIC ARCHIPELAGO 

A.E. Taylor and A.s. Judge 

Earth Physics Branch 
Department of Energy, Mines and Resources 

Ottawa, Ontario, Canada KlA 043 

D. Desrochers 
Department of Geography, University of Ottawa 

Ottawa, Ontario, Canada KlA 6N5 

In the Queen Elizabeth Islands of the Cana
dian Arctic Archipelago, the late Quaternary event 
with the most profound influence on ground temper
atures is shoreline regression accompanying post
glacial isostatic uplift. The coastal 11Srgins of 
many islands have experienced hundreda to several 
thousand yeara of submergence since 8,000 years 
ago. The effect on the geothermal regime is far 
from subtle because of the large contrast between 
arctic air temperatures and sea temperatures. 
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Permafrost thicknesses 11easured today reflect this 
surface temperature history. Two deep wells 1 km 
apart on Calleron Island have measured permafrost 
thicknesses of 726 and 660 m; the geothermal anal
ysis attributes the difference entirely to the 
first, and higher, site having e11erged from the 
sea around 7,000 year B. P., about 2,000 years be
fore the second. Inland sites on the Sabine Pen
insula of Melville Island may have, in a similar 
lithology, permafrost twice as thick as coastal 
sites. The geothermal analysis explains thia var
iation in terDB of a simple sea regression 111>del 
derived from e11ergence curves published for the 
region. 

A COMPARISON OP SUCCESSIONAL SF.QUENCES FOLLOWING 
FIRE ON PERMAPROST-D<lllNATED 

AND PERMAFROST-PREE SITES IN INTERIOR ALASKA 

K. Van Cleve 

Forest Soils Laboratory, University of Alaska, 
Fairbanks, Alaska 99701, USA 

L.A. Viereck 

Institute of Northern Forestry 
Fairbanks, Alaska 99701, USA 

The structure and function of upland interior 
Alaskan forest ecosysteae has been examined across 
two secondary successional sequences. One, the 
most c011110n in interior Alaska, follows fire in 
black spruce stands on permafrost sites. The oth
er, less c011110n sequence follows fire on warmer, 
generally south aspect sites and passes through a 
shrub and hard'lllOOd stage to white spruce. On 
black spruce sites, the thickness of the forest 
floor is a key factor responsible for 11aintaining 
moist soil, low soil temperatures and permafrost. 
Soil degree-days range from 1250 to 1000 degree
days 1 to 5 years following fire. In mature black 
spruce temperature ranges from 500 to 800 degree
days. The active layer thickness in later stages 
of this succession is usually from 40 to 60 cm. 
Following fire it increases for several years and 
may reach 1 m. In the south aspect white spruce 
sequence, soil temperature approaches 1400 degree
days in heavily burned forest in contrast with 91110 
to 1000 degree-days in 11111ture white spruce. On 
the black spruce successional sequences, low soil 
temperature results in the lowest rates of soil 
biological activity, nutrient cycling, and, in 
turn, the lowest tree productivity. Net annual 
above-ground tree production ranges from about 7 
metric tons per hectare on the warmer, south as
pect hard'lllOOd-white spruce sequence to leas than 
11etric ton per hectare on the black spruce se
quence. 

SCME CONSIDERATIONS REGARDING THE DESIGN OP 
TWO-PHASE LIQUID/VAPOR 

CONVECTION TYPE PASSIVE REFRIGERATION SYSTEMS 

E. Yarmak, Jr. and E.L. Long 
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Arctic Foundations, Inc., 5621 Arctic Boulevard 
Anchorage, Alaska 99502, USA 

Two-phase liquid/vapor convection type pas
sive refrigeration units are widely used for per
mafrost foundations and earth stabilization. As
pects that are of primary importance to the de
signer include determination of an effective 
freezing radius for a unit, calculation of a ther
mal resistance for the soil surrounding the embed
ded portion of the unit, and estimation of an ap
propriate thermel resistance for the condenser 
portion of the unit. Design charts and forim.las 
are presented to estimate these values and demon
strate the sensitivity of varying key parameters 
such as soil type, wind velocity, condenser sur
face finish and spacing. Computations for two 
different design applications are detailed. 

THE STABILIZATION or THE NANISIVIK CONCENTRATOR 
FOUNDATION, NANISIVIK MINES LTD. 

D. Williams 

Strathcona Mineral Services Limited 
401-44 Victoria Street, Toronto 

Ontario, Canada MSC 142 

Nanisivik Mines Ltd. operates a 2,000-ton/day 
underground zinc/lead mlne in the Canadian Arctic 
on the north end of Baffin Island at 73°N in an 
area of thick permefrost. The concentrator build
ing houses the powerplant, workshops, warehouse 
and offices. The grinding mills and generators 
produce heavy foundation loads. A suitable con
struction site was selected following drilling and 
surface inspection. All bore holes within the 
site area showed a gently dipping dolomite as bed-
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rock. The ice content was negligible, being pres
ent only in s11&ll vugs or as thin coatings along 
bedding planes. 

The steel fr111111 building "8S erected during 
1975 and in the following year minor cracks 1111re 
noticed in the concrete block partition walls. A 
survey of the steel colu1111 bases was carried out 
to provide reference elevations for future obser
vations. Accelerated movement was observed during 
1979, with elevation changes on the order of 50 am 
being recorded over the course of the year. 

In order to determine the nature and extent 
of this problem a number of holes 1111re drilled 
with a diamond drill through the floor of the 
building. These holet indicated an ice lens under 
the building at an average depth of 10 • which 
varied in thickness from 1 to 1.5 m. In some 
areas the ice had completely melted, leaving a 
water-filled void. The overlying crown pillar of 
rock on which the building had been constructed 
was subsiding into this cavity. 

Several support methods 1111re tried which in
volved placing tailings, cemented tailings and 
grout into the existing void and into voids which 
were deliberately created, in an attempt to arrest 
movement. When none of these methods guaranteed a 
positive solution to the problem the decision was 
made to tunnel in under the building and to pro
vide positive support in the form of concrete pil
lars. Stress meters have been placed in selected 
pillars. The crown pillar has been monitored by 
regular level surveys on the building colUllD bases 
and by the installation of wire extensometers and 
thermistors into the rock. 

This paper deals with the investigations car
ried out, the remedial attempts, the installation 
of ground move111ent monitoring instruaents, temper
ature measurements, the mining problems in ice, 
the pouring and setting of concrete in freezing 
conditions, a study of the heat transfers in
volved, and a review of the successful solution of 
a unique pro bl em. 
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Gerald E. Nel.sal 

Depart:nent of Geology, Casper College/University of Wyaninq at Casper 
Cssper, ~ 82601, USA 

At least four levels of gently slq>ing erosiooal surfaces, representing at least 
four periods of erosiai, are present in the Bigham C8nym area of southcentral 
Jbltana. The truncat.ed bedrock surfaces are irregular in detail, and are overlain 
with a thin (1 to 3 m) veneer of diamictai. The diamictai is very poorly sorted, 
and contains erratic blocks up to several metres in diameter. M:>st of the fine 
grained portiai of the diamictal originat.ed fran fo:mations beneath the veneer. 
Fonmrly llllCh mre active frost wedqing and frost churning are indicat.ed by the 
wide size range and angularity of the erratic blocks, fragnentatiai and disaggre
gatiai of subjacent fonnatiais, and the thorough mixing of these mterials. Frost 
wedqing of bedrock is thought to have been the min process of pecliment erosiai1 no 
evidence or prior planatiai was fani. The nr:M!lllellt of the diamictal is in~ 
t.ed to have been llllinly by solifluctiai, as indicat.ed by the extensive, sheet-like 
geaietry of the deposits, preferred downslope block orientatiais, the presence of 
diamicton lobes. aoo the transportation of huge blocks several k:il.aEters on slopes 
between 2:;, and 11 • The mjor ccnclusion drawn fran data and interpretations 
present.ad in this paper is that these pecliments are crycpediments, developed 
thra1gh the action of intensive frost processes in a periglacial envi.rament. 

INl'10Xrl'I~ 

Nuneroos studies have doclDent.ed the expansion 
of the periglacial zone that occurred during the 
Pleistocene. Various features are interpreted to 
have famed under periglacial conditions, but, with 
the exception of inactive sand wedges and ice \ledge 
casts (Black, 1969), the recognition of many 
features is difficult and may be subject to 
nultiple interpretatiais (French, 1976, Chapter 
12) • Ice wedge casts and inactive sand wedges have 
been recognized and stulied in the high basins and 
plains of Wyaninq (Mears, 1981, and Nelson, 1980) 
and Montana (Schafer, 1949). It "10Ul.d seem highly 
likely that additional relict periglacial features 
could be fani in this region, but, to date, little 
work has been dooe on the problan. 

base levels, are present in the transitiai zone 
between the Pryor Mountain frait and the Bigham 
River (Figure 1) • The erosiooal surfaces truncate 
gently-dipping Mesozoic sandstales, siltstales, 
and shales. They are covered with a thin ( 1 to 3 
m) veneer of poorly sorted, blocky diamictai. 
Downslope profiles of the surface are smoth, 
hyperbolic curves, steeper in their upper portions 
and of such shallow cx:ncavity in their lower 
reaches that they are nearly rectilinear. In 
plain view, the pecliments are very nearly 
rectilinear. Average size, slope, and elevatiai 
of each pecliment systan are presented in Table 1. 

Deposits Of blocky I poorly sorted diamictal, 
veneering pecliments, are present in many of the 
high valleys and basins of Wyaninq and Montana 
(e.g. Bailey et al., 1968, and Nelson, 1983, p. 
129) • The pecliments and their associat.ed veneers 
appear to be similar to crycpediments (Czudek and 
Danek, 1970). One such case, in the Bigham C8nym 
National Recreation Area in southcentral Montana, 
was studied in detail (Nelson, 1983). The present 
paper S\mllarizes the results of that study. 

General Omracteristics 

At least four levels of gently inclined pecliment 
systems, each consisting of several individual 
surfaces at or near the same elevatiai above local 
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'mBIB 1. 8mmary of Size, Slope, and Elevation 
of Pedimmt Systems. 

Ave.Area Ave.Is!gth Ave.Width Ave.Slg>e Ave.Elev 

km2 km km Range, Range, 
Deg. Metres 

Op 1 1.03 1.26 l.3S S-11 1330-1490 
16 Exanples 

Op 2 .2S .76 .39 4-8 1380-lSOO 
24 Exa!ples 

Op 3 1.14 1.04 .SS 2-3 142S-1S20 
18 Exanples 

Op 4 .20 .76 .SS 3-6 1S00-1S80 
9 Exanples 
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Figure 1. Generalized geological cross-sectiCll between the Pryor ~tains Cll the west and the Bighorn 
River Cll the F.ast, showing the area of pediment developnent. '!be pediments shown Cll this cross-aectial 
are diagramatic, to show the relatiCllShips between the various pediment systans. 

Most pediments join steep upper slqleS with 
relatively sha%p angles of inflectiCll. 'Ibis angle 
coincides with changes in bedrock geology Cllly 
al.cng the nnmtain front fault. Others do not join 
steep upper slqleS at all: instead they occur Cll 
tcp of isolated, butte-like landfoxms. '!be lower 
ends of the lowest surfaces grade to present-day 
streams or, in a few instances, to ledges of 
resistant rock. '!be lower edges of pediments in 
the higher systans project as planes into space 
over the surrounding lowlands. '!be di.amictm 
veneers of all pediments CClltain erratic blocJcs 
that could Cllly have originated at ootcrq>s aloog 
the front of the Pryor ~tains. 'Ibis indicates 
that the isolated pediment rennants were, at CllE! 
time, connected to a source of erratic naterial, 
either at the nnmtain front or a higher pediment. 
Isolated surfaces are often surrounded or nearly 
surrounded by pediments of lower systans. SUch 
crosscutting relatiCllShips allow classificatiCll of 
the systans into a relative age sequence, with the 
highest being the oldest, and Cll down to the lowest 
which is the youngest. 

'I\«> exanples of pediments were selected for 
detailed stu:iy of the di.amictm veneer and the 
truncated bedrock surfaces, CllE! each fran the lower 
two systans. Q.illy erosi.oo and oonstructi.oo of a 
hiqhiiay throoqh the stu:iy area provided good 
cross-sections of these pediments and their 
veneers. 

Peclinent Veneer 

Natural and man-made exposures indicate a 
generally uni.fo:cm thickness for the veneer, fran 1 
to 3 netres, with about 2 netres being the DDSt 
CCll1IDl (Figure 2). '!be veneer o:insists of ooe, 
rarely two or three, layers of EXX>rlY sorted 
material. Individual layers o:insist of chaotic 
mixture of various grain sizes, with a tendency for 
larger than average blocks to occur at or near the 
tcp of the layer (inverse qradinq) • 

Figure 2. View of the pediment veneer in a gully. 
'!be CClltact between bedrock and di.amictm is 
aEProximately at the feet of the pecple. Note the 
large angular blocJcs and the bedrock ledge near 
the bottan of the ~. 
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Blocks in the diamictm :reflect the <XJlllOSitial 
of fonnaticms elCpOSed in source areas directly 
upsl.q>e fran the pedinents. They have low 
sphericity and range between bladed and elalgate in 
shape. Est:inates of roundness, using a CXl'lpll'iSal 
chart, range fran very angular to subrounded.. It 
was inpractical or inpossible to neasure a large 
enough nuntJer of blocks to obtain an average block 
size. An estimate of maxinun block size was made 
at ample sites al the b«> pediments selected for 
study (ample sites are the same as those shown in 
Figures 4 and 5). '1'bese estimates consist of the 
average ncminal diameter (the diaaeter of a sphere 
with the same volam as the block) of the 10 
largest blocks found within a 100 net.re radius of 
each ample site. Average ncminal dianeters of the 
lar9est blocks range betsieen 40 and 250 an for 
pediment 1, and 40 to 350 for pediment b«>. 

Based al sand-silt-clay ratios of amples taken 
at the same saq>l.e sites, the matrix of the 
diamicton is a silty sand; nost of the sand is in 
the very fine to fine-sand size range. Histogram 
of average grain-size distriblti.als of the same 
sanples show that the matrix is texturally and 
<XJlllOSitiooally bimdal (Figure 3). 'l1le 
~ mde is ~chiefly of erratic 
material fran Pryor Mountain source areas, mainly 
carbonate rocks and chert; this type of material 
decreases in abundance with decreasing fracticm 
size until, in the fine-grained mde, nost of the 
material is <XJlllOSEld of disaggregated grains of the 
subjaoent fonnaticm (Pen!D-'l'riassic Omgwater 
sandstme and siltstone) • 

Block Fabric 

Because of the obvious indicatial of block 
transportaticm, the orientaticm of the lClnq axis of 
100 blocks was detemined at each ample site al 
both pedinents. Fabric diagrams (Figures 4 and 5) 
are generally oatipoaed of b«> well~fined DDdes; 
one oriented dcwnsl.q>e and a seccnd, generally 
weaker, parallel with the 0a1tcurs. 'l1le strength 
of the dcwnsl.q>e mde increases with i.ncreaaed 
distance fran source areas. In the lower reaches 
of the pediments, the croas-al.q>e mde is as stroog 
or strmger than the dcwnsl.q>e mde. 

Diami.ctm Id>es 

'l1le lq:piU'ent aooothness of the land surface when 
viewed fran a distance is, upon close inspect:iai, 
Mcken by ld:>ate aoamilaticma of blocky diami.ctoo 
(Figure 6) • 'l1le l.ciles are elalgate dcwnsl.q>e, have 
an::uate, oonvex fraits, and merge into the general 
sl.q>e or are covered Oller by additional l.ciles in 
the upsl.q>e directial. Very large blocks are often 
found at l.OOe fraits, paclced tightly together. 'l1le 
lowest b«> pediment aystans have the clearest and 
greatest nuntJer of lci:>ea, while the upper b«> have 
at best ally vague, an::uate ocncentraticms of 
deeply inplanted blocks. 

Veneer Bedrock Interface 

'l1le eroded bedrock surface is the actual 
pediment1 the zme 0a1taininq the uwemnst portiat 
of the bedrock, the pediment, and the lOlllJleXmSt 
portia1 of the diamictm is herein naaad the 
vmeer-bedrock interface. In all exposu:r:es, the 
interface is a :relatively thin zme, ranqing fran a 
few oentinetrea to a few tens of centinetrea thick 
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Figure 3. Average grain-size distriblti.als of 
diamictm mtrix. Diagonal shading represents 
erratic material, mainly carbonate rock fraCJIBlts, 
and the clear area represents mterial derived 
fran aubjaoent fonnaticms. 
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(figure 7). Many interfingerings between 
broken and disturbed bedrock and the over
lying diamicton are present. Below the 
interface, primary bedding is preserved 
and the bedrock is in place although ce
mentation is lacking and they are uncon
solidated. Between these fragments, the 
material is a fine-grained mixture of dis
aggregated grains from subjacent forma
tions plus erratic carbonate clasts. The 
fragmented bedrock zone grades upwards 
o~er a very short distance into typical 
diamicton, containing fewer local clasts 
and more erratic clasts. 

llOllTN 

I~ l'•llC•llT OP 
19 O•••llYATIOll8 Ill O·~~•liic:ll~L~·~·r--==::j 
tO •AON tO D••ll•• ,L 

• ••CTOll 0 ICLOllH•ll C.L 80' 

Figure 4. Fabric diagram of the loog axes of 100 
bloclcs at each sanple site, pediment ooe. 

Introductim 

Inplicit in the following discussion is the 
asmmption that the diamicton deposits are not now 
fomdnq or llDll'ing and that pediment erosim is no 
1ooger taking place. Evidence for lack of 
diamicton 11Dll'E!lllel1t CXlllSists of fence lines and 
roadcuts that remain undisturbed, bloclcs whose 
exposed surfaces are covered with lichens and whose 
b.iried surfaces are c:iovered with caliche, pine 
trees several inches in diameter growing in the 
diamicton, undisturbed stone circles or tipi rings 
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Figure 5. Fabric diagrms of the loog axes of 100 
bloclcs at each sanple site, pediment two. 

and stone cairns used by pa!historic pq>J.e, and 
developlent of soil horizons within the diamicton. 

Origin and Mallement of Diamicton 

Analyses of the sanples prove that the dianic
tcn is texturally and oatp>Sitiooally bimdal. 
'!be only possible sources for the generally 
coarse-grained ocqxinents are ootc:rcps aloog the 
front of the Pryor .Mountains. '!be min source for 
the bulk of the f~ cxqxxients is bedrock 
subjacent to the diamicton deposits. '!be angular
ity and wide size range of all these cxqxxients 
suggest that they were produced by frost wedging 
(see, for exanple, wasbbum, 1980, p. 76-78 and p. 
222-223). Gradual, continual mixing of naterial 
fran the two source areas is indicated by the 
diffuse contact between the veneer and the 
underlying bedrock. Mixing oculd have occurred 
during diami~ 11Dll'E!lllel1t or by frost cbJrning or 
both. 

'!be type of slq>e llDY8lll!llts reported in the 
literature which produce deposits with 
characteristics similar to those described in this 
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T aLOOK-lllOH Tll•AD-._. ~...._ lllaH 

Poenio• AH Oll•lnATIOll OP •LOCK• •••AT•ll THAii 011 •OUAL 
TOH CM eHOWll •YI I' 

Figure 6. Bruntoo. and tape sketch map of a SO by 
SO metre site al pediment cme. The lci>es 
illustrated here are typical of those found al the 
lolller two pediment systaml. 

paper are solifluctiai and frost creep (for 
exanple, see smmary in Washburn, 1973, p. 189). 
Solifluctiai is indicated by: 1) c:iwious novenent 
of a silty diami.ctai, ccntaininq huge erratic 
blocks, al very gentle slopes; 2) lci>es of 
diamictal; 3) preferred downslope orientatiais of 
l.oog axes of blocks; and 4) the unifonnly thin, 
sheet-like geanetry of the deposits. In additim 
to the above, intensive frost creep is indicated by 
the cxmoentratiais of blocks found at lOOe nmqins 
(Benedict, 1970). 

It is possible that the flow cxqxxaent of 
diamictai novenent was gelifluctiai (novenent ewer 
a frozen substrate) rather than solifluctial 
(substrate not necessarily frozen) • The 
acc:mul.ated evidence of formerly m:>re intensive 
frost actiai suggests that at least a seasonal 
frost table existed in the area thrcughcut m:>re of 
the year than is presently the case, but positive 
proof of pemafrost is lacking. Sl.opaesh and 
stream actiai lllJSt also be considered as probable 

331 

I MlTElt 

Figure 7. Cmera lucida drawinq of the 
bedrock--veneer interface, pediment two. The 
sti.R>led pattem is bedrock (Penm-'l'riassic 
Olugwater fomatim in this case) which is 
in-pl.ace at the bottan of the drawinq and as 
separate fragments elsewhem. The vertical stripe 
pattem represents erratic carbooate clasts, the 
horizaital stripes :repxesent diami.ctal rich is 
disaggregated grains fran the S\i>jaoent fcmllltial, 
and the clear area represents typical diamictoo. 
with fewer local clasts and m:>re erratic clasts. 
Disaggregated grains of the local bedrock are 
miJCed thorolJghly into the diamictal even near the 
top of the deposit. 

adjunct processes of erosion and transportatim, 
but direct evidence of these processes is l.acldng. 

Erosion of Pedinents 

Develcplent of lower, younger surfaces in the 
study area was at the expense of higher, older 
surfaces, as indicated by the isolated, butte-like 
pediment ramants surrouOOed or nearly surrounded 
by lolller pediments. The fact that higher surfaces 
have retained their pediment fonn suggests that 
baclaearing of steep slopes at the upper edges of 
the pediments is dcminant over dowmilearing. 
However, sane regrading lllJSt take place as the 
pediment extends itself upslope and gently sloping 
portiais replace steeper portiais. 

Solifluctim (or gelifluctim) novanent by 
itself ~ to have little erosive ability. 
'1his is dalmstrated by vertical velocity profiles 
showing novenent ocaoentrated in the upper few 
decinet:res, and attenuating to zero at sane shal
low depth (Rudberg, 1964, and Williams, 1966), and 
by m.nerous cases of solifluctim lci>es overridinq 
organic material (e.g. Benedict, 1970). The~ 
larity and wide size range of fragments of the 
e:roded bedrock in the diamictal suggests that 
frost wedging was :responsible for pediment em
sicn, with the material thus produced lllCJlled 
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dol«lslope aainly by a:>lifl.ucti.al. Ho i.ndi..caticns 
were found durinq the CUJrBe of this study Wlich 
t«JU1.d IRJ99ll!St that the bedz:ock surface had been 
eroded by I for exl!llllple I stJ:em act.i.at I prior to 
dialli.ctai 11DY91!11t. PuttletJWLe, the diffuse 
veneer--bedz:ock interface .i.ndi.cates that di.ami.ctal 
JD:M!lllent and bedz:ock pl.anati.ai were CXlnt.alp>r-
aneous. 

The lowest pediments in the Bicjlorn Qmya\ area 
are bebleen the foot-por1:.i.oos of higher slopes and 
local base levels. No similar features have devel
oped al the frart or the crest of the Pryor 
.Mountain Range. In this geuamplic positim, and 
with evidence suggestinq their f<mmtim by 
periqlacial processes, the pediments in the study 
area lll!lY 11Dre properly be temed cryopediments 
(Czudek md Danek, 1970). 

Age of Bigham Qu1Yal Pediments 

Relative age relatiamhips mcnq the four levels 
of pedlments have been est:abllilhed al the basis of 
croescuttinq relatumrhips. The relative age 
sequence is supported by cli.ffe:terlCeS in micmrelief 
of blocka and l.ci>es1 ~pediment systalB are 
mDXher and differ in surface texture fran each 
other and fran the la.er ti«> systaml. 'l'he hicjart 
pediment syatan is the oldest, and each successive
ly la.er syataD is yamgm-. No evidence far the 
abaolute ages of the pediments is available. 'Diey 
are, in CJl!nBRl, Pleistocene in age beanwe: 1) 
similar features are not new develcpinq in the 
areaJ 2) the youngest syatan grades to levels 
dated ardJaeoloqicall.y at least as old as 8,000 
years (Husted, 1969) 1 and 3) the ...,.., .. ,,.tad 
evidence presented in this paper strongly indicates 
a relatiooahip bebllBell pediment eroaim and 
dimd.ct:al llOWllll!llt, and ex>ld climtic ccnditims. 

Climtic Qmsideratims 
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Inactive sand wdges and ice •JB • casts have 
been found in nmeraus acattexed localities 
thraughout the state of WyaainJ by Mears (1981) and 
Nelsoo (1980). Fo8Sil periglacial features have 
been found at least as low as 1,500 llllBl in the 
northern Biqhom Basin, 35 kilaaetres 80llth of the 
present study area. Althcugh similar features have 
not yet been found in the Bigham Canyon area, it 
aema likely that this area (1,300 to 1,600 llllBl) 
also experienced a pmmfroat climt.e durinq 
Pleistocene ex>ld periods. Late Pleistocene verte
brate mterial fJ:Clll Hatural Trap Case I three 
kilanatna acutheut of the present study area, 
include z:amina of tundra dlellera auch as the 
ex>ll.ud lamdnJ ~ sp. (Gilbert et al., 
1978). Al~tial relat.iooship bebieen 
pmmfroat features and tundra dlellera, and 
pediJIEnts in the Bigham Canyon does not prove a 
tmp:ral relatiaulhip, it does support the int.er
pretatims baaed al qaaioq:ihology al.me. At the 
very least, the area had a climte riqorcus enough 
to have supported more int.enae frost wdginq I frost 
chuminq, and a:>lifluctial than is pnaently the 
case. The cryq>edimanta in this area indicate that 
the effects of Pleistocene periqlacial climt.ea in 
the Middle Rccky lbmtains are more widespread than 
previously dalaultrated. 
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ELECTRICAL TIIAWING OF FROZEtl SOILS 

Alfreds R. Jumikis 

Department of Civil and Environmental Engineering 
Rutgers University-The State University of New Jersey 

Piscataway, New Jersey 08854, USA 

In foundation engineering activities in the Arctic, permafrost is a dominant factor 
the builder must cope with. To facilitate excavation and foundation work in frozen 
soil, the latter can be loosened up, among other methods, by thawing electrically. 
Electrical thawing is a convenient and expedient method for application to small, 
dispersed structures, especially in built-up areas during cold seasons of the year. 
This article presents a method of calculation for electric thawing of frozen soils. 
The thawing system is a hexagonal electrode grid. It consists of six, vertically 
embedded, electrodes around one central grounded electrode. Single-phase, three-wire 
alternating current for thawing was used in this calculation. 

INTRODUCTIOil 

The principle of radial, electrical, thawing 
of a frozen soil by means of vertical electrodes 
may be described as follows. A soil, through which 
passes an electric current, heats up due to resis
tive dissipation, that is, the applied electrical 
energy is transformed into an equivalent thermal 
energy. 

The electrode-soil-electrothermal system under 
discussion is a vertical cylindrical system where 
an a-c current emanating from the vertical, central 
electrode flows radially into the soil. There are 
also currents flowing between adjacent electrodes 
on the periphery of the hexagonal grid. 

The region of influence of thawing of a uni
form soil around one electrode is assumed to be a 
vertical annulus of soil whose inner radius is re 
(the outer radius of the electrode), and outer 
radius is r, see Figure 1. Because of the electri
cal resistance of the entire body of the frozen 
soil, Joules' heat is generated "en masse" within 
the soil around the electrode. 

Electrodes 

For direct, radial, electrical, thawing of 
frozen soils, solid, steel electrodes, -25.4 mm to 
-50.8 mm in diameter, may be used. Because lateral 
and downward drainage of the melt water of ice is 
blocked by the still frozen permafrost around the 
electrodes, the thawed soil becomes more or less 
water saturated. To cope with a muddy site condi
tion, the melt water can be removed and discharged 
if perforated metal pipe electrodes, instead of 
solid steel rod electrodes, are used. 

The electrodes may be installed in the frozen 
soil in various electrode grid patterns at equal 
spacing of approximately s • 2-3 m, center to 
center, in a straight row. The spacing of rous is 
-2.5 m to -4.0 m. The array of electrodes in an 
electrical thawing system may also be in staggered 
rows (equilateral triangular pattern or in a 
checkerboard arrangement). Figure 1 shows a hex
agonally arranged electrode grid pattern. 

For safe operation of an electrical thawing 
facility, the electrical thawing installation must 
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be grounded. The site must be fenced in, and pro
vided with uarning signs. Also, for reasons of 
safety, direct electrical defrosting (with bare 
electrodes) of frozen soils containing metallic 
ores should be categorically prohibited because of 
stray electric currents in the ground. 

FIGURE 1 Hexagonally arranged electrode grid 
pattern. Horizontal cross-section through elec
trodes and frozen soil. 

El. • electrode. 
G • grounded tap electrode 

re = de/2 • radius of electrode. 
r = outer radius of frozen soil 

cylinder. 
s • 2r • spacing of electrodes. 
P • pocket. 
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TllAWUIG 

Generally, the process of thawing of frozen 
soils may be visualized to take place in three 
major steps: 

1. heating of the frozen soil from its initial 
temperature Tin to the temperature of the 
melting point Tm of the soil ice; 

2. isothermal melting of soil ice at constant 
melting temperature Tm. 

The latent heat of melting is supplied 
by heating the soil electrically and the 
ice in the frozen soil changes its phase 
from solid to liquid. A pure ice trans
forms to water at a theoretically constant 
melting temperature of Tm • 0°C. At high 
mineralization of ice, its melting begins 
at less than 0°C. The change in the phase 
ice to water is accompanied by a simulta
neous decrease in the resistivity of the 
soil, and by changes in its thermal conduc
tivity and heat capacity. And, 

3. after melting of the ice, the thawed soil 
continues to be warmed up to some final, 
positive, design temperature Tfin· 

The accumulated heat in the thawed soil distributes 
slowly beyond the designed thaw boundaries, and 
practically increases the design-volume of the 
thawed soil. This heat might help to thaw the 
"triangular" spaces or "pockets" between the 
merged, already thawed soil cylinders. 

FIGURE 2 Hexagonally arranged vertical heaters. 
Horizontal cross-section through heaters and thawed 
and frozen zones of soil. 

H • heater. 
rh • dh/2 • outer radius of heater. 
~ • radius of thawed zone. 
r • outer radius of frozen zone. 
s • 2r • spacing of heaters. 

m.b. • moving isothermal thaw-frost 
boundary. 

P • pocket. 
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In Figure 2, the cylindrical surface whose 
radius is t, is the interface between the thawed 
and frozen zones of the soil. Here the absorption 
of the latent heat of melting of the ice occurs. 
This isothermal interface is also known as the mov
ing isothermal boundary between the thawed and 
frozen zones of the soil. On this isothermal 
boundary, changes in phase and thermal properties 
bring about a discontinuity in soil temperature 
distribution, and in heat transfer. Because of the 
discontinuity, as well as because of the nonlinear
ity that results upon introducing the latent heat 
equation into the system of Fourier's heat transfer 
equations for frozen and unfrozen states, there is 
no general, exact, closed-form solution for changes 
in phase in cylindrical coordinates available. 
Further discussion on thawing of this type is be
yond the scope of this article. 

As mentioned already, on passlng of electrical 
current through the cylindrical body of the frozen 
soil around the electrode the soil heats up 
en masse because of the electrical resistance of 
the soil. The frozen soil changes temperature, and 
eventually the ice of the soil melts• .Because 
there are no thermal gradients in this thawing soil 
system, there is no heat flow. Consequently, there 
is no isothermal phase change boundary present upon 
change of ice to water. 

The interwoven complex phenomena of electricity 
and electromagnetism in frozen and thawing soils, 
the complex nature of the multicomponent electro
thermal system of soils, and the multitude of soil 
physical and electrical properties indicate that 
thermal and electrical calculations during electri
cal thawing of frozen soils are very difficult. 
Therefore, to make such a problem accessible to 
reasonable calculations, the thawing problem must 
be idealized by making simplifications and assump
tions. Simplifications facilitate a practical 
approach to dealing with the electrical thawing 
problem in frozen soils. The solution to such a 
simplified problem can be acceptable in practice, 
but, the solution to the problem of artificial 
thawing of frozen soils electrically in a cylindri
cal system can be treated only approximately. 

Assumptions made for electrical thawing of fro
zen soils are: 

1. the soil is homogeneous, uniformly frozen, 
permafrost; 

2. the cryogenic texture of the frozen soil is 
horizontally layered soil platelets (scales) 
(Jumikis, 19781; 19782); 

3. the frozen soil is fully saturated with 
water; 

4. there are no heat convection processes; 
5. to avoid undue upward flow of heat from the 

thawed soil to the atmosphere, and to pro
tect the already thawed soil from refreez
ing during a cold season, the ground sur
face at the site is covered with an appro
priate thermal insulation (as is commonly 
practiced in other methods of thawing of 
frozen soils); 

6. the upward flow of the terrestrial heat from 
the interior of the earth toward the under
side of the permafrost, being relatively 
small, is ignored; 

7. the heat loss from the thawed soil to the 
frozen subsoil (or to the unfrozen subsoil, 
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8. 

if applicable), as is usually done, may be 
included as a percentage of the overall 
energy loss of the thawing system; 
the initial temperature Tin of the uni
formly frozen soil is constant. 

ELECTRICAL RELATIONS 

33S 

There are various electrode grid configurations 
possible. Figures 1, 3 and 4 show a plan of a 
hexagonal grid or group of six vertically embedded 
electrodes. They are arranged radially about one 
central, grounded electrode in a triangular pattern. 
Each electrode interacts with adjacent electrodes 
spaced from one another at s • 2r (Figures 2 and 
3). It is assumed that in such an electrode grid 
all electrical paths between the electrodes have 
equal electrical resistance n because of the hexag
onal geometry of the grid (Figure 3), and because 
of the assumed homogeneity of the soil. However, 
the h01110geneity may vary more or less with the 
local conditions at the site, especially as the 
thawing of the soil progresses. llotice in Figure 3 
that in each of the six inner or radial resistance 
paths the voltage is U, and that the power in the 
six outer or circumferential paths will be four 
t:f.mes the power in the six inner or radial paths. 

The grounded center tap is connected by an in
sulated zero wire (the third wire) to the single 
phase alternating current three-wire electrical 
power line. 

The progress of thawing may be monitored by 
temperature measurements of the soil in temperature
measuring boreholes. Also, soil cores can be ex
tracted to check whether all ice inclusions in the 
soil are melted. 

Soil Resistance 

The electrical resistance R between a nair of 
parallel cylindrical electrodes in an infi~ite, 

2 

FIGURE 3 Radial and peripheral electrical resis
tance paths in soil (after personal coaanunication 
with Prof. C. V. Longo). 

G • grounded central tap electrode. 
I • current. 
R • electrical resistance of soil be

tween each pair of electrodes. 
U • voltage. 

CT • central tap. 

homogeneous medium, assuming the spacing s of the 
electrodes is large compared to their diameter, is 
given by Della Torre and Longo (1969) as 

R • (p/2•w•H )•ln(s/r ) 
el e ' 

where R • soil resistance, ohm 
p • resistivity of soil, in ohm meters 

Hel • embedded length of an electrode, in 
meters 

s • spacing of electrodes, in meters 
re • radius of electrode, in meters 

(1) 

The electrical resistivity of soils depends on 
mineralogical composition, porosity, moisture con
tent, amount of electrolytes in the soil, cryogenic 
texture, ice content, temperature, and possibly 
some other factors. 

According to Rennie, Reid, and Henderson (1978), 
the range of resistivities of an unfrozen low
plastic clay is 2S-45 Om, that of a frozen low
plastic clay is 40-80 Om, that of a high-plastic 
silt in an unfrozen condition is 40-60 Om, and that 
of a frozen high-plastic silt is 60-110 Om. 

The power loss in an electrical resistance tra
versed by an alternating current is expressed by 
the well-known formula 

P • u2/R, (2) 

where P • the power lost in heating the material, 
watts 

U • voltage, volts 

Thus the power Pr in each of the six radial elec
trical resistance paths is: 

pr • U2/R, (3) 

2 

@ (!) 
2 

(!) G El1ctrod1 @ 

Zero wire 
2 ( n1utrol J 

@ (!) 

u u 

2 

'::' 

FIGURE 4 Connection of electrode grid to a single
phase source of electric power. 

G • grounded central tap electrode. 
U • voltage. 
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because the voltage is U for these paths. The 
power P in each of the six circumferential paths 
is c 

2 Pc • 4•U /R, (4) 

because the voltage is 2U for each circumferential 
path. The power PT in the entire grid of all elec
trical paths is 

P • 6•P + 6•P • 30(U2/R) T r c (5) 

The total power PT in the entire grid heats up the 
frozen soil, as well as provides for the latent 
heat of melting for the soil ice upon its changing 
state from solid to liquid. 

THERMAL CALCULATIONS 

In designing artificial defrosting facilities 
for frozen soils, one needs to know the amount of 
thermal energy Q (electrical energy E • Pnec•t), 
necessary, and the total duration of time t neces
sary for thawing the given volume V of the frozen 
soil. 

The thermal calculations of the necessary amount 
of heat Q to be added to the frozen soil for its 
thawing are usually made for each of the soil com
ponents - solids, ice contents, unfrozen water -
separately (Jumikis, 1977). The air component is 
usually disregarded in these calculations. 

Example 

Given V • 110 m3 of a low-plastic clay to be 
thawed electrically. 
The average initial temperature of this frozen soil 

is: Tin • -6°C. 
The average final temperature of the thawed soil 

is: Tfin • +2°C. 
The resistivities of this soil are given as: 

Punf rozen • 25 Om and Ofr • 40 '2111. J 
The unit weight of the soil is: y • 1950 kg/m 
Its saturation moisture content by dry weight is 

given as w • 30%. 
The dry unit3weight of the soil is: yd • y/(l+w) • 

1500 kg/m • 
Uoisture content at plastic limit of the soil: 

Wp L. • 14%. 
The plasticity index of this soil is: "P.I. • 11%. 
Hass heat capacity of soil mineral particles or 

skeleton: cmc1 • 0.20 kcal/kg•°C. 
Hass heat capacity of ice: ~i • 0.50 kcal/kg•°C. 
Hass heat capacity of water: cmw• l.00 kcal/kg•°C. 
Latent heat of melting: L • 60 kcal/kg. 
Heat losses from ground surface of the thawing soil 

to the atmosphere: assessed at = 10% of the 
energy requirements. 

25.4 DD-diameter (• de) steel electrodes are spaced 
s • 4.00 m apart. 

The thawing depth n should be 1.5 m. 
The effective depth of the embedded electrode is 

Bel • 1.00 m. 

The amount of unfrozen water in frozen soil is 
given by 

wuw • k wP.L. • (0.55)(0.14) • 0.077 (•7.7%), (6) 
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where k • a coefficient. 
Then the ice content is 

vi• w-wuw • 30% - 7.7% • 22.3% (7) 

By Eq. (1), the electrical resistances of the 
soil under consideration are: 

for unfrozen condition: Rth • 23 ohm 
for frozen condition: Rtr • 36.6 ohm 

The volumetric heat capacities of the frozen and 
thawed soil systems are given by the usual 
relations: 

cvfr • Yd [cmd + (cmi) (wi) + (cmw) (wuw>] 

cvth • Yd [cmd + Cc..,)• (w)J 

The total energy required is: 

(8) 

(9) 

(10) 

where Q1 - energy needed to increase soil tempera
ture from Tin to Tm 

Q2 - latent heat of ice melting 
QJ - energy to increase soil temperature from 

Tm to Tfin 
Ql - heat losses = (O.l)CQ1+Q2+Q3) 

Thus 

Q • (l.l)v[cvfr(Tm-Tin) +Lwi Yd+ cvth(Tfin-Tm>] 
(11) 

Then Q1 • 447.3 kwh 
Q2 • 3423.4 kwh 
QJ • 191. 8 kwh 
Ql • (O.l)(Ql+Q2+Q3) • 

(0.1)(4062.5) - 406.3 kwh 
Q • E • 4468.8 kwh. 

Assuming that the thawing project is planned to 
be completed in t • 60 days, the required grid 
power PT is: 

PT • E(kwh)/t(h) • 4469/1440 • 3.1 kw. (12) 

By Eq. (5), the necessary voltage Unec for this 
thawing work is 

line-to-grounded center tap, or 2Unec = 130 v line
to-line. 

If U is taken as 65 v then the power dissipa
tions in the frozen and thawed soils are 

Pfr • 3.46 kw 
pth • 5.51 kw. 

Thawing Time 

1. The time tth in hours necessary for heating up 
the frozen soil from its initial negative tem
perature Tin < 0°C to the melting temperature 
Tm • 0°C of the ice in the soil is 

tth • Q1/Pfr • 129.3 h • 5.4 days. 
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2. Duration of time t for isothermal melting of 
ice at T = 0°C: m m 

3. Duration of time tfin for final heating up the 
soil from Tm • 0°C till final temperature 
Tfin • +2°C of the soil: 

4. Total approximate thawing time: 

The required grid power is: 
3.46 kw for frozen soil, and 
5.51 kw for thawed soil. 

The necessary voltage is: 
Unec • 65 volts 

The total thawing time is: 
ttotal • 1155 hours < 1440 hours 

The electric power and its voltage can do the 
thawing job in 1155 hours. 

CONCWSIONS 

Under permafrost conditions, direct, radial, 
electrical thawing can be pursued year-round and at 
any time if electrical energy - from stationary 
electric plants or mobile generators - is readily 
available at the site. This method would speed up 
defrosting time considerably as compared to hydrau
lic thawing, because the electric defrosting is 
independent of climate, and temperature of water 
and steam used in the other methods of defrosting 
of soils. The radial method of electrical thawing 
is good not merely for year-round thawing of frozen 
soils but it is also convenient for protecting the 
already defrosted soils against their refreezing. 

The main disadvantages of the direct, radial 
thawing of frozen soils electrically are: 

a) a more complex thawing operation than that 
when air, water, solar energy, or steam is 
used as a heat source for thawing; 

b) the relatively high cost of operation of an 
electric thawing installation; and 

c) the necessity to adhere to strict safety 
regulations in operating an alternating 
current electrical thawing installation with 
bare electrodes. 

In the future, in the economical development of 
cold regions, artificial, radial thawing of frozen 
soils electrically will probably be increasingly 
used. 

The natural thawing process of frozen soils by 
means of radiation heat or solar radiation is not 
too dependable for continuous, uninterrupted thaw
ing work, especially in cold climates. The hydrau
lic methods of thawing of frozen soils such as by 
means of river water, warm water, and/or steam, 
take a lot of time and involve great, unproductive 
heat losses. 

Today, calculations of thawing frozen soil 
cylindrical systems electrically are atill per
formed based on incomplete soil electro-thermal 
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data. 
Although electrical properties of permafrost 

soils have been studied for their own purpose and/ 
or interest by Arcone and Delaney (1981); Olhoeft 
(1978); Rennie, Reid and Henderson (1978), and 
others, there still exists a great need for system
atically integrated knowledge about electrical and 
thermo-physical properties of freezing, frozen and 
thawing soils, and the functional relationships of 
the various factors involved, with particular 
reference to radial thawing of permafrost. Of par
ticular need in calculations are usable values of 
resistances and resistivities for unfrozen and 
frozen soils as functions of soil geotechnical 
properties, and electrode grid configurations. 
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Closing Plenary Session 
Friday, July 22, 1983 

TROY L. PtwE - Good afternoon, ladies and gentle
men. Welcome to the final formal &e88ion of the 
Fourth International Conference on Permafrost. We 
have been meeting here in Fairbanks for the past 
five days to listen to excellent papers on all as
pects of permafrost. Now we are gathered for a 
f- final items of business, a f- closing re
marks, and presentations. I would like to thank 

... ____ . ..,_ 
---..--t-·•• • 

Closing session of the Fourth International Con
ference on Perll8frost, University of Alaska, 
Fairbanks, Alaska, July 22, 1983. Left to right: 
Kaare Flaate, Delegate from Norway; Li Yusheng, 
Delegate from the People's Republic of Olina; Jay 
Barton, President of the University of Alaska 
Statewide System; A. Lincoln Washburn, USA; Mi-
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all of you on behalf of the Organizing Cc:amttee 
for attending the conference. I aa sure you all 
agree that 11e had five days of very fruitful dis
cussion with friends from many countries involved 
in permafrost research, and I know we look forward 
to continuing these contacts in the days ahead. I 
would first like to call on Dr. A. Lincoln Wash
burn to read the necrology. 

•• f.Vf'ffrn!! I: '. j._fl f4 f! :c 

chael Hammond, interpreter; P.I. Melnikov, Dele
gate from the USSR.Standing: Troy L. Pfwl, Olair
.. n of the U.S. Organizing Coamlttee for the con
ference; Governor of Alaska, Bill Sheffield; Shi 
Yafeng, Delegate frc:a the People's Republic of 
China; Bugh French, Delegate from Canada; Jerry 
Brown, Delegate frc:a the u.s. 
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A.L. WASHBURN - Ladies and gentl-n, it is impor
tant for the Fourth International Conference on 
Permafrost to honor our colleagues who have died 
since the last Congress. 'lhey include: 

Ivan Baranov - USSR 
Robert F. Black* - USA 
Siet•e Bylsaa - The Netherlands 
Roger J.E. Brown - Canada 
Don Gill - Canada 
Robert Gilpin - Canada 
Reuben Kachadoorian - USA 
Vladiair Kudryavtaev - USSR 
Daisuke Kuroiwa* - Japan 
Ralph R. Migliaccio - USA. 
Edward Patten - USA 
Val Poppe - Canada 
Georgi Porchaev - USSR 
E.F. "Eb" Rice - USA 
January Slupik - Poland 
Sigurdur Thorarinsson - Iceland 
Kenneth B. Woods - USA 
Kenneth A. Linell* - USA 

To CClllll!lllorate these colleagues, and any oth
ers whose passing remains to be reported, let us 
rise for a moment of silence in their honor. 

Thank you. 

TROY L. Ptwlf - Alaska is the only state in the Un
ion with much permafrost. In fact, 85% of this 
state is directly or indirectly affected by perma
frost, and it affects al110st all of the taxpayers, 
one way or another, in the State of Alaska. 'lhis 
conference is directly related to this state, even 
more than others. It was our pleasure last night, 
and it is as well today, to be joined at this con
ference by Governor Bill Sheffield. I would like 
to now present the Governor of Alaska, Bill Shef
field. 

BILL SHEFFIELD - Thank you very 1111cb, Dr. PM. It 
is an honor and a pleasure to again welcome this 
distingui•hed group of scientists and researchers 
to Alaska. I bad the opportunity to enjoy dinner 
with many of you last evening. FrOll all over the 
wrld you have traveled to this conference, and 
for that I not only welc011e you, I want to take 
this opportunity to also thank you. I welcome you 
because va in Alaska are proud of our state in a 
wrld too often prone to the ills of mankind such 
as air and water pollution. For example, we in 
Alaska are proud that we •till have a relatively 
clean envirouaent. And even though Alaskans en
dure long and cold winters, a high cost of living, 
and suaMrs that are far too •hort, a clean and 
spectacular environment makes the living here very 
enjoyable. So welcOlle to our state. 

I also want to thank you for cOlling here, be
cause the wrlt that you do is very important to my 
state and nation. Indeed, it is important to the 
entire wrld because you know better than I that 
so many of the re•ources we need for the survival 
of the hman race are in the Arctic and Subarc
tic. The arctic regions of our state now produce 
most of the revenue that we enjoy as the 49th 
state of the Union. If you haven't already, many 
*Died since the conference. 
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of you will have the chance to see the Trans-Alas
ka oil pipeline. That pipeline and the road that 
parallels it are good examples of why the wrlt you 
are doing in pr0110ting the understanding of the 
arctic envirouaent is so important. The oil pipe
line was built with private financing and gover&
ment supervision. In that regard, it represents 
the best our nation can offer the wrld: 'lhe ini
tiative and vision of individuals 110rlting toward a 
specific goal like building a pipeline, and the 
cooperation and broader concerns of a goveruaent 
wrking for the camon good, like protecting the 
envirouaent. 

This kind of approach to develos-it of the 
Arctic and Subarctic will be even aore important 
to the wrld in the future. In our •tate alone, 
we have millions of tons of coal and hard rock 
minerals that some day vill have to be brought to 
market. To do the job right, we will require all 
the knowledge you can give us on the complex pb
nomenon called pemafro•t· 'lhis is one reason why 
the State of Alaska bas joined the National Acad
emy of Sciencem in helping to sponsor this inter
national conference. We know that the 110rlt you 
are doing and sharing with your colleagues h f.a
portant to our develoi-ent as a state. Ila Gover
nor, I also know that the 110rlt you are doing h 
important to the people who have called the Arctic 
their home for thousands of years. 'lhe Inupiat 
Eskimos depend upon all kinds of ._ .. 1s, water
fowl, and fish to keep their culture alive as well 
as to pass that culture on to future generation•· 
And make no mistake about it, the Inupiat are very 
detendned that their culture not become extinct. 
Ila a matter of fact, the Northwest Territories of 
Canada will play host next week to the Annual Cir
cumpolar Conference, where the residents of all 
but one arctic region will gather to renew their 
natural tie• and fashion their c011Bon goals. ?hat 
conference in Frobisher Bay is an iaportant one 
for the future of our state, and the arctic region 
of Alaska. 

So, too, is this conference, because the en
gineering and other studies that are a part of 
your wrlt as scientists will play a central role 
in future development. And unless that develop
ment goes ahead on a sound environaental basis, 
the future of the Arctic and its people vill be 
threatened. I see no reasons why the future 
should be threatened for the arctic regions of the 
world. W1 th the talent that is a88embled in this 
ro011 and the detendnation of government and i&
dustry leaders to make sound practices and sound 
projects happen, we can have rational econOllic de
velopment in the Arctic without sacrificing either 
the past or the future. 

To do this will require a coordinated ap
proach among scientist•, politicians, and laymen. 
Ila an American, I a sad to Hy that my country is 
the only polar nation without a coordinated effort 
to conduct the neces•ary •cientific research in 
the Arctic. But I m glad to report that we -y 
finally be resolving the problem. Ila you may 
know, the Alaskan delegation to the U.S. Senate 
and Bouse of Representatives bas sponsored bills 
to create an Arctic Science Policy Council and an 
Arctic Research Coaal88ion. We hope these bills 
will pa88 very soon, and that with them vill cc.e 
a comaitaent of money to bring the arctic •ci-
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encee the coordination and prestige that I know 
they deserve. The State of Alaska has endorsed 
the concept of both the Rouse and Senate legisla
tion, and I would encourage those of you here to
day to let our Congress know how you feel, if you 
haven't already. 

ltsJ Governor of Alaska, I know how my constit
uents feel about arctic research, because in the 
last year the privately financed University of 
Alaska Foundation has raised •ore than a quarter 
of a million dollars for arctic research. For 
that, we have many people to thank, including Paul 
Gavora, Tom Hiltlautech and Willi• R. Wood, all of 
Fairbanks, and Attorney John Hughes and Bill Scott 
of Anchorage, who spearheaded the fund raising 
drive. That kind of financial cOlllllit11ent from in
dividual Alaskans is positive proof that w sup
port knowing •ore about the arctic regions. Thia 
research can benefit all of us, now and in the 
years ahead. And you know, when you consider the 
walth of our state's resources, our geographic 
location, and the potential markets w could serve 
on the Pacific Rina, the importance of the research 
you will be doing becomes all that •ore apparent. 
We need your knowledge because w are a maturing 
frontier state, and in many ways we are like an 
emerging nation that is only vaguely aware of both 
its potential and the problme that lie ahead. 
People like you will help us overcome the prob
lms--people who know that research and scientific 
investigation have made the world a better place 
to live and can make it even better still in the 
future. 

It is an exciting tillle to be in Alaska, and I 
• sure you will understand how fortunate I feel 
being governor at this point in our state's devel
opaent. So, I again welcome you to Alaska, and I 
hope you share some of that •-e excitement as you 
travel throughout our state. Thank you so very 
much. 

Participants in founding meeting of the Interna
tional Permafrost Association. Front row: Louis 
DeGoes, Li Yusheng, Shi Yafeng, J. Rose Mackay, 
P.I. Helniltov, T.L. P,w,, C.R. Johnston, N.A. 
Grave. Back row: Zhao Yuehai, Cheng Guodong, 
Hugh French, Jerry Brown. Photograph by J.A. 
Reginbottom, who was also a participant in the 
founding meeting. 
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TROY L. Ptwt - Ten years ago in Yakutsk, Siberia, 
discussion concerning the possibility of an Inter
national Pel"118froet Association occurred. It was 
a short discussion, but we realized such an organ
ization was needed. Five years ago at Ed1110nton, 
our Canadian colleagues agreed to seriously look 
into the formation of such a group, and here to 
report the latest events is Dr. Rugh French, head 
of the Canadian delegation. 

HUGH FRENCH - Mr. Chairman, ladies and gentlemen: 
An informal meeting was held yesterday among the 
official delegates from Canada, The People's Re
public of China, the United States of America, and 
the Soviet Union. I .. very pleased to announce 
that it was unanimously agreed to form an Interna
tional Permafrost Association. The four countries 
just mentioned will be founding members of this 
association, and we encourage other nations to 
join it. Those who join within the next year will 
also become founding 111e11bers. 

The prillary ailll of the association will be to 
provide for the on-going organization and coordin
ation of International Pel"118froet Conferences. 
This will be done through the Adhering National 
Bodies. An International Secretariat will be es
tablished in Canada at the University of British 
Columbia. Professor J. Rose Mackay has agreed to 
serve as Secretary-General. 

At the meeting yesterday, Academician P.I. 
Melniltov of the Soviet Union accepted the position 
of President of the new association, and Professor 
Troy L. P'~ of the United States accepted the po
e it ion of Vice-President. 

Details concerning national and individual 
memberships can be obtained fro• the Constitution, 
an outline of which will be available at the rear 
of the hall after this meeting [text follows). I 
.. sure that you will all join with me in wishing 

Founding of ficere of the newly formed International 
Permafrost Association: Kaare Flaate, Norway, 2nd 
Vice-President; Academician P.I. Melnikov, USSR, 
President; Troy L. P4w4, USA, Vice-President; J. 
Ross Mackay, Canada, Secretary-General. University 
of Alaska, Fairbanks campus. (Photograph No. PK 
25499 by T.L. Pfw~, July - 1983.) 
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every success to the new association, which, I 
should emphasize, as Professor p',e has just done, 
la the cullli.natlon of several years of discus
sion. I believe that it is both timely and appro
priate, particularly given the success of this and 
previous international conferences on permafrost. 

Therefore, it remains for me to congratulate 
Acadelli.cian Melnikov and Professor P,,_ upon their 
appointment of office, and to thank Professor Mac
kay for accepting the position of Secretary-Gener
al. I .. confident that under their very capable 
leadership and guidance, the future of the associ
ation and the continuing development of permafrost 
science and engineering are internationally as
sured. Thank you very lalch. 

TROY L. Piw - Thank you, Dr. French. We will now 
have a few closing re11&rka from the leaders of the 
national delegations. We will hear first frOll 
Acadeaician Melnikov of the USSR. 

P.I. MELlllKOV - Mr. Chair1111n1 ladles and gentle
men: I participated in this fourth conference on 
permafrost and in the third, and I was also one of 
the organizers for the second per1111froat confer
ence. I • a witness to an increase in the nmber 
of scientists who are participating in permafroat
related research and also engineers ti0rking in 
this area. We are indeed very pleased by this be
cause this will aid us in the very i•portant task 
ahead of us in developing enormous territories 
which contain some of our lllO&t valuable resourc
es. I could mention, for exa11ple 1 that in 
Yakutla, which contains almost 90% of all the dia
mond resources in our country, there is consider
able diamond extraction activity. It also con
tains large deposits of gold and other valuable 
minerals. 

As you probably know, approd11ately one-half 
of all the gas and oil is being extracted from 
watern Siberia. Also, the Par North contains 
enormous coal reserves. The hydroelectric power 
stations being constructed there are also extreme
ly productive. As already mentioned, the develop-
11e11t of these northern territories requires spe
cialized techniques and methods. We have already, 
at the present time, learned bow to construct the 
equipment used to develop these territories. We 
are now faced with the further probl• of 11aking 
the equipment leas expensive. 

Again, I repeat that I • very pleased to see 
that the number of people ti0rking in this disci
pline has increased. We think that this is going 
to further the development of the entire science. 

I would like to especially thank the organiz
i ng comaittee for all of the efforts that it baa 
undertaken in order to organize and arrange for 
the Pourth International Conference on Perma
frost. To all of you personally, I would like to 
extend ay beat wishes for successful scientific 
activities and for success in your personal 
lives. Thank you for your attention. 

TROY L. Piw - Thank you, Acadelli.clan Melnikov. 
Now I would like to call on Professor Shi Yafeng, 
representing the People's Republic of Q\lna. 
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SRI YAPENG - Mr. atairman, ladies and gentlemen: 
Pirat of all, I would like to congratulate you on 
the great success of this international conference 
and on the founding of the International Per1111-
froat Association. Congratulations to Academician 
Melnikov, the first President of the association, 
to Professor Troy L. Pare, the Vic~reaident of 
the association, and to Professor J. Rosa Mackay, 
Secretary~eneral of the association. 

In this conference, the atineae delegation 
presented their papers, exchanged scientific ideas 
on the study of permafrost, and learned a great 
deal. During this conference, the atineae dele
gates have been warmly hosted by the U.S. Organiz
ing Coalli.ttee, the University of Alaska, the City 
of Fairbanks, the State of Alaska, and especially 
the people of the United States and Alaska. We 
feel the friendship among the scientists and the 
peoples. Thanks for all the help given to the 
conference frOll all aspects. 

In recent years, permafrost research baa de
veloped rapidly and much has been achieved. There 
still exist many probl8118 to be dealt with, and 
more new ones will develop by the t lme the old 
ones have been solved. Thus, w have a great deal 
of ti0rk to do in the days ahead. In China, there 
la an old story. It tells us that an old man 
wished to move two mountains in front of bis 
house. Therefore, he dug at the llOUlltaina every 
day without stopping. When be died, his sons car
ried on. And when those sons died, his grandsons 
toolt over the job. Finally, the two great 110Un
taina were moved a-y. I • fully convinced that 
in the next interval, with the cooperation of all 
the scientists of per1111froat in all the countries, 
we will surely solve the probl8118 of permafrost. 
Finally, I sincerely wish all the delegates, all 
the meabera of this conference, health and happi
ness. Thank you very much. 

TROY L. PlfW - Next, we will hear from Dr. Jerry 
Brown, representing the United States. 

JERRY BROWN - On behalf of our Comlli.ttee on Perma
frost, I would like to thank you again for attend
ing the conference. I believe the count, as of 
this morning, was that more than 950 individuals 
have participated in various events of the confer
ence, and that does not include the tremendous 
support ataf fa that have put the whole conference 
together here in Pairbanka. As you know, the pub
lished record of the conference is already quite 
substantial. I would like to relli.nd you that the 
papers will be printed and distributed in a large 
volume before the end of the J8ar. So you have a 
great deal of reading ahead of you. 

Soae 140 people will be leaving tomorrow on 
field trips throughout Alaska and into the Cana
dian Northwat. I wish you good wather and in
teresting experiences. We are all looking forward 
to seeing you at the fifth conference, at which 
tiae some of us will have an opportunity to re
lax. I would like to thank you again. And to all 
the visitors: have a safe and enjoyable journey 
home. Thank you. 

TllOY L. PlfW - Thank you, Jerry. And now for Dr. 
Rugh Prench of Canada. 
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RUGH FRENCH - Mr. Chairman, ladiea and gentle11en: 
I speak on behalf of all those Canadians who have 
participated in this conference. I would lilte to 
say that we have found it extremely beneficial to 
our own understanding of permafrost conditions. 
We have seen a very B110oth and highly organized 
conference. We appreciate fully the magnitude of 
the logistics behind all of this, and we want to 
congratulate you upon the successful coapletion of 
this tremendous job. Mention was also made in the 
opening remarks of this conference on Monday of 
Canadian participation in the review process and 
organization of the conference. Let me say, Mr. 
Clairman, on behalf of all those Canadians, that 
it was a pleasure to be ao involved. Canada and 
the United States have many COllllOn interests in 
the North, and permafrost ia central to many of 
them. We look forward to future cooperation and 
scientific exchange in the future. We also look 
forward to maintaining our contacts with our 
friends in the Soviet Union. Permafrost and 
drilling technology are but tw of the nmber of 
topics that have recently been agreed upon aa be
ing areas of DUtual technological and scientific 
exchange between our tw countries. Finally, it 
has been a pleasure to discuss permafrost problema 
with our colleagues from other countries. We are 
particularly impressed with the growth of perma
frost studies in China, and we look forward to 
hearing 111>re about these in the future. 'lbere
fore, Mr. Chairman, on behalf of all the Canadian 
delegates, we thank you for organizing and holding 
this Fourth International Conference. 'lbanlt you. 

TROY L. pgwt - At this time, I would lilte to in
troduce Dr. Xaare Flaate. Dr. Plaate is Chairman 
of the Permafrost Collllittee of the Royal Norwegian 
Council for Scientific and Industrial Research 
that ia baaed in Oslo. Dr. Flaate. 

XAARE FLAATE - Ladies and gentlemen: I .. here in 
order to present an invitation. But I think that 
I will first start by making a confession. It was 
only after I arrived here Sunday afternoon that I 
appreciated all the work that went into organizing 
this conference. And that ao affected 11e that I 
considered turning around and going home. Well, 
there are always simple reasons that lteep you in 
line, and I tell you I have two good reasons for 
not leaving. First, I had an APEX airline ticket, 
and I could not return im11ediately. And secondly, 
I was what you would call "dead tired." And I am 
glad I stayed. It has been a pleasure to partici
pate in the conference. I know I gained profes
sionally aa well aa socially. 

We would lilte to invite you to Norway for the 
next conference. I will give you two good rea
sons. One, somebody has to arrange the confer
ence, and we feel that we also have obligations 
for international cooperation. We DUst do our 
share of the work. So much for the unaelf iah 
part. Second, we believe that the whole country 
has much to gain by having the conference. We 
will gain a lot professionally and we will have 
the pleasure of having visitors. So that was the 
selfish aide. 

Let me finish this brief talk by presenting 
the official invitation for you. 
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INVITATION 

'lbe Norwegian C011111ittee on Permafrost 
ia pleased to act as host for 

'lbe Fifth International Conference on Permafrost 
in June 1988 

at the Norwegian Institute of Technology 
in Trondheim, Norway 

The Norwegian Coallittee on Permafrost was ap
pointed by the Royal Norwegian Council for Scien
tific and Industrial Research with the aim of pro
llOting permafrost research and technology. 'lbe 
Norwegian Institute of Technology ia well equipped 
for and has long experience in handling confer
ence a. 'lbe academic c0111111nity at Trondheim has a 
prof easional background in permafrost problems. 
'lbe city of Trondheim has a population of about 
130,000 and was founded by the Vikings in 997. 
The city has many interesting sights and is a nat
ural starting point for excursions related to per
mafrost pheno11ena. 

TROY L. P«wt - Academician Melniltov, new President 
of the International Permafrost Association, will 
now accept the invitation. 

P.I. MELNIKOV - Ladies and gentlemen: I think at 
this time we should all extend our gratitude to 
the Government of Norway for the opportunity to 
conduct the Fifth International Conference on Per
mafrost in Norway. I think that in connection 
with this it would be a very good idea to propose 
that a second vice-president of the newly formed 
International Permafrost Association be Professor 
Kaare Flaate, the representative of Norway. I 
think that all of you will join us in supporting 
the proposal to hold the next international con
ference in Norway. We support this proposal. 

Again, penii t me at this time to expreH my 
heartfelt gratitude to all of you for the honor 
you have accorded me, to be the first president of 
the newly founded International Permafrost Associ
ation. I have already dedicated my entire life to 
permafrost studies. When I was still only a stu
dent in the Leningrad Mining Institute, I spent 
three years conducting research on the proposed 
Baikal-Alll.lr Railroad, whose construction is pres
ently being completed. Upon co11pletion of my 
studies, I was then assigned to activities in the 
Academy of Sciences of the Soviet Union. 'lbe 
Academy of Sciences in turn sent me to work in the 
far northern regions aa the director of a scien
tific research institute. I spent three years 
there in the lndigirlta region, and then I spent 
the next 23 years working in Yakutia, conducting 
scientific research and also as the director of 
the Yakutsk Permafrost Institute. At the same 
time, for the last 13 years, I have been a repre
sentative of the Academy of Sciences of the Soviet 
Union in Moscow. The Scientific Cryology Council, 
whose activities I participate in, in Moscow, is 
responsible for organizing and coordinating all 
the research projects carried out by both the 
academic COlllaunity and the industries throughout 
the entire Soviet Union. I anticipate that the 
new activities that I will have to be carrying out 
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as the president of the newly founded Internation
al Permafrost Association will be quite difficult, 
since it is always difficult when a new associa
tion or organization is founded. But again, I 
will exert all possible energies and talent to see 
that the work carried out by our association will 
further all of the research in permafrost. I 
would like to thank you once again. 

TROY L. pgd - Thank you, President Melnikov: I 
am sure that all of you noticed the very large 
banner proclailling the Fourth International Con
ference on Permafrost, all four conferences, on 
the wall in the Great Hall during the past week. 
I have now taken dOllQ this banner. In addition to 
the conferences being proclaimed in three lan
guages, there are the logos of the past four con
ferences. I think you rellll!llber this banner. It 
la now my duty to pass this banner on to Kaare 
Flaate, who will be in charge of it until the next 
conference. Perhaps he will add another official 
language, and indeed another logo. Dr. Flaate, 
please accept this banner. 

You will be happy to know that we are nearing 
the end of our plenary sessions. However, before 
we have our final statements, I have a pleasant 
duty. We are fortunate to have in the audience 
the oldest active investigator of permafrost in 
Alaska and probably North America. Here today to 
listen to our deliberations is Professor Earl H. 
Pilgrim, first professor of Mining Engineering and 
Metallurgy of the University of Alaska. Professor 
Pilgrim was one of the six original faculty of the 
Alaska Agricultural College and School of Mines 
(now the University of Alaska) when it opened its 
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doors on September 18, 1922. Since 1926, he has 
been actively llining in perennially frozen gravel 
and bedrock and now operates an antillony lline in 
the Kantiahna District near Denali National Park 
in the Alaska Range. Now in his nineties, Profes
sor Pilgrim has been actively working with peru
froat for 60 years. It is my pleasure to intro
duce Professor Earl H. Pilgrim of Stampede Creek. 
Professor Pilgrim, would you please stand and be 
honored. 

I would like to call on Dr. Jay Barton, Pres
ident of the University of Alaska, and a generous 
host of the conference for a closing statement. 

JAY BAR.TON - Dr. Pa..!, it has been a great honor 
and pleasure to have the Fourth International Con
ference on Permafrost here on the campus of the 
University of Alaska at Fairbanks. We hope you 
all will return. Thank you. 

TROY L. pgwi - We have now reached the end of the 
formal progr .. of the Fourth International Confer
ence on Permafrost, and it is a pleasure to note 
that this has been the largest international con
ference on permafrost to date. I have been in
formed that it was the largest and llO&t ce>11plex 
conference ever held at the University of Alaska 
in Fairbanks. 

As Chairman of the U.S. Organizing C01111ittee 
for the Fourth International Conference on Perma
frost, I would like to thank you for participating 
in the conference and wish you well on your return 
journeys. I now declare the Fourth International 
Conference on Permafrost closed. 
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INTERRATIONAL PERMAFROST ASSOCIATION 
BASIC PRINCIPLES OF THE CONSTITUTION 

(July 1983) 

The organizations referred to in the Constitution and By-laws are defined 
as follows: 

(1) Council ls the governing body of the Association. 

(2) Adhering National Body ls a representative body, such as a national 
committee, designated by the appropriate authority to represent in the Council 
of the Association the interests in permafrost of scientists and engineers of a 
country. 

OBJECTIVE 

To foster the dissemination of knowledge concerning permafrost and promote 
cooperation among persona and national or international organizations engaged 
in scientific investigations or engineering work on permafrost. 

MEMBERSHIP 

Membership in the Association la through Adhering National Bodies. There 
shall be only one Adhering National Body per country. 

In countries where no Adhering National Body exists, an lndlvlcllal 1111y 
apply directly to the Association to take part in Association activities. 

OFFICERS OF THE ASSOCIATION 

The officers of the International Permafrost Association are: 

(1) 
(11) 

(111) 

President 
Vice Presidents 
Secretary General 

The officers of the Association shall serve from the end of one 
International Conference on Permafrost to the end of the next Conference. 

COUNCIL 

The Council shall consist of the President and two representatives from 
each Adhering National Body. 

The Council shall determlne, with the advice of the Secretary General, the 
annual aubscrlptlon fee to the Association. 

There will not be any fees unless approved by the Council. 

UITERRATIONAL CONFERBNCE ON PDMAROST 

The organization and financing arrange .. nts of an International Conference 
are the responsibility of the Adhering National Body of the host country. 

AMENJllENTS TO CONSTITUTION ARD BY-LAWS 

A .. ndlll!nts to the Constitution and By-L.,s .. y be proposed by an Adhering 
National Body. 
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Appendix A: Field Trips 
Field trips were a 1111jor part of the Fourth 

International Conference on Permafrost, and almost 
everyone took advantage of either the extended 
trips, which took place i11111Bdiately before or af
ter the conference, or the local geological and 
engineering permafrost field trips, which took 
place during the conference. 

The local field trips permitted hundreds of 
participants to observe permafrost and permafrost
incluced construction proble1111 as well as the rela
tionship of permafrost to vegetation in the Fair
banks area. 

The five pre- and post-conference trips had a 
total of 250 participants. A list of these trips 
is as follows (the naims of participants on each 
trip are indicated in Appendix D): A-1, Alaska 
Railroad and Denali National Park; A-2, Fairbanks 
to Prudhoe Bay via the Elliott and Dalton High
ways; B-3, Northern Yukon Territory and the Mac
kenzie River Delta; B-4, Fairbanks to Anchorage 
via the Richardson and Glenn Highways; and B-6, 
Prudhoe Bay and the Colville River Delta. Guide
books for these trips were available to all field 
trip participants (see accompanying list). 

The carefully planned and executed field 
trips and publications will be long remembered and 
were appreciated by all the participants of the 
conference. 

Oscar J. Ferriana, Jr., Chairman 
Field Trips Committee 

Available Guidebooks 

Published by Alaska Division of Geological 
and Geophysical Surveys, 794 University 
Avenue, Basement, Fairbanks, Alaska 99701 

Guidebook 1: Richardson and Glenn High
ways, Alaska. T.L. P4wff and R.D. Reger 
(eds.), 1983, 263 p., $7.50. 

Guidebook 2: Colville River Delta, Alaska. 
H.J. Walker (ed.), 1983, 34 p., $2.00. 

Guidebook 3: Northern Yukon Territory and 
Mac:ltenzie Delta, Canada. R.H. French and 
J.A. Reginbottom (eds.), 1983, 183 p., 
$8.50. 

Guidebook 4: Elliott and Dalton Highways, 
Pox to Prudhoe Bay, Alaska. J. Brown and 
R.A. Kreig (eds.), 1983, 230 P•t $7.50. 

Guidebook 5: Prudhoe Bay, Alaska. S.E. 
Rawlinson (ed.), 177 p., $6.00. 

Guidebook 6: The Alaskan Railroad Between 
Anchorage and Fairbanks. T.C. Puglestad 
(ed.), approx. 130 p. 

Gull of Aloslo 
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Local Field Trips 

Introduction 

One of the .. in reasons for holding the 
Fourth International Conference on Permafrost in 
Fairbanks was that permafrost and its effect on 
man's activities in the North are well illustrated 
locally. It is possible to see many permafrost 
phenomena and many permafrost-related construction 
problems within a few miles of the University of 
Alaska (Fairbanks) campus. 

Therefore, among the highlights of the con
ference were the field trips in the immediate 
Fairbanks area to examine engineering and geologi
cal aspects of permafrost. During the conference, 
three afternoons (Tuesday, Thursday and Friday) 
and two evenings (Monday and Wedneaday) were set 
aside for these trips. No technical sessions were 
held during those times. The trips were provided 
at no extra cost to the registrants, and published 
permafrost information was issued to all of the 
participants. 

There were seven tours. Two different tours 
covered the geological and vegetation aspects of 
permafrost and its relation to construction, and 
two covered the engineering aspects of perma
frost. A special tour was scheduled to a perma
frost tunnel, and one to a frost-heave facility. 
In addition to these bus trips, there was a self
guided walking tour (with brochure) to examine 
permafrost features (thermokarst mounds) on the 
University of Alaska campus. 

It is estimated that more than 500 regis
trants participated in these local field trips and 
received published and unpublished scientific and 
engineering reports. Only draft copies were com
pleted of the guidebooks to the permafrost and 
Quaternary geology of the Fairbanks area, and the 
permafrost and engineering features. Therefore, 
all participants were provided with the following 
publications: 1) Pewe, T.L., 1958, Geology of the 
Fairbanks (D-2) Quadrangle, U.S. Geological Sur
vey, Geological Quadrangle Map GQ-110, scale 
1:63,360, 1 sheet; 2) Pitri, T.L., Ferrians, O.J., 
Jr., Karlstroa, T.N.V., Nichols, D.R., 1965, 
Guidebook for field conference F central and 
south-central Alaska International Association for 
Quaternary Research, 7th Congress, Fairbanks, 
1965: Lincoln, Nebraska, Academy of Science, 142 
P• (reprint 197, College, Alaska, Division of Geo
logical and Geophysical Surveys); and 3) Pewe, 
T.L., 1982, Geologic hazards of the Fairbanks 
area, Alaska: Alaska Division of Geological and 
Geophysical Surveys Special Report 15, 109 P• A 
brief description of the field trips is outlined 
in this volume of the proceedings. 
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Acknowledpents 

The two field trips on the geological-con
struction aspects were organized and conducted by 
Richard D. Reger, Alaska Division of Geological 
and Geophysical Surveys, and Troy L. Pew6, Arizona 
State University. They were very ably assisted 
during the trip by the following members of the 
Alaska Division of Geological and Geophysical Sur
veys staff: 1) Bus leaders: Rodney A. Combelliclt, 
Jeffrey T. Kline, and Stuart E. Rawlinson, and 2) 
Assistant bus leaders: Jeffrey H. !wing, Duncan 
R. Riclalott, Terry K. Owen, David A. Vogel, and 
Christopher F. Waytho .. s. 

Field trips emphasizing the engineering as
pects of permafrost were organized and carried out 
by A.J. Alter, Civil Engineering Consultant, and 
F.L. Bennett, University of Alaska. They were 
ably assisted at the .. ny stops in the field by 
local members of the American Society of Civil En
gineers. 

In addition, the organizers of the local 
field trips appreciate the cooperation of Dan Egan 
of the Alaskan Gold Company in Fairbanks; Alice 
Ebenal, vice president of E.V.E. Co., Inc.; offi
cials of the Northwest Alaska Pipeline Company in 
charge of the frost-heave facility in Fairbanks; 
and .. ny others for enabling the local field trips 
to be a success. 

Special acknowledgment is .. de of the Cold 
Regions Research and Engineering Laboratory, es
pecially Paul V. Sell .. nn, John Craig and Bruce 
F. Brockett, for organizing and conducting the 
11&ny trips that allowed hundreds of participants 
to exlllline the tunnel cut into perennially frozen, 
organic-rich silt near Fox, north of Fairbanks. 

Permafrost in the Fairbanks Area 

The Fairbanks area is in the discontinuous
permafrost zone of Alaska, and perennially frozen 
ground is widespread, except beneath hilltops and 
9>derate to steep south-facing slopes. Since 
1903, fires and disturbance of vegetation by land 
develop11ent have increased the depth to permafrost 
by 25 to 40 ft in .. ny places, although aich of 
the ground refroze after the surface was revege
tated. Sediments beneath the floodplain are per
ennial ly frozen as deep as 265 ft. Permafrost 
frequently occurs as ailtiple layers of varying 
thickness, and in 11&ny areas is not present. Un
frozen areas occur beneath existing or recently 
abandoned river channels, sloughs, and lakes. 
Elsewhere, layers of frozen sand and silt are in
tercalated with unfrozen beds of gravel. Depth to 

- ---.~ 
Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


r::J 
~ 

D 

Bedrock hJll• and lous slopes 
,..,,..,,~,,,." 

Dredg 1alllng1 

349 

EXPLANATION 
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Generalized permafrost .. P of the Fairbanks area, Alaska, shCJ11ing field trip stops. 
Modification of .. P prepared by T.L. Pfftrfl. 
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permafrost varies froa 2 to 3 ft in undisturbed 
areas and is more than 4 ft on the allp-off slopes 
of rivers. Ice in perennially frozen sediments 
beneath the floodplain consists of granules that 
cement grains. Large ice aaaaea are absent. 

Permafrost in the retranaported valley-bottom 
silt in creek valleys and on lower hillalopea la 
thickest at lower elevationa--up to at least 360 
ft near the floodplain of the Tanana-cbena Riv
era. Permafrost ln these sediments contains large 
masses of clear ice in the form of horizontal to 
vertical sheets, wedges, and saucer- and irregu
lar-shaped masses. Ice masses are foliated (ice 
wedges) and range froa leas than l ft to more than 
15 ft in length. l'llch of the ice is arranged ln a 
polygonal or honeycomb network that encloses silt 
polygons 10 to 40 ft in diameter. Perennially 
frozen ground does not exist beneath steep aouth
f acing slopes, but extends nearly to the summit of 
north-facing slopes. 

The teaperature of permafrost in the Fair
banks area at a depth below the level of seasonal 
temperature fluctuations (30 to 50 ft) is about 
31°P. If the vegetation cover is removed, the 
relatively warm, teaperature-aenaitlve permafrost 
thlBfa (degrades). Thawing of peraafroat in flood
plain alluviua with lCJlf ice content results ln 
little or no subsidence of the ground, but in 
creek-valley bottol8 on lower slopes, thawing of 
ice-rich retranaported loeaa (11Uclt) results in 
considerable differential subsidence of the ground 
surface. 

Although 11Uch peraafroat in the area is prob
ably relict (from colder Wisconsin-age condi
tions), it also for .. today under favorable cir
cumatancea. Pre-wtaconain permafrost probably dis
appeared during the widespread thawing in Sangam>n 
time. 

Description of Numbered Field Trip Stopa* 

Stop l - WEST END OP COLLEGE HILL 
College Hill 1a a l<M bedrock hill covered 

with up to 80 ft of loeaa. The top and south 

Stop l. Richard D. 'Reger lecturing to group. 

*Location of stops indicated on accompanying gen
eralized permafrost aap of the local Fairbanks 
area. 
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aides are peraafrost free and have long been the 
sites of agricultural fields and buildings of the 
University of Alaska. Prom the top, a fine vi
to the south shows the wide Tanana River flood
plain with the glacier-sculptured Alaska Range and 
Mt. McKinley in the far distance. 

Stop 2 - FARMERS LOOP "SINICHOLE" 
Almost all of Paraera Loop Road crosses ice

rich permafrost and continuing maintenance is nec
essary to ensure a passable surface. In 1962, 
Farmers Loop Road vaa rerouted across ice-rich 
peat and organic silt between College Road and the 
east entrance to the University of Alaska. nua 
one-third""111le rerouting coat $170,000 (Woodrow 
Johannaon, Alaska Departaent of Transportation and 
Public Facilities, written coma., October 3, 
1977). Shortly after the aubgrade was paved, dif
ferential settlement occurred because of thlBfing 
of the underlying ground ice and ice-rich peat and 
subsequent compacting of the peat. In 1977, lev
eling of the road shoulder• coat $5,000, and simi
lar annual aaintenance, including leveling with 
asphalt, has been neceaaary since 1974. 

The area baa been called the Paraera Loop 
ainkhole because of the tremendous amount of sub
sidence during the past few years and continued 
filling with gravel and asphalt. A thickness of 
up to 5 ft of pavement used as patching aay be 
present in limited areaa. 

In 1983, the area was painted white to pro
mote reflection of aolar radiation. In the winter 
of 1982-83, theraal heat tubea were installed at 
the edge of the road on the weat aide in an at
tempt to freeze the ground beneath the highway and 
prevent further thawing and aubsidence. 

Stop 3 - TBElUl>KARST TOPOGRAPHY, GOLF COURSE, UAR 
TRANSMITTER BUILDING 

The perennially frozen retranaported loeaa at 
the Fairbanks goU course and at the XPAR trans
mitter building contains large ice wedgea in a 

Stop 2. Note in the distance, tilting of the 
light standards and signs and telephone poles a
long both aides of the road which indicate• thaw
ing of the ice-rich permaf roat with aaaociated 
subsidence of the ground. (Photograph 25443 by 
T.L. P .. ~. May 15, 1983.) 

•• 
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Stop 3. Troy P6wif lecturing to group at ICFAR 
transmitter station. 'nle station had subsided 2 
to 3 ft by 1948; by 1983 it had subsided 4 to 5 
ft. 'nle ground surface is noir near the base of 
the windows. 

polygonal network. As the ground thaws, thermo
karst pits and mounds form. Pits are steep
walled, 5 to 20 ft deep, and 3 to 30 ft across. 
Broad mounds 50 to 100 ft in diameter and 2 to 4 
ft high have formed and are sloirly growing higher 
as the ice continues to JElt. 'nley are best dis
played in the golf course, which was established 
in 1946 and is perhaps not only the world's far
thest north golf course, but the only one in which 
thermokarst mounds and pits as natural hazards 
cause serious difficulty. 

'nle radio transmitter building and tower were 
built in 1939. 'nle building is of reinforced con
crete, and, although the underlying ground has 
settled considerably due to !Elting of ground ice, 
the foundation has not been seriously deforJEd. 
Ground subsidence became evident when the well in 
the building began to •rise." 'lbe casing of the 
well is frozen to 120 ft in pet'llllfrost, but the 
pump, which is set on top of the casing, continues 
to ·rise" above the floor. When it was 1 to 2 ft 
above the floor, the well casing was cut off and 
reset at floor level. Contrary to popular opin
ion, the casing was not rising out of the ground; 
rather, the ground and building were sinking 
around the stable casing. 'lbe building has not 
been used as a transmitter station for several 
years, and stands partially subsided (3 to 5 ft) 
in the middle of the golf course surrounded by 
well-developed thermoltarst pits and aounds. 

Stop 4 - HOUSES DEPORHED BY UNDERLYING PERMAFROST 
Houses built on the south-facing hillside at 

this field trip stop on Farmers Loop Road are un
derlain with unfrozen ground and have excellent 
foundations. Houses on the gentle loirer slopes or 
flatlands here are underlain by ice-rich, perenni
ally frozen silt. Some homes with heated base
ments have subsided in a disastrous way. Por ex-
411ple, the foundation of one house was built in 
1974 and the house (see photograph) was built in 
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Stop 4. 
frost. 

House built in 1975 on ice-rich peras
(Photograph 3997 by T.L. P4w4, 1977.) 

1975. It was occupied for one year and vacated 
during the sumJEr of 1977. By this tiae, evidence 
was abundant that the underlying ice-rich peras
frost was thawing. With the shifting of the 
house, vertical drain pipes dropped off, two of 
the baseJEnt doors and the front door were out of 
plumb, and the large concrete block front-door 
step had subsided. By 1983, the house had further 
subsided and was even m>re severely distorted. 
'nle large concrete block steps at the front door 
had completely disappeared because of subsidence, 
and the level of the ground was up to the base of 
the front door. 'nle basement rooa next to the ga
rage was severely cracked and the garage doors 
were no longer functional. 'lbe house was not oc
cupied in 1983, except for a caretaker. 

Stop 5 - TRANS-ALASKA PIPELINE SYSTEM 
'nle Trana-Alaska Pipeline Systea is the larg

est completed, privately funded construction ef
fort in history. It was built in 1974-1977 and is 
designed to transport up to 2 million barrels of 
crude oil per day. 'lbe cost of constructing the 
pipeline was about $8 billion dollars. About $1 
billion of that amount was necessary to learn a
bout, coabat, acco...odate and otherwise work with 
the perennially and seasonally frozen ground, 
which emphasizes the impact frozen ground had on 
the cost of this aajor construction project. 

'nle pipeline transports warm crude oil, at 
temperatures up to 145°P, for about 800 miles fro• 
the North Slope of Alaska to the ice-free port of 
Valdez. Originally, the Trans-Alaska Pipeline 
System was to be buried along m>st of the route. 
The oil temperature was initially estimated at 
158° to 176°P during full production. Obviously, 
such an installation would thaw the surrounding 
permafrost, but, because such an enterprise had 
never before been undertaken, there was scant 
knowledge of the serious proble• that would be 
created by a warm-oil pipeline in frozen ground. 
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Stop S. Elevated section of Trans-Alaska Pipeline 
at Engineer Creek, S miles north of Fairbanks. 
The pipe ia insulated with 4 inches of resin
impregnated fiberglass jacketed by galvanized 
steel. (Photograph 3986 by T.L. Pfvl, July 17, 
1977.) 

Thawing of the widespread ice-rich permafrost 
by a buried wana-oil line could cause liquifica
tion and loss of bearing strength, thus producing 
soil flow and differential settleaent of the line. 
The greatest differential settlement could occur 
in areas of ice wedges. About half of the pipe
line was built above the ground because of the 
presence of ice-rich permafrost. 

Although the elevated pipeline successfully 
discharges its heat into the air and does not di
rectly affect the underlying permafrost, other 
frozen ground proble11a aust be considered. The 
above-ground pipe is placed on a cross be .. in
stalled between steel vertical-support meabers 
(pilings) placed in the ground. The 120,000 ver
tical-support members used along the pipeline 
route are 18-in.-diameter steel pipes that are 
subject to frost heaving. To eliainate frost 
heaving, each steel pipe is frozen firaly into the 
per118frost using a thermal device that is in
stalled in the pipe. The device consists of .. tal 
tubes filled with hydrous aamonia that becomes a 
gas in winter and rises to the top of the tubes. 
In the cold atmosphere it liquefies, running down 
the pipe and thereby chilling the ground whenever 
the ground te11perature exceeds the air t911pera
ture. The devices are non-mechanical and self-op
erating. Aluminum fins on top of the steel piles 
permit rapid dispersal of heat. Both above-ground 
and below-ground construction 110des for the pipe
lines are used in the Fairbanks area. 
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Stop 6. Local field trip participants examining 
huge ice wedges in perennially frozen retransport
ed loess of Wisconsin age near Fairbanks, Alaska. 

Stop 6 - PLACER GOLD HINE IN PERENNIALLY FROZEN 
GROUND 

Placer gold lying at the base of perennially 
frozen atre .. creek gravels was discovered in 1902 
about 16 miles north of Fairbanks. Within a fev 
years the region became one of the greatest gold
producing regions in Alaska. Early placer mining 
used underground methods, but by the early 1920'a 
moat of the richer deposits were exhausted. In 
the middle 20's a revival of aining in the Fair
banks gold region was stimulated by the initiation 
of large-scale operations with huge gold dredges 
and hydraulic stripping of the overlying ice-rich 
frozen silt. Placer gold aining in the area was 
essentially terainated in 1964 with the closing 
down of the last dredge. However, 811811-scale 
mines still operate. 

Gold in the areas generally lies on bedrock 
and is overlain by 3 to 10 ft of perennially fro
zen gravel. Overlying this is 100 to 300 ft of 
perennially frozen, ice-rich retransported loeaa. 
This barren silt aist be re9>ved and the gravel 
thawed before the gold can be extracted. Until 
today, the re9>val of the overlying frozen re
transported silt was done by washing away the 
ground with water under pressure through giant hy
draulic nozzles. 

At the E.V.E. Co. Mine at Stop 6, the 4S ft 
of overlying perennially frozen, ice-rich silt was 
removed during the winter using huge mechanical 
tractors (bulldozers), and frozen silt blocks were 
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pushed to one aide. The frozen gravel, 25 ft 
thick, was then rempved·ln the am•rtl• with 
mechanical equipment. The gold-rich gravel la 
processed through a screen and sluice box and the 
gold recovered. 3 

'l'he removal of 300 1 000 yd of perennially 
frosen lee-rich silt created excellent exposures 
of late Pleistocene and Holocene frozen silt de
posits with large, c011plex lee wedges. The large 
lee wedges are exposed in the Goldstream Forma
tion, which la Wlaconaln in age. Overlying the 
Goldstream Formation la the 5-ft-thlck Holocene 
retranaported silt with no lee wedges. 

Stop 7 - TRERMOKARST !l>UNDS AND PITS 
Mounds as mcb,aa 8 ft high and 40 ft in di

ameter and isolated tbermokarat pita occur in the 
cultivated field on the downhill aide of the 
road. Re110val of natural vegetation caused thaw
ing of permafrost and •ltlng of lee wedges. 

Stop 8 - SEASONAL STREAM ICINGS (AUPEIS) 
Where Goldstream Creek crosses Ballalne Road, 

icings are formed and are sites of study by sclen
tlata from the University of Alaska. Aufela be
gins to accumulate at Goldstream Creek in early 
November and reaches a maximum thickness of about 
4 or 5 ft by March or April; it la completely 
melted by the middle of May. The stream freezes 
to the bottom in the winter, causing water to 
overflOlf and accumulate as thin layers of lee. 
Aufeis plugs the stream channel during spring 
break-up, and melt waters are forced onto sur
rounding floodplain surfaces. This type of flood
ing la unique to subarctic and arctic regions. 

Stop 9 - BUILDINGS DISTORTED BY GROUND SUBSIDENCE 
Some of the bomaa built in tbla subdivision 

are sited on perennially frozen ice-rich retrans
ported silt. As the ground thaws from the beat of 
the houses, the buildings become distorted and 
eventually have to be removed. 

N 
Gold HW 

• 100 
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Stop 10 - TRER!l>XARST PITS AND !l>UNDS 
'l'he beat-developed mounds (with the best-doc

umented history in the Fairbanks area) are in a 
field on the gentle, north-facing slope at the Un
iversity of Alaska experimental farm. The smooth 
field was cleared of black spruce in 1908; by 
1922, pronounced individual and connected depres
sions that interfered with the operation of farm 
machinery had formed. 'l'he field was then seeded 
to pasture. By 1938 1 the 110Unds were 3 to 8 ft 
high and 20 to 30 ft in diameter. In November 
1938 1 a bulldozer removed the upper part of every 
humim>ck and filled each pit until the land surface 
was approximately uniform. 'l'he smooth surface ex
isted for nearly a year; by July 1939--nearly a 
year later--irregularltles in the smooth surface 
began to form. During succeeding years, tbermo
karst 11DUnds formed as the ground surface subsided 
over melting ice. By 1947, mounds in the area 
that bad been graded in 1938 were as large and as 
high as those in the field that were not graded. 
The •ximu• height was 8 ft. Comparisons of 1938 
and 1948 aerial photographs reveal a similar size 
and shape for the 11DUnds. A soil-auger probe on 
July 14, 1948, revealed no lee or frozen ground 9 
ft belOlf the surface in one of the trenches. Pa
per birch, willCJW, alder and various forba DOif 

grCJW where black spruce once stood. 

Stopa 11-12 - GOLD RILL 
An exposure 5 ft long and 0.8 ft wide on Gold 

Hill was created by placer gold lllining operations 
in 1949-53. Here la exposed a rather complete 
stratigraphic section of Quaternary deposits. 
Tb.,ing and slumping have DOif destroyed the de
tails, but the 202-ft-thick section of Gold Hill 
Loeas is still present, as are the brown gravels 
of Pliocene-Pleistocene age in the tailing piles. 
The top of Gold Bill is free of permafrost, but 
permafrost occurs on the l011er slope and in the 
valley bottOll of Cripple Creek. 'l'he organic-rich 
Goldstream Formation with lee wedges la exposed on 
the south aide of the lllining expoaura. On the 

s 

Cripple Creek 

Stopa 11 and 12. Stratigraphic section of the Gold Hill-Cripple 
Creek area 5 miles west of Fairbanks, Alaska, showing late Cenozoic 
formations and distribution of modern permafrost as exposed in placer 
gold mining excavations. Ash bed 11t. 347 1a approxi•tely 500,000 
years old. Diagonally lined area represents existing permafrost. 
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north aide there exists a 200-ft-high cliff of 
loess with only a s11all &110unt of permafrost near 
the top. Various volcanic ash layers have been 
identified, and the one at the base of the expo
sure (see illustration) is about 500,000 years 
old. The type locality of the Gold Hill Loese ie 
the north wall of the Gold Hill mining cut. 

Stop 13 - ESTER-CRIPPLE CREEKS MINING AREA 
The Bater-Cripple Creeks mining area has been 

extensively mined for placer gold for about the 
last 80 years. T"O ages of gold exist, one asso
ciated with the older brownish gravel (Cripple 
Gravel), which llllY be Pliocene-Pleistocene in age, 
and a younger placer, which is associated with the 
greyish gravel (Fox Gravel) and is early Pleisto
cene in age. These gravels are overlain by thick 
deposits of loess of lllinoian and Wisconsin age. 

Today, permafrost in the area is restricted 
to the valley bottol9 of the creeks and is up to 
100 ft thick. Thie frozen ground formed in Wis
consin time. 

Stop 14 - !VA CREEK 
Thie placer gold mining excavation exposes 

excellent examples of perennially frozen Pleisto
cene gravel and retransported loess with large ice 
wedges. 

Stop 15 - BRIDGE OVER GOLDSTREAH CREEl ON GOLD
STREAH HIGlllAY 

Goldatream Creek is entrenched 12 ft into the 
retransported loess, and permafrost ls at a depth 
of 27 ft below the bottom of the stre... On the 
sides of the creek, permafrost is fro• l to 10 ft 
deep. Pilings at the south end of the bridge an
nually settled at a rate of about 2 inches per 
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year for several years after the bridge was bullt 
in 1965. This move11ent was arrested each winter 
and frost heaving raised the pilings up to half an 
lnch. By 1974, total pler settlelll!nt reached 6 
inches and the bridge deck had to be raised. 

Stops 16-17 - OPEN-SYSTEM PINGOS 
Open-syetea pingos are lOlf, generally forest

ed, ice-cored, perennial llOUllds, and several occur 
in the Fairbanks area. They develop where cold, 

. eubper•frost or intrapermafrost water slowly 
flows through an arteelan system and finds lts way 
near the surface where it is blocked and free&es. 
Hydrostatic 1tre11 and the force of lee crystalli
zation are relieved by dolling of the near-surface 
material, which ls silt in the Fairbanks area. 
These 110unda uy grow to a height of 25 ft and 
then rupture, with subsequent lll!lting of the plngo 
lee and collapse of the mound. A large collapsed 
plngo with a lake about 30 ft across is exposed at 
Stop 16, and a s11all plngo with a white spruce
aspen growth at least 100 years old ls formed at 
Stop 17. 

Stop 18 - THERK>KARST K>UNDS AND PITS 
On the downhill side of the Coldstream High

way, natural vegetation covering ice-rich perma
frost has been rellOved, with subsequent formation 
of thermokarst topography. 

Stop 19 - SOLAR-ASSISTED aJLVERT-THAWING DEVICE 
Highway culverts in the Subarctic and Arctic 

are very susceptible to filling by lee in winter. 
Gradual lee accuaulatlon causes damming of stream 
and spring waters, resulting in flooding and high
way icings. Traditional lll!thoda for keeping the 
culvert open so that water does not back up and 

N 
ESTER CREEK ·esTER ISLAND. s 

CRIPPLE CREEK 

500' 
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400' T.1..Pm 8-10-50 
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Stop 13. Croes section l mile west of the confluence of Ester and Cripple Creeks 10 miles west of Fair
banks, Alaska, showing probable distribution of late Cenozoic eediaents prior to their partial removal 
by gold mining operations. The lOlfer part of the Fairbanks Loese, where lt is overlain by the Cold
stream Formation, ls tel'lled Gold Hill Loeee. Holocene Engineer Loess and the Ready Bullion Formation, 
as well as lee wedges in the Goldatream Formation, are omitted for slmpliclty. The diagonally lined 
areas represent distribltlon of modern pel'llllfroet. Pel'llllfrost data, surface topography, top of gravel 
and bedrock, and the fault are based on data froa U.S. S11eltlng, Refining and Mining Company, Fairbanks, 
Alaska. 
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form ice on the roaclway have involved 1) pumping 
hot water into the culvert; 2) using a steam gen
erator to force steam through the culvert; 3) us
ing electrical heat tapes installed in the pipe; 
and 4) 11elting the ice in the pipes with an oil
fired barrel stove. 

To reduce costs for thawing of ice and cul
verts, a maintenance-free, solar-assisted culvert 
thawing device has been designed, constructed, and 
installed at this site. This system circulates 
fluid in a closed-loop circuit through flat solar
collector plates. Prelillinary tests indicate that 
the device is feasible and is cheaper than other 
11ethoda of thawing culverts. 

Stop 20 - PERMAFROST EXPERIMENT STATION 
The Alaska Field Station of the Cold Regions 

Research and Engineering Laboratory (CRREL) on 
Far11ers Loop Road was established by the Corps of 
Engineers in 1946 to obtain inforlllltion related to 
proble .. of design and construction in permafrost 
regions. The station is built on retransported, 
perennially frozen, ice-rich silt overlying creek 
gravel. Per118frost is 126 ft thick but does not 
extend to bedrock. Groundwater flowing froa the 
permafrost-free slope on Birch Rill lies between 
perllllfrost and bedrock and is under artesian pres
sure. Drilling in 1946 produced a flowing arte
sian well that is now capped. This was the first 
major perllllfrost research field station in the 
United States and was active froa 1946 to 1978. 
More recently, private C011panies and a state agen
cy have utilized the area for short-term perma
frost studies. 

The experi11ental area was used to verify con
clusions reached by theoretical and or laboratory 
research, to observe results of construction 
methoda on perllllfrost, and to investigate some 
current e11pirical designs and methoda of construc
tion. SOiie of the studies included the testing of 
types of pilings and piling-installation methoda 
for structural support, testing anti-frost-heaving 
devices, insulation of pave11ents, rate of perma
frost thawing under natural vegetation cover, 
cleared areas, and artificial highway and airfield 
test sections. 

Stop 21 - RELOCATION or TRE STEESE HIGHWAY 
The relocation of the Steese Highway in the 

late 1970's placed the road over perennially fro
zen, retransported silt with large ice masses. An 
opportunity was provided to conduct a geophysical 
survey to locate ice masses prior to excavation 
when they were exposed. Much of the perennially 
frozen, ice-rich silt is now removed; however, 
solll! still remains under the road, and thawing is 
occurring. 

Stop 22 - PERMAFROST TUNNEL 
The only research tunnel in permafrost in the 

western world was built by the Cold Regions Re
search and Engineering Laboratory (CRREL) near Fox 
in the early and llid-1960's. It enters a near
vertical silt scarp left at the edge of the valley 
by gold-llining operations. Tunneling was per
for11ed by a prototype continuous llining machine 
(Alkirk Cycle Miner) that had never before been 

3H 

used in permafrost. 'lhen operating properly, the 
machine could cut as 1111ch as 7 ft of tunnel in an 
hour. The 360-ft-long tunnel is now maintained by 
CRREL and the University of Alaska for perllllfrost 
studies and de110nstration purposes. 

The tunnel is cut in retransported loess of 
the Goldatream Formation. It exposes ice wedges 
as well as -mal bones of Wisconsin age. The 
tunnel is 5 to 7 ft high and the permafrost has a 
temperature of about 28°-30°F. The tunnel is now 
chilled in winter by circulating cold outside air 
and in s11111mer by 11echanical refrigeration, especi
ally near the opening. An inclined drift froa the 
main tunnel extenda downward through poorly sorted 
stream gravel into disintegrated schist bedrock. 
This 200-ft-long inclined drift reaches a depth 
about 20 ft below the level of the main tunnel. 

The warm permafrost is subject to slow, con
tinuous deformation, which has been extensively 
studied in the tunnel. Deformation rates range 
fro• 0.17 to 0.24 in. per week vertically and froa 
0.07 to 0.029 in. per week horizontally, with the 
highest rates in both directions occurring at the 
rear of the main tunnel. However, sublimation of 
pore ice may offset closure froa deformation in 
the 1111in tunnel. Creep of perllllfrost is very no
ticeable in the roo• at the end of the inclined 
drift, where 11easurement poles have been twisted 
and defor11ed. 

Stop 23 - FROST-HEAVE TEST FACILITY 
Enormous reserves of natural gas are now 

known in arctic Alaska. It is proposed to trans
port this gas through western Canada to the con
tiguous United States or to southern Alaska by 
pipeline. Because oil or natural gas war11er than 
32°F transported through a buried pipeline thaws 
the perennially frozen, ice-rich ground, it is 
planned to transport the gas by refrigerating it 
to a temperature lower than 32°F. A chilled gas 
line may beco11e a problem in areas of discontinu
ous permafrost and seasonally frozen ground. In 
these areas, the unfrozen ground will freeze 
around the cold pipeline, forlling ice segregations 
that could seriously distort the pipe. The 11110unt 
of frost heave dependa upon the type of soil and 
the moisture available. If the refrozen ice-rich 
ground thaws, there will also be loss of soil
bearing strength, resulting in soil instability. 

To understand fully the nature of the freez
ing of fine-grained moist sediment in the vicinity 
of the chilled gas pipeline, the Northwest Alaskan 
Pipeline and the Foothills Pipelines Companies es
tablished a frost-heave test facility on atena Rot 
Springs Road near Fairbanks in August 1978, and 
data collection began in March 1979. This test 
facility is on perennially frozen, retransported 
silt with considerable ground ice. The active 
layer is 1 to 4 ft thick and the silt is very sus
ceptible to frost action if water is available. 
At the test facility, various 11easures for con
trolling or llinillizing frost heave are under
taken. Two of the most effective basic control 
lll!asures involve various designs of pipe insula
tion and selected 1111terials that surround the 
pipe. There are ten buried sections of 48-in.-di
aaeter pipe. Each section provides testing for 
different design combinations. 
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Stop 24 - UNDERGROUND UTILIDORS 
In areas of rigorous cli .. te. it la common to 

put water. sever. steam. telephone. and other ser
vice lines in a aubeurface structure that connects 
all buildings and central power plants. In the 
Arctic and Subarctic. this utilidor ayatea la ex
tensively used to protect water and sever lines 
froa freezing in seasonally or perennially frozen 
ground. 

An extensive utilidor aya.tem waa first used 
in central Alaalta during World War II construction 
of llilitary baaea. It la also used at the Univer
sity of Alaalta aa well aa several cities and vil
lages. Because considerable heat e .. natea froa 
utilidor ayate1111. surrounding permafrost .. y 
thaw. Utilidora in Pairbanka are in perennially 
frozen gravel with low ice content and have func
tioned well. However. utilidora installed in fro
zen ground with high ice content have slumped. 
sagged. and ruptured aa the ground thawed. 

Stop 25 - FAIRBANKS WATER SYSTEM 
Prior to 1953. the citizens of the City of 

Pairbanka were largely dependent for their water 
supply on shallow to mid-depth wells into the gra
vel of the floodplain. Water froa these private 
wells was heavily mineralized or organic rich. A 
privately owned ate .. plant and all811 water ayatea 
served a very lillited downtown zone in the city. 
With rapid growth. it was necessary to establish a 
large-scale ainicipal facility to provide electri
city. telephone. and water services. Water sup
plies in cities in the Arctic and Subarctic gener
ally require the use of heated utilidora. which 
are very expensive. Low winter temperatures and 
permafrost present special proble.. for a comam-
1 ty water ayatea. 

In 1953. a special type of water system waa 
designed and installed in the City of Pairbanka. 
and it has been aucceaaful for the last 30 years. 
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The concept of this ayatea has been copied 
throughout the North. It conaiata of a recircula
ting (looped) vater-diatribution ayatea in which 
water. warmed by heat at the powr plant. con
stantly moves froa the street to the house connec
tion and back. 

Stop 26 - DISPOSAL OP SOLID WASTE IN THE SUBAllCTIC 
Disposal of solid wastes la more difficult in 

the Arctic and Subarctic than in temperate area•. 
in part because of the presence of aeaaonally and 
perennially frozen ground. Procen ground C081pl1-
catea landfill site excavation. decreases the 
availability of unfrozen cover .. terial. prevents 
or reduces the natural processes of decay and ab
aorpt ion into the soil ayatea. and restricts move
•nt of ground water. Because of frozen ground 
and for other reasons. aich of the solid waste in 
the Pairbanka area la baled before being placed in 
the landfill or transported for salvage. Volu• 
reduction by baling and landf 111 disposal of com
pacted .. terial has several advantages: all types 
of waste can be handled; it 1a poaaible to salvage 
•~ .. terial prior to baling; volu• of waste la 
reduced; and the life of the landfill area la 
doubled. 

Stop 27 - PAIRBANICS WASTEWATER TREATMENT PACILITY 
The Pairbanka Wastewater Treat•nt Facility 

la a regional facility that was completed in 
1976. It includes a central headworlta for recep
tion of wastes. biological treat•nt unite ser
viced by an oxygen plant. clarifier• with provi
sion for sludge return. chlorine ch .. ber. outfall 
for effluent discharge into the Tanana River. and 
an aerobic sludge digester and facilities for 
handling and disposal of solid waste. The treat
..nt facility la built on perennially frozen 
floodplain gravel with low ice content. 

Stop 24. Concrete utilidor under construction at Port Wainwright near Pairbanka. 'Ible area la on the 
Chena River floodplain and la underlain by perennially frozen sand and gravel with low ice content. 
(Photograph 139 by T.L. P~. July 16. 1947J 

•• 
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SELP-<;UIDED TOUR TO THE THEIUl>IWlST tl>UNDS IN THE 
BOREAL ARBORETIM 

In this area of second-growth trees and 
shrubs you can see a network of low 110unda separ
ated by trenches. 'nleae were formed by subsidence 
of the land following the .. lting of ice-wedge 
polygons. 

'nle black spruce forest vaa cleared for cul
tivation during the earliest stages in the devel
op91ent of the Agricultural Ezperiment Station in 
1908, only four years after the initial aettl ... nt 
of Fairbanks. By 1922 when the University first 
opened its doors to students, pronounced aounda 
and depressions had formed, finally precluding the 
use of fara •chinery. 

Lair-angle, oblique aerial view of ther110karat 
aounda in an abandoned agricultural field at the 
U.S. Department of Agriculture Ezperimental Fara 
at the University of Alaska, Fairbanks. 'nleae 
110Unda are located on the north-facing aide of 
College Hill and are 10 to 30 feet in diameter. 
(Photograph by l.F. Black and T.L. Plv~, Septem
ber 10, 1948) . 
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In 1938, at a time when Otto Geist vaa start
ing to assemble collections that ati.Uated the 
creation of the University of Alaska Museum, the 
mounds were bulldozed to form a aaooth surface, 
but a year later the mounds re-formed as melting 
of the ice and consequent subsidence continued. 
Studies in 1948 revealed that finally there vaa no 
ice or frozen ground to a depth of 9 ft below the 
surface of the trenches. 

'nle mounds are roughly circular, reflecting 
the aodified outline of the original ice-wedge 
network, 10 to 50 ft in diameter and 1 to 8 ft in 
height. Paper birch, willow, alder, and various 
forba now grow where black spruce forest once 
stood. See Stop 10 discussion for additional de
tails. 
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Extended Field Trips 

FIELD TRIP A-1: ALASKA RAILROAD/DENALI 
NATIONAL PARK, JULY 14-16, 1983 

The participants were transported by a char
tered train with a specially prepared open gondola 
car, accessible at any ti11e, that provided excel
lent visibility for observation and photography. 

July 14: Alaska Railroad Station, Anchorage, to 
Denali Park Station 

Upper Knik Ara (photo stop) 
Test section of concrete ties 
Dramatic view of Mount Denali and other 

nearby peaks (photo and llDlch stops) 
Hurricane Gulch Bridge 
Large beaver da• and ponds on both 

sides of tracks (photo stop) 
Denali Park Station 
McKinley Chalets (dinner and overnight) 

July 15: Denali Park Area 

Six-hour bus tour of part of Denali Na
tional Park (a.m.). 

Tour of Usibelli Coal Mine (p.a.). Re
turn to Chalets (dinner and overnight) 

Train crossing active segment of Moody Landslide. 
Piles along shoulder were installed to help con
trol downslope aovement of the roadbed. 

- - ---
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July 16: Denali Park Station to Fairbanks 

Healy Canyon (Nenana River Gorge): large 
landslides and related maintenance 
proble• 

Town of Nenana on the Tanana River 
Goldstreaa Valley, underlain by ice-rich 

pel'llllfrost (lunch stop) 
Insulated track section 
Siding fro• which to view fully autoaat

taaping machine used to raise and 
align track 

Fairbanks 

Field Guides 

Francis C. Weeks, Alaska Railroad 
T.C. Puglestad, Alaska Railroad 
Ted B. Trueblood, Alaska Railroad 
Oscar J. Ferrians, Jr., U.S. Geological 

Survey 
Joe Usibelli, Usibelli Coal Mine 

The cooperation and logistical support of the 
Alaska Railroad and its staff are greatly appreci
ated. 

Heabers of Railway Delegation fro• People's Re
public of China, inspecting the Alaska Railroad, 
central Alaska. They are discussing perufroe t 
proble• involved with railway construction with 
the formr Chief Engineer of the Alaska Railroad. 
(Photograph No. PK25552 by T.L. Pdv~, July 7, 
1983.) 
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FIELD TRIP A-2: FAIRBANKS TO PRUDHOE BAY, 
JULY 12-16, 1983 

July 12: Fairbanks to Yukon River 

Fox: permafrost tunnel and surroundings 
Washington Creek overview 
Wickersham Do• overview (lunch) 
Livengood area 
Hess Creek 
Yukon River Campground (dinner and over

night) 
BLM briefing on transportation· corridor 

and archeology 

July 13: Yukon River to Coldfoot 

Highway maintenance camp 
Ray River overview 
No Name Creek 
Finger Mountain uplands (lunch) 
Old Man runway 
Arctic Circle (photo stop) 
Gobbler's Knob overview (comfort 

station) 
South Fork Koyukuk (photo stop) 
Rosie Creek 
Marion Creek Campground (dinner and 

overnight) 

July 14: Coldfoot to Toolik Lake 

Sukakpak Mountain: ice-cored mounda and 
Koyukuk River (comfort station) 

Scenic views of Brooks Range to Atigun 
Pass (lunch) 

Glacier hike (optional) 
Atigun Valley 
Pump Station 4 overview 
Toolik Lake (dinner and overnight) 

July 15: Toolik Lake to Deadhorse 

Tour of Toolik Lake research area 
Slope Mountain: ice-cored mounds 
Happy Valley cut and erosion (lunch) 
Franklin Bluffs 
Coastal plain 
Deadhorse 
Kodiak oilfield camp (dinner and 

overnight) 

July 16: Deadhorse to Fairbanks 

Bus tour of Prudhoe Bay (east) 
SOHIO camp (lunch) 
Bus tour to Kuparuk River oilfield 
ARCO and SOHIO camps (dinner) 
Depart for Fairbanks by plane 

Field Guides 

Fox Tunnel 

P.V. Sellmann, CRREL, Geology 
John Craig, CRREL, Paleobiology 
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Bruce E. Brockett, CRREL, Drilling 

Elliott Highway to Yukon River 

Leslie Viereck, Forest Service, Plant 
Ecology 

Hal Livingston, Alaska Department of 
Transportation and Public Facilities, 
Engineering Geology 

Glenn Johna, Formerly Federal Highway 
Administration, Historical and Envi
ronmental Engineering 

Yukon River 
David Wickstrom, BLM, Management of 

Transportation Corridor 
John Cook, BUt, Archeology 

Yukon River - Prudhoe Bay 

Jerry Brown, CRREL, Permafrost, Environ
ment 

Ray Kreig, Kreig & Associates, Terrain 
Analysis 

Mike Metz, GeoTec Services, Geotechni
cal, Pipeline 

K.R. Everett, Ohio State University, 
Soila, Landforms 

Pat Webber, University of Colorado, 
Plant Ecology 

Pal•r Bailey, Military Academy, Peri
glacial Landforms 

Len Gaydos, USGS, Landsat, Landcover 
Classification 

Richard Haugen, CRREL, Climate 

Atigun Pass 

Parker Calkin, State University of Nev 
York, Glacial Geology 

Leah Haworth, State University of New 
York, Glacial Geology 

Prudhoe Bay 

Tony Kinderknecht, SOHIO, Oil Field Ac
tivities 

Sue Degler, SOHIO, Enviro1111ental Protec
tion 

Caesar Barrera, ARCO, Public Affairs 
K.R. Everett, Ohio State University, 

Soils, Geomorphology 
Patrick Webber, University of Colorado, 

Plant Ecology 

The special logistics required to accomplish 
the field trip were supported by funding from the 
Alyeska Pipeline Service Company and the Univer
sity of Alaska Foundation (derived from a variety 
of conference sponsors). The actual logistics 
were provided through the University of Alaska's 
Logistic Center under David Witt's supervision and 
with the volunteer help of the Explorer Post 
47-Search and Rescue (Fairbanks). Pam Tinsley of 
the Logistics Center and Dianne Nelson of CRREL 
arranged aany of the final details for the trip. 
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Participants in A-2 Field Trip 

1. Celia BrOlftl 17. e. Makela JJ. Alfred Jahn 49. Brnest Muller 
2. Glenn Johns 18. Philip Tilley J4. Henry Bolt SO. Jia Hamilton 
J. Louis DeGoes 19. Noel Potter JS. Steve Blasco Sl. Ray Berman 
4. Jerry Brown 20. Edward Maltby J6. Linda Witt S2. Ray ~eig 
s. Cheng Guodong 21. Guy Larocque J7. Boris Zamlty SJ. Hal Livingston 
6. Lorenz King 22. Michael Brown J8. lea Branti S4. Terrence Hughes 
7. G. Michael Cladt 2J. Patrick Webber J9. Thora Thorhallsdottier SS. Martin Gamper 
8. Baerbel K. Lucchitta 24. Juerg Suter 40. Osltar Burghardt S6. Jia Scranton 
9. Shi Yafeng 2S. Vernon Rallpton 41. Max Maisch S7. Borst Strunk 

10. <Ali Zhijiu 26. Arno s ... 1 42. Kaye Everett S8. Willia• Barr 
11. Ursee Burghardt 27. Michael Hetz 4J. Colin Crampton S9. Donald Coulter 
12. Kaye Macinnes 28. Xu Bo•ng 44. Liu Bongm 60. Dionyz ~ruger 
l J. Lori Greenstein 29. ThOll8s Ostedtamp 4S. Zhu Qiang 61. Barbara Gamper 
14. Richard Haugen JO. Wang Liang 46. Wilbur Baas 62. Horris Boge lite 
lS. Arturo Corte Jl. Patricia McCoraiclt 47. Brainerd Hears 
16. Jaime Aguirre-Puente J2. Pal•r Bailey 48. Leonard Gaydos 

Not pictured: Kathleen BhUg, Dianne Nelson 
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FIELD TRIP B-3: DAWSON CITY TO TUKTOYAKTUK 
ALONG THE DEMPSTER HIGHWAY, JULY 23-30, 1983 

July 23: Fairbanks to D•aon City via two DC-3 
aircraft 

'11\e .. s: Per .. froat and vegetation re
lationships in discontinuous perma
frost; Quaternary geology and history; 
Klondike goldfields and 110dern placer 
mining; D-son City 

Peat plateau and fen c011plex 
Too Much Gold Creek: per .. froat-vegeta

tion relations, and effects of aspect 
Bunker Creek, Mayes Claim: permafrost 

exposure revealing ice wedges and ice 
bodies within organic-rich "mack"; 
placer mining techniques 

Bear Creek: open system pingo 
Lower Klondike Valley: old tailing, Yu

kon Ditch, historical aapecta 
Dawson City (dinner and overnight) 

July 24: Sixt}'11ile Highway: Dawson City to the 
Yukon-Alaska international boundary 

Themes: Regional geomorphology of the 
Klondike district; periglacial phenoa
ena and tundra on the Yukon Plateau 

Midnight Dome, Dawson City: panorud.c 
view 

Yukon River ferry croasing, Dawson City 
Ka 54: tora 
Ka 103-106: Yukon-Alaska boundary, cryo

planation terraces and patterned 
ground, solifluction and tundra 

Lunch in field 
Return: castellated tora 
D•aon City overlook (photo stop) 
Yukon River ferry croasing, Dawson City 

(dinner and overnight) 

July 25: Dempster Highway: D•son City to Kagle 
Plain Lodge 

'11\e .. a: Glaciated and unglaciated ter
rain; the Ogilvie Hountaina; rock gla-

The North Pork Paas, southern Ogilvie Mountains. 
Seaaonal frost mounds under study, July 25, 1983. 
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ciers; seasonal frost mounds; perigla
cial phenomena (tora, slopes) 

Rock Glacier, Ogilvie Mountains 
Toabstone Mountain overlook: regional 

geo111>rphology (photo atop) 
North Pork Pass, Ogilvie Hountaina: sea

sonal frost mounds 
Dempster Highway near Chapman Lake: •n

induced thermokarat 
Lunch in field 
Engineer Creek and Col: apringa, hydrol

ology, slopes 
Caatlea' Hill, Ogilvie River Valley: 

springs, tors, alopea 
Seven Mile Hill, Deapater Highway: 

Ogilvie River and Wernecke Hountaina 
(photo atop) 

Eagle Plain Lodge (dinner and overnight) 

July 26: Dempster Highway: Eagle Plain Lodge to 
Inuvik 

July 27: 

'11\eaies: Eagle River Bridge, engineering 
and pel"118froat conaiderationa; the 
Arctic Circle; patterned ground (aid 
boils); the Richardson Hountaina, al
pine tundra and periglacial phenomena; 
hydrology and road construction, cul
verts, icings 

Eagle River Bridge, Dempster Highway: 
permafrost engineering and monitoring 

The Arctic Circle: aid boils and pat
terned ground 

Icing locations, Dempster Highway 
Rat Pass, Richardson Mountains: unglaci

ated terrain, tundra conditions, aoli
fluction, blockstrea• and patterned 
ground, pediments 

Lunch in field 
Eastern Poothilla, Richardson Mountains: 

view of forest fire south of Port Hac
Pheraon 

Peel River ferry crossing 
Mackenzie River ferry croasing (Arctic 

Red) 
Inuvik (dinner and overnight) 

Inuvik 

'11\e .. a: Soils and vegetation in con
tinuous pel"118frost; non-sorted cir
cles; organic terrain; Mackenzie Delta 
ecoayste11S; construction and engineer
ing in Inuvik and adjacent area 

Campbell Lake lookout: regional setting 
Ka 711, Deapater Highway: earth himmcka 

and vegetation 
Ka 737, Dempster Highway: insulated road 

teat site, per..frost engineering and 
monitoring 

Ka 749, Dempster Highway: anov road test 
site, vegetation reaponae 

Ka 754, Dempster Highway: Gaynor Lake, 
iapact of forest fire in 1968 upon ac
tive layer, vegetation and terrain 

Inuvik (lunch) 
CPS Inuvik: aid h1111111>cks, firebreaks and 

vegetation 
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Soil and vegetation studies at Bombardier Channel 
in the Mackenzie Delta near lnuvik. July 27, 1983. 

Oil pipeline test pad 
Boat excursion to Bombardier <ltannel: 

Mackenzie Delta ecosyste119. soils. 
vegetation 

Inuvik (dinner and overnight) 

July 28: Inuvik to Tuktoyaktuk 

Themes: a.m •• Continuation of previous 
day; p. ia., Mackenzie Delta and Tuktoy
aktuk: Permafrost terrain. polygons. 
ice wedges. pingos from the air 

Inuvik Scientific Resource Centre. De
partment of Indian Affairs and North
ern Development. Government of Canada: 
tour of facilities and introduction by 
Scientific Manager. D.A. Sherstone 

Inuvik (lunch) 
Air Transect: Inuvik to Tuktoyaktuk 
Polar Continental Shelf Project Base 

Facility. Tuktoyaktuk. Department of 
Energy. Hines and Resources, Govern
ment of Canada : dinner and welcome. 
Director. PCSP. G.D. Hobson 

Tuktoyaktuk Village ice cellars: ground 
ice and Quaternary history 

July 29: Tuktoyaktuk and the Pleistocene Delta 

'l'he•a: Pingos. massive ground ice, ice 
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wedges. tundra terrain. field experi
ments 

lbyuk pingo 
Peninsula Point: massive ground ice ex

posures. ice wedges 
Lunch in field 
Illisarvik drained lake experimental 

site. Richards Islands: field experi
ments in permafrost 

July 30: Tuktoyaktuk to Inuvik and departure for 
Edmonton 

Field Guides 

Fairbanks to Dawson City 

H.M. French. University of Ottawa 
S.A. Harris. University of Calgary 
R.O. van Everdingen. Environment Canada 

Sixtymile Highway 

H.M. French 
S.A. Harris 

D.,son City to Eagle Plain Lodge 

S.A. Harris 
R.O. van Everdingen 
W.R. Pollard, University of Ottawa 

Eagle Plain Lodge to Arctic Red 

S.A. Harris 
H.M. French 
R.O. van Everdingen 

Arctic Red to Inuvik 

J.A. Heginbottom. Geological Survey of 
Canada 

c. Tarnocai. Agriculture Canada 

lnuvik to Tuktoyaktuk 

J.A. Keginbottom 
c. Tarnocai 
H.M. French 
J.R. Mackay. University of British 

Columbia 
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Participants in B-3 Field Trip 

1. Herbert Liedtke 11. Cllarles Tarnocai 21. Robert Gunn 30. Eduard Koster 
2. Roger Langohr 12. Wayne Rouse 22. Margaret Kiely 31. William Barr 
3. Stuart Harris 13. Rendel Willius 23. Hatti Seppala 32. Ray Kreig 
4. Baerbel Lucchitta 14. Philip Tilley 24. Colin Thorn 33. Else Kolstrup 
5. Jonas Akerman 15. Irene Heyse 25. James Willis 34. Harald Svensson 
6. Wayne Pollard 16. Hugh French 26. Johannes Karte 35. John Kiely 
7. Jean-Claude Dionne 17. Paul Haesaerts 27 . Francesco Dr811is 36. Ross Mackay 
8. J.A. Reginbottom 18. Willi- Krantz 28. Lori Greenstein 37. Hans Kerschner 
9. Ming-Ko Woo 19. Kevin Gleason 29. <llarles Harris 38. Horst Hagedorn 
10. John Vitek 20. Jeff Vandenberghe 

Not pictured: Esa Eranti, John Flory, Peter Hale, Michael Metz, James Neuenschwander, R.O. 
Van Everdingen, David Harry, Edwin Clarke 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


FIELD TRIP B-4: FAIRBANICS TO ANCHORAGE, 
RICHARDSON AND GLENN HIGHWAYS, JULY 
23-27, 1983 

July 23: Falrbanks to Delta Junctlon 

Harding Lake: inveatigation of lake on 
north side of the Tanana River held ln 
by high level terraces 

Birch Lake: shallOlf late~uaternary lake 
in a re-entrant of the Yukon-Tanana 
Upland da11111ed on the west side by 
sedi .. nts of the Tanana River 

Tanana River Overlook: view of the 
braided glacial river 

South wall of road cut at top of hill at 
Hile 292.6: exalllination of ice-wedge 
casts and ventifacts 

Sh., Creek Bluff: panorama of the Alaska 
Range and the broad Tanana River Val
ley; terlllinal 110raines of the Delta 
and Donnelly advances are seen in the 
dlstance 

Sh., Creek Road: road cut exposes weath
ered bedrock, ventifacts, ice-wedge 
casts, dune sand and loess 
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Tanana River Brldge: confluence of the 
Tanana River and the braided Delta 
River and the crosslng of the Tanana 
River by the Trans-Alaaka Pipeline 
Syst-

Jaclt Warren Road: well-developed venti
facts on the outvash fan of the Delta 
advance 

July 24: Delta Junction to Paxson 

FAA Station: overlook of the Alaaka 
Range 

Delta 110raines 
Examination of the delta moraine and 

outwaah of Donnelly age 
Polygonal ground and ice-wedge casts 
Donnelly till 
North-central Alaska Range: crossing of 

the Richardson Highway by the Trans
Alaska Pipeline Systea 

Exalllination of Holocene moraines of 
Black Rapids Glacier: alternate meth
ods for dating, including radiocarbon, 
stratigraphy, lichenometry and tree 
ring counting 

Partlcipants of B-4 field trip at the trans-Alaska pipeline crossing the active Denali fault, central 
Alaska Range, one of the largest crustal breaks in Alaska. Average rate of displace .. nt along the Den
ali fault is 0.1 to 3.5 ca per year ; 5 to 60 a of right-lateral movement and 6 to 10 • of vertical 110ve
ment have occurred during the past 10,000 years. The pipeline is so constructed here that it can slide 
laterally as 1a1ch as 6 m on Teflon "shoes" to acco111110date lateral displacement along this right-lateral , 
strike-slip fault. It can also accom110date 1. 8 m vertical displace .. nt. The 1.2-a-diameter wara-oil 
pipeline was completed in 1977 and no serious maintenance proble1111 have developed along the 1,285-ka 
route over permafrost terrain. (Photograph No. PK25557 by T.L. P4w4, July 24, 1983.) 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


365 

Participants in B-4 Field Trip (Photograph 4762 by T.L. Plfwi) 

1. Troy L. Pwi 13. Ursee Burghardt 24. Josef Svoboda 35. Hartin Camper 
2. N.P. Prokopovich 14 . Ann Christina Bedegrew 25. Juerg Suter 36. Jaes Walters 
3. Cui Zhijiu 15. Kathleen Ehlig 26. Dixie BrClltll 37 . Peter Bayliss 
4. Andre Pancza 16. Oskar Burghardt 27. Lisa Clay 38. Bjome Bederson 
5. Jim Bales 17. Dave Vogel 28. George Stephens 39. Gerhard Sontag 
6. Arturo Corte 18. Heinz-Peter Jons 29. Brainerd Mears, Jr. 40. Kaare Flaate 
7. Shi Yafeng 19. Peggy Slli th 30. Noel Potter, Jr. 41. Julie Brigh-
8. Qui Guoqing 20. Henry Holt 31. John Bell 42. Alfred Jahn 
9. Cheng Guodong 21. Takeel Koizuai 32. Gary Clay 43. Donald Hyers 

10. Zhou Youwu 22. Max Maisch 33. Tho•s Baker 44. Peggy Winslow 
11. Richard Reger 23. Eric Karlstrom 34. Liu Hongxu 45. Keith Sccxllar 
12. Barbara Camper 

WWW UMI ..,~ 
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Crossing of the Denali fault by the 
Trana-Alaska Pipeline System 

Rainbow Mountain 
Active rock glacier 
Gulkana Glacier view at Richardson Mon

ument 
Summl. t Lake 

July 25: Paxson to Mile 50 on the Denali Highway 
and return 

Alaska Range panorama 
Road cut in small esker 
Whistler Ridge: cryoplanation terrace 

site 
Pals as 
Road cut through an esker 

July 26: Paxson to Glennallen on the Richardson 
Highway 

Frost-rived granite blocks from rigorous 
Wisconsin periglacial enviro1111ent 
(near site of Meier Road House) 

View of Wrangell Mountains 
Siapson Hill road cut and Copper River 

bluff 
Pe1"111lfrost problemi on man-made struc

tures in Glennallen 
Tolsona No. 1: mud volcano 

July 27: Glennallen to Anchorage on the Glenn 
Highway 
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Overlook of Matanuska Glacier 
Matanuska Glacier: examl.nation of terml.

nal ice thrusting 
Upper Matanuska Valley (photo stop) 
Typical cross section through a cre

vasse-f 111 ridge 
View of western Chugach Mountains in 

the Twin Peaks area 
Landslide in Anchorage created by 1964 
Great Alaska Earthquake; Gover1111ent 
Hill School 

Field Guides (and Lecturers*) 

Troy L. P'1r•, Arizona State University 
Richard D. Reger, Alaska Division of 

Geological and Geophysical Surveys, 
Fairbanks 

Daniel E. Lawson, Cold Regions Research 
and Engineering Laboratory* 

Randall G. Updike, Alaska Division of 
Geological and Geophysical Surveys, 
Anchorage* 

The. following individuals provided special 
assistance at Big Delta: Glen Chowning, Superin
tendent of Public Schools, furnished overnight ac
co..-,dations in the school gyW111asium; and R.L. 
Dinger of the Cold Regions Test Center furnished 
cots and blankets and assisted in other local ar
rangelll!nt s. 

Copyright © National Academy of Sciences. All rights reserved.

Permafrost:  Fourth International Conference, Final Proceedings
http://www.nap.edu/catalog.php?record_id=19404

http://www.nap.edu/catalog.php?record_id=19404


FIELD TRIP B-6: PRUDHOE BAY AND ARCTIC 
COASTAL PLAIN, JULY 23-31, 1983 

July 23: Fairbanks-Prudhoe Bay 

Fairbanks to Deadhorse (commercial 
flight) 

Kodiak Camp 
SOHIO Base Camp (lunch) 
Putuligayuk River 
Weather Pingo 
Putuligayuk River reservoir and gravel 

pit 
Putullgayuk River archeology site 
West Dock 
Kodiak Camp, Nabors Drilling (dinner and 

overnight) 

July 24 and 2S: 
Abandoned road near Deadhorse Airport 
Sagavanlrktolt River bridge; thaw gully 

and lee wedges 
Sagavanlrktolt River floodplain 
ARCO Prudhoe Bay operations center 
Plow Station 2 
Sand dunes between Drill Site 4 and East 

Dock 
Flax1111n boulders in lake bed northeast 

of East Dock 
East Dock: traverse north along beach 
Pump Station l 
Prudhoe Monument 
Drill Site 14 
Mount Prudhoe 
Africa Lake 
ICuparuk River, east side and bridge 
Th• stream 
C-60 Pingo 
Kuparuk 011 Field; thaw gully and 

Kuparuk C gravel pit 
Oliktolt Dock 
Kodiak Camp (overnight) 

July 26: Colville River Boat Trip, Nechelik 
Channel (fly to and from) 
Nuiqsut and Nuiqsut Alrfle.ld 
Putu Channel 
Tapped lake, eroding pingo, and thaw 

lakes 
Peat banks, ice wedges, and polygons 
Gublk Formation 
Tapped lake and lake f 111 
Slough entrance, willow vegetation, and 

turf-house site 
Kodiak Camp (overnight) 

July 26: Coastal-Plain Overflight and Barrow 

North Slope Borough 
Barrow utilldor 
Gravel pit 
Archeology site 
Naval Arctic Research Laboratory 
Barrow spit 
Anchorage (via commercial flight) 
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Participants examining an lee wedge and peat along 
the western bluff of the Sagavnirktok River on the 
third day of the field trip. (Photograph by Dun
can Hlckmott.) 

Participants probing for permafrost table in 
sand-dune field near east dock at Prudhoe Bay. 

Participants examining beaded drainage along the 
ICuparuk route near ICuparuk oil field on the second 
day of the field trip. (Photograph by Duncan Hlck
mott.) 
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Field Guides (and Lecturers*): 

Stuart E. Rawlinson. Alaska Division of 
Geological and Geophysical Surveys. 
Leader 

David M. Hopkins. U.S. Geological Survey 
Donald A. Walker. Institute of Arctic 

and Alpine Research* 
John Harper. Woodward-Clyde Consultants 

(presently Dobrosky Seatech Ltd.)* 
Beth Knol. Shell Oil Company* 
R. Jess Walker. Louisiana State Univer

sity. Colville River Guidebook Author 
Duncan Hickmott and Terry Owen (DGGS) • 

Field trip assistants 

ARCO Alaska. Inc •• and Sohio Alaska Petroleum 
Company arranged logistics and ground transporta
tion. and representatives from these companies ac
companied the field trip. Alyeska Pipeline Ser
vice Company arranged tours of Pump Station l. 
Shell Oil Company was enthusiastic and helpful 
with a proposed visit to an artificial-island 
drill site. Kodiak-Nabors. a subsidiary of Anglo
Energy, provided accommodations at their facility 
at Prudboe Bay. The Horth Slope Borough provided 
assistance with field-trip activities at Barrow. 
Alaska. 
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Participants exalline well head at Drill Site 7. 
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Appendix B: Formal Program 

Monday, July 18, 1983 

8:30 - 10:00 a.m. 

OPENING PLENARY SESSION 

10:30 a.a. - noon 

Panel SeBBlon: PIPELINES IN NOllTHBRN REGIONS 

O.J. Perrlana, Jr. (<Jlail"lllln), U.S. Geological 
Survey, USA 

H.O. Jahns, Exxon Production Research Co., USA 
E.ll. Johnson, Alyeaka Pipeline Service Co., USA 
A.C. Mathews, Office of the Federal Inspector, 

ANGTS, USA 
M.C. Metz, GeoTec Services, USA 

1:30 - 3:30 P••• 

IlllVITED CHINESE SESSION 

<Jlalr: T.L. P4w,, Arizona State University, 
USA 

J. Brown, Cold !legions Research and 
Engl neerlng Laboratory• USA 

Shi Yafeng and Cheng Guodong. A brief introduc
tion to pel"llllfrost research in <Jllna. 

Li Yuaheng, Wang Zhugul, Dal Jingbo, Cul Chenghan, 
He Changgen and Zhao Yunlong. Pel"llllfrost stud
ies and railroad construction in pel"llllf roat 
areas in <Jllna. 

Zhou Youvu and Guo Dongxln. Solle f eaturea of per
llBfrost in <Jllna. 

THERMAL ENGINEERING DESIGN 

Chair: V. Lunardinl, Cold Regions Research 
and Engineering Laboratory, USA 

J.C. Harle, Alyeaka, USA 

Jahns, R.O. and C.E. Heuer. Prost heave 111.tlga
tlon and permafrost protection for a burled 
chilled-gas pipeline. 

Walker, D.B.L.. D.w. Hayley and A.C. Pal•r· 'lbe 
influence of aubaea pel"llllfroat on offshore 
pipeline design. 
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Cronin, J.E. Design and perfor11&nce of a liquid 
natural convection aubgrade cooling system for 
construction on lee-rich pel"llllfroat. 

Zlrjacka, W.L. and C.T. Hwang. Underground utlll
dora at Barrow, Alaska: A two-year history. 

lleld, ll.L. and A.L. Evans. Investigation of the 
air convection pile aa a pel"llllfroat protection 
device. 

PIPELINES 

Chair: U. Luacher, Woodward-Clyde, USA 
A.I. Grltaenko, Research Institute of 

Gas Industry, USSR 

Thomas, H.P. and J.E. Perrell. 'lbermokarat fea
tures associated with burled sections of the 
Trana-Alaska Pipeline. 

Stanley, J.M. and J.E. Cronin. Investigations and 
implications of aubaurf ace conditions beneath 
the Trana-Alaska Pipeline in Atlgun Paaa. 

Hanna, A.J., ll.J. Saunders, G.N. Lem and L. 
Carlson. Alaska Highway Gas Pipeline Project 
(Yukon section): 'lbaw aettle111ent design ap
proach. 

Carlson, L. and D. Butterwlck. Testing pipelining 
techniques in warm pel"llllfroat. 

Heuer, C.E., J.B. CaldVlell and B. Za11&ky. Design 
of burled aeafloor pipe lines for pel"llllfroat 
thaw aettle111ent. 

Mitchell, D.E., S.W. Laut, H.K. Pul and D.D. 
Curtis. Well casing strains clue to per•frost 
thaw subsidence in the Canadian Beaufort Sea. 

ICE AND SOIL WEDGES 

<Jlalr: M. Seppili, University of Helsinki, 
Finland 

J.ll. Mackay, University of British 
Columbia, Canada 

Carter, L.D. Poaall sand wedges on the Alaskan 
Arctic Coastal Plain and their paleoenvirolllllln
tal algnlf lcance. 

Black, ll.P. Three superposed ayate• of lee 
wedges at McLeod Point, northern Alaska, •Y 
span llOBt of the Wlaconalnan stage and Holo
cene. 

Lawson, D.E. Ground ice in perennially frozen 
sediments, northern Alaska. 
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Jahn, A. Soil wedges on Spitzbergen. 
Perriana, O.J. Pingoa on the Arctic Coastal 

Plain, northeast Alaska. 

4:00 - 6:00 P••• 

THERMAL ANALYSIS 

Chair: L. E. Goodrich, National Research 
Council, Canada 

c. E. Heuer, Exxon Production Re
search Co., USA 

Odom, W.B. Practical applications of underalab 
ventilation ayate•: Prudhoe Bay case study. 

Hildebrand, E.E. Thaw settlement and ground tem
perature model for highway design in permafrost 
area a. 

Hromadka, T.V. II, G.L. Guymon and R.L. Berg. 
Comparison of t1110-dimenaional domain and bound
ary integral geothermal m>dela with embankment 
freeze-thaw field data. 

Zhao Yunlong and Wang Jianfu. Calculation of 
thawed depth beneath heated buildings in pel"1111-
froat regions. 

Lunardini, V.J. Thawing beneath insulated atruc
turea on permafrost. 

MECHANICS OP FROZEN SOIL 

Chair: R. Dunning, Sohio, USA 
T. s. Vinson, Oregon State 

University, USA 

Baker, T.H.W. and G.H. Johnston. Unconfined com
preaaion teats on anisotropic frozen aoila fro• 
Tho1111aon, Manitoba. 

Mahar, L.J., R. Wilson and T.S. Vinson. Physical 
and numerical m>delling of uniaxial freezing of 
a saline gravel. 

Ladanyi, B. and H. Eckardt. Dilatometer testing 
in thick cylinders of frozen sand. 

PLEISTOCENE PERMAFROST CONDITIONS 

Chair: A. Jahn, University of Warsaw, Poland 
L. Christensen, University of Aarhus, 

DeDll8rk 

Haeaaerta, P. Stratigraphic distribution of peri
glacial features indicative of pel"111lfroat in 
the Upper Pleistocene loeaaea of Belgiwa. 

Landohr, B.. The extension of pel"11&froat in West
ern Europe in the period between 18,000 and 
10,000 y. B.P. {Tardiglacial): lnfol"111ltion from 
soil atudiea. 

Svenaaon, H. Ventifacta aa paleo-wind indicators 
in a former periglacial area of southern 
Sweden. 

Xolstrup, E. Coftr aanda in southern Jutland 
{Den•rk). 

Vandenberghe, J. Ice wedge caata and involutions 
aa per .. froat indicators and their stratigraph
ic position in the Weichaelian. 

Lu Gu<Nei, Guo Dongxin and Dai Jingbo. Basic cha
racteriatica of permafrost in northwest China. 
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B.EK>TE SENSING AND PLANETARY PERMAFROST 

Chair: J.A. Heginbottom, Geological Survey 
of Canada 

B..A. 'Kreig, B..A. 'Kreig & Aaaociatea, 
USA 

Clifford, S.M. Ground ice in the equatorial re
gion of Mara: A foaail reanant of an ancient 
climate or a replenished ateady-atate inftn
tory? 

Morriaaey, L.A. The utility of remotely sensed 
data for permafrost atudiea. 

Gurney, J.B.., J.P. Ormsby and D.X. Hall. A com
parison of rem>tely aenaed surface temperature 
and bio•aa eatimatea for aiding evapotranapir
ation determl.nation in central Alaska. 

Tuesday, July 19, 1983 

8:30 - 10:30 a.a. 

Panel Seaaion: ENVIRONMENTAL PROTECTION OP 
PERMAFROST TEB.B.AIN 

J.E. Hemlling {Chair•n>. D&11ea & Moore, USA 
M.C. Brewer, U.S. Geological Survey, USA 
H.M. French, University of Ottawa, Canada 
M.A. Grave, Pel"111lfroat Institute, Yakutsk, USSR 
J. Tileaton, Bureau of Land Management, USA 
P.J. Webber, University of Colorado, USA 

10:30 a.a. - 12:30 p.a. 

THERll>DYNAMICS AND TRANSPORT PHENOMENA 

Chair: J.L. Oliphant, Cold Regions Research 
and Engineering Laboratory, USA 

A.V. Sadovakiy, Foundations and 
Underground Constructions, USSR 

Roriguchi, x. and B..D. Miller. Hydraulic conduc
tivity functions of frozen materials. 

Yoneyama, X., T. Iahizaki and N. Nishio. Water 
redistribution measurements in partially frozen 
soil by X-ray technique. 

'Kay, B.D. and P.H. Groenevelt. The redistribution 
of aolutea in freezing soil: Exclusion of sol
utes. 

Aguirre-Puente, J. and J. Gruaon. Measurements of 
permeabilities of frozen aoila. 

McGaw, B..W., B..L. Berg and J.W. Ingersoll. An in
vestigation of transient proceaaea in an ad
vancing zone of freezing. 

MECHANICS OP FROZEN SOIL 

Chair: S.B.. Stearns, ASCE, Dartmouth College, 
USA 

B..E. Sllith, AB.CO Oil & Gaa, USA 

Nelson, R.A., U. Luacher, J.W. Rooney and A.A. 
Str&lller. Thaw strain data and thaw aettl-nt 
predictions for Alaskan aoila. 
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Zhu Yuanlin and D.L. Carbee. Creep behavior of 
frozen silt under constant uniaxial atreaa. 

Vinson, T.S., C.R. Wilson and P. Bolander. Dynam
ic properties of naturally frozen silt. 

ataaberlain, E.J. Frost heave of saline aoila. 
Corapcioglu, M.Y. A mathematical model for the 

per1111froat thaw consolidation. 

ll>UNTAIN AND PLATEAU PERMAFROST 

Chair: Shi Yafeng, Institute of Glaciology 
and Cryopedology, PRC 

S.A. Harris, University of Calgary, 
Canada 

Chang Guodong. Vertical and horizontal zonation 
of high-altitude permafrost. 

King, L. High mountain per1111froat in Scandinavia. 
Qiu Guoqing, Huang Yizhi and Li Zuofu. Alpine 

per1111froat in Tian Shan, atina. 
Haeberli, w. Permafrost-glacier relationships in 

the Swiaa Alps, today and in the past. 
Greenstein, L.A. An investigation of llld-latitude 

alpine pel"llllfroat on Ni1110t Ridge, Colorado 
Rocky Mountains, USA. 

EFFECTS OF MAN-MADE DISTURBANCES 

Chair: L. Rey, Colllt4 Arctique Internation
al, Switzerland 

c.w. Slaughter, U.S. Forest Service, 
USA 

Kersh.,, G.P. Some abiotic consequences of the 
CANOL Crude Oil Pipeline Project; 35 years af
ter abandonmn t. 

Klinger, L.F., D.A. Walker and P.J. Webber. 'lbe 
effects of gravel roads on Alaska Arctic 
Coastal Plain tundra. 

Kourkova, v. Recovery of plant comamitiea and 
aU111mer thaw at the 1949 Fish Creek Teat Well 11 

arctic Alaska. 
Thorhalladottir, T.B. 'lbe ecology of permafrost 

areas in central Iceland and the potential 
ef fecta of impoundment. 

Linkina, A.B. and N. Fetcher Effects of aurface
applied Prudhoe Bay crude oil on vegetation and 
soil proceaaea in tuaaock tundra. 

Collins, C.M. Long-term active layer effects of 
crude oil spilled in interior Alaska. 

PLANETARY PERMAFROST 

Chair: D.M. Anderson, State University of 
New York, USA 

M.C. Malin, Arizona State University, 
USA 

Fanale, F.P. and R.N. Clark. Solar ayatem ices 
and Mara permafrost. 

Carr, M.H. 'lbe geology of Mara. 
Lucchitta, B.L Permafrost on Mara. 
Nuamedal, D. Permafrost on Mara: Distribution, 

formation and geological role. 
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Wednesday, July 20, 1983 

8:30 - 10-30 a.m. 

Panel Seaaion: DEEP FOUNDATIONS AND EMBANKMENTS 

N.R. Morgenstern (Chairman), University of Alber
ta, Canada 

Ding Chingkang, Northwest Institute, PRC 
D.C. Each, Alaska Department of Transportation and 

Public Facilities, USA 
B. Ladanyi, Ecole Polytechnique, Montreal, Canada 
P.H. Sayles, CRRBL (formerly Office of the Federal 

Inspector, ANGTS), USA 

10:30 a.m. - 12:30 P••• 

ROADS AND RAILWAYS (THERMAL ASPECTS) 

Chair: G.H. Johnston, National Research 
Council, Canada 

o. Gregersen, Norwegian Geotechnical 
Institute, Norway 

Zarling, J.P., B. Connor and D.J. Goering. Air 
duct ayatema for roadway stabilization over 
permafrost areas. 

Johnston, G.H. Performance of an insulated road
way on permafrost, lnuvik, N.W.T. 

McBattie, R. and D.C. Bach. Benefits of a peat 
underlay used in road construction on perma
frost. 

Goodrich, L.B. 'lbermal performance of a section of 
the Mackenzie Highway. 

Bach, D.C. Evaluation of experimental design fea
tures for roadway construction over permafrost. 

Zhang Shixiang and Zhu Qiang. A study of the cal
culation of frost heaving. 

FOUNDATIONS 

Chair: R.W. Fadum, North Carolina State 
University, USA 

J.W. Rooney, R&M Consultants, USA 

Anderaland, O.B. and M.R. Alwahhab. Lug behavior 
for model steel piles in frozen sand. 

Penner, E. and L.B. Goodrich. Adfreezing pressure 
on steel pipe piles, Thompson, Manitoba. 

Dufour, s., D.C. Sego and N.R. Morgenstern. Vi
bratory pile driving in frozen sand. 

DiPaaquale, L., S. Gerlek and A. Phukan. Design 
and construction of pile foundations in the 
Yukon-ltuakokwim Delta, Alaska. 

Nottingham, D. and A.B. Chriatopheraon. Driven 
piles in permafrost: State of the art. 

Manikian, V. Pile driving and load teats in per
llllfroat for the Kuparuk pipeline system. 

FROST ll>UNDS AND OTHER PERIGLACIAL PHENOMENA 

Chair: H. Svenaaon, University of 
Copenhagen, Denmark 
t.r Black, University of 

Connecticut, USA 
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Mackay, J.R. Pingo growth and sub-pingo water 
lenses, western Arctic coast, Canada. 

Seppala, M. Seasonal tbawinga of palsas in Fin
nish Lapland. 

Pollard, W.R. and H.M. French. Seasonal frost 
mound occurrence, North Fork Pass, Ogilvie 
Mountains, northern Yukon, Canada. 

Corte, A.E. Geocryogenic 110rphology at Seymour 
Island, Antarctica: A progress report. 

Walton, D.W.H. and T.D. Heilbronn. Periglacial 
activity on the subantarctic island of South 
Georgia. 

EFFECTS OF MAN-MADE AND NATURAL DISTURBANCES 

Chair: T.F. Albert, North Slope Borough, USA 
P. Duffy, Environment Canada 

Ebersole, J.J. and P.J. Webber. Biological decom
position and plant succession following distur
bance on the Arctic Coastal Plain, Alaska. 

Johnson, A.W. and B.J. Neiland. An analysis of 
plant succession on frost scars, 1961-1980. 

Maltby, E. and C.J. Legg. Revegetation of fossil 
patterned ground exposed by severe fire on the 
North York 110ors. 

Racine, C.H., W.A. Patterson III and J.G. Dennis. 
Permafrost thaw associated with tundra fires in 
northwest Alaska. 

Johnson, L. and L. Viereck. Recovery and active 
layer changes following a tundra fire in north
western Alaska. 

Shaver, G.R., G.L. Gartner, F.S. Chapin III and 
A.E. Linkins. Revegetation of arctic disturbed 
sites by native tundra plants. 

Panel Session: CLIMATE CHANGE 
AND GEOTHERMAL REGIME 

J. Pilon (Chairman), Department of Energy, Mines 
and Resources, Canada 

Cheng Guodong, Institute of Glaciology and Cryo-
pedology, PRC 

J. Gray, University of Montreal, Canada 
T.E. Osterkamp, University of Alaska, USA 
M. Smith, Carleton University, Canada 

FOUNDATIONS 

Chair: O.B. Andersland, Michigan State 
University, USA 

v. Manikian, ARCO Alaska, Inc., USA 

Nixon, J.P. Geothermal design of insulated founda
tions for thaw prevention. 

Wojcek, A., P.H. Jarrett and A. Beatty. Cold-mix 
asphalt stabilization in cold regions. 

Luscher, U., W.T. Black and J.P. HcPhail. Results 
of load tests on temperature-controlled piles 
in permafrost. 

Gregersen, o., A. Phukan and T. Johansen. Engi
neering properties and foundation design 
alternatives in marine Svea clay, Svalbard. 
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Liu Hungxu. Calculation of frost heaving force in 
seasonally frozen soil. 

Cui Cbengban and Zhou Kaijiong. Experimental 
study of the frost heave reaction. 

GROUND ICE AND SOLIFLUCTION 

Chair: G. Gryc, u. S. Geological Survey, USA 
J.H. Akerman, University of Lund, 

Sweden 

Rampton, V.N., J.R. Ellwood and R.D. Thomas. Dis
tribution and geology of ground ice along the 
Yukon portion of the Alaska Highway Gas 
Pipeline north of Kluane Lake. 

Harry, D.G. and H.M. "i"rench. The orientation and 
evolution of tbaw lakes, southwest Banks 
Island, Canadian Arctic. 

Reanier, R.E. and F.C. Ugolini. Gelifluction de
posits as sources of paleoenvironmental 
information. 

Gamper, M. Controls and rates of 110vement of sol
ifluction lobes in the eastern Swiss Alps. 

Ellwood, J. and J.P. Nixon. Observations of soil 
and ground ice in pipeline trench excavations 
in the south Yukon. 

WATERSHED STUDIES IN PERMAFROST REGIONS 

Chair: R.F. Carlson, University of Alaska, 
USA 

B.E. Ryden, University of Uppsala, 
Sweden 

Slaughter, c.w., J.W. Hilgert and E.R. Culp. Sta
mer streamflow and sediment yield froa discon
tinuous permafrost headwaters catchments. 

Drage, B., J.R. Gil .. n, D. Hoch and L. Griffiths. 
Hydrology of North Slope coastal plain stre .... 

Woo, M., P. Marsh and P. Steer. Basin water bal
ance in a continuous permafrost environment. 

Flligel, W.A. Sum•r water balance of a high Arc
tic catchment area with underlying permafrost 
in Oobloyah Valley, N. Ellesmere Island, 
N.w.T., Canada. 

PERMAFROST AND CLIMATE 

Chair: S.A. Bowling, University of Alaska, USA 
Xu Xiaozu, Institute of Glaciology and 

Cryopedology, PRC 

Rouse, W.R. Active layer energy exchange in wet 
and dry tundra of the Hudson Bay lowlands. 

Sllith, M.W. and D.W. Riseborough. Permafrost sen
sitivity to climatic change. 

Harris, S.A. Comparison of the cli .. tic and geo
morphic •tbods of predicting permafrost 
distribution in western Yukon Territory. 

Nelson, F. and S.I. Outcalt. A frost index nwaber 
for spatial predictions of ground-frost zones. 

Xu Xiaozu and Wang Jiacheng. A preliminary study 
on the distribution of frozen ground in atina. 
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4:00 - 6:00 P••• 

INVITED SOVIET SESSION 
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Chair: J.R. Kiely, Bechtel Power 
Corporation, USA 

O.J. Perriana, U.S. Geological 
Survey, USA 

Helnikov, P.I. Major trends in the development of 
Soviet permafrost research. 

Gritaenko, A. and Yu.P. Hakoyon. Drilling and oper
ation of gaa wells in the presence of natural 
gaa hydrates. 

Zakharov, Yu.P., L.D. Koauklha and Ye.M. Navioaky. 
The hlpact of installation for the extraction 
and transport of gaa on permafrost conditions 
in western Sibera. 

Vyalov, S.S. Engineering geocryology in the USSR: 
A review. 

Sadovakiy, A.v. The construction of deep pile foun
dations in per11afroat in the USSR (a awa .. ry). 

Grave, N.A. Cryogenic proceaaea aaaociated with de
velopment• in the per11af roat zone. 

Thursday, July 21, 1983 

8:30 - 10:00 a.m. 

Panel Seaaion: ROST HEAVE AND ICE SEGREGATION 

E. Penner (Chairman), National Research Council, 
Canada 

Jl.L. Berg, Cold Regions Research and Engineering 
Laboratory, USA 

Chen Xiaobai, Institute of Glaciology and Cryoped
ology, PRC 

R.D. Miller, Cornell University, USA 
P.J. Willia .. , Carleton University, Canada 

10:30 a.m. - 12:30 P••• 

PROST HEAVE 

Chair: E.J. Chmberlain, Cold Regions Research 
and Engineer! ng Laboratory, USA 

Bolden, J.T. Approximate aolutiona for Miller's 
theory of aecondery heave. 

Lovell, c.w. Prost auaceptibility of aoila. 
Akagawa, s. Relation between f roat heave and 

apeci•n length. 
Konrad, J.M. and N.Jl. Morgenstern. Prost auacep

tibility of aoila in ter .. of their segregation 
potential. 

Rieke, Jl.D., T.S. Vinson and D.W. Hageau. The 
role of specific surface area and related index 
properties in the frost heave auaceptibility of 
soils. 

Olen Xiaobai, Wang Yaqing and Jiang Ping. Influ
ence of penetration rate, surcharge atreaa and 
gTounclvater table in frost heave. 

EMBANDIENTS, ROADS AND RAii.MAYS 

Chair: c.w. Lovell, Purdue University, USA 

K. Plaate, Norwegian Road Research 
Laboratory, Nonray 

Bell, J.Jl., T. Allen and T.s. Vinson. Properties 
of geotextilea in cold regions applications. 

Hayley, D.W., W.D. Roggensack, W.E. Jubien and 
P.V. Johnson. Stabilization of sink.holes on 
the Hudson Bay railway. 

LaVielle, c.c., s.c. Gladden and A.It. Zeman. 
Nuiqsut Airport dredge project. 

Tart, R.G., Jr. Winter constructed gravel ia
landa. 

Wang Liang, Xu Bo•ng* and Wu Zhiji n. Properties 
of frozen and thMred soil and earth dam 
construction in winter. 

PATTERNBD GROUND AND Roat STREAMS 

Chair: A.E. Corte, lnatituto Argentino de 
Nevologia y Glaciologia, Argentina 

Qiu Guoqing, Institute of Glaciology 
and Cryopedology, PRC 

Walters, J.C. Sorted patterned ground in ponds 
and lakes of the High Valley-Tangle Lakes 
region, central Alaska. 

Muir, H.P. The role of pre-existing, corrugated 
topography in the development of atone atripea. 
the Kunlun Shan, China. 

Hagedorn, H. Periglacial phenomena in arid re
gions of Iran. 

Cui Zhijui. An investigation of rock glaciers in 
Sadovaky, A.V. and G.I. Bondarenko. Creep of fro

zen aoila on rock alopea. 

WATERSHED STUDIES IN PERMAFROST REGIONS 

Chair: H.K. Woo, McHaater University, Canada 
R.O. van Everdingen, Enviro1111ent Canada 

Ashton, w.s. and R.P. Carlson. Predicting fish 
passage design diachargea for Alaska. 

Lewkowica, A.G. Erosion by overland flow, Central 
Bank.a Island, western Canadian Arctic. 

Chacho, E.E. and S.R. Bredthauer. Runoff from a 
a .. 11 subarctic watershed, Alaska. 

PERMAPROST GEOPHYSICS 

Chair: K. l<awaaaki, University of Alaska, USA 
G.D. Hobson, Polar Continental Shelf 

Project, Canada 

Collett, T.S. Detection and evaluation of natural 
gaa hydrates from well logs, Prudhoe Bay, Alas
ka. 

Kay, A.E., A.H. Allison, W.J. Botha and W.J. 
Scott. Continuous geophysical investigation 
for .. pping permafrost distribution, Mackenzie 
Valley, N.W.T., Canada. 

Sinha, A.K. and L.E. Stephens. Deep electromag
netic sounding over the permafrost terrain in 
the Mackenzie Delta, N.W.T., Canada. 

Ehrenbard, R.L. , P. Hoekstra and G. Rozenberg. 

*Nam omitted in Abstract Volu•, P• 247. 
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Transient electromagnetic soundings for per
mafrost mapping. 

Oliphant, J.L., A.R. Tice and Y. Nakano. Water 
migration due to a temperature gradient in fro
zen soil. 

Pearson, c., J. Murphy, P. Halleck, R. Hermes, and 
M. Mathews. Sonic resistivity measurements on 
Berea sandstone containing tetrahydrofuran hy
drates: A possible analogue to natural gas 
hydrate deposits. 

Evening: Banquet 

Governor Bill Sheffield: Welcoming remarks 
S. Russell Stearns, President, American Society 

of Civil Engineers: Keynote Speaker. 

Friday, July 22, 1983 

8:30 - 10:30 a.m. 

Panel Session: SUBSEA PERMAFROST 

D.M. Hopkins and P.V. Sellmann (Chairmen), u.s. 
Geological Survey, and Cold Regions Research 
and Engineering Laboratory, USA 

S.H. Blasco, Geological Survey of Canada 
D.W. Hayley, EBA, Canada 
J.A.M. Hunter, Geological Survey of Canada 
H.O. Jahns, Exxon Production Research Co., USA 

10:30 a.m. - 12:30 p.m. 

EXCAVATIONS, MINING AND MUNICIPAL FACILITIES 

Chair: R.D. Abbott, Shannon & Wilson, USA 

Rooney, J.W. and J.H. Wellman. Fairbanks waste
water treatment facility: Geotechnical con
siderations. 

Simpson, J.K. and P.H. Jarrett. Explosive excava
tion of frozen soils. 

Weerdenburg, P.C. and N.R. Morgenstern. Under
ground cavities in ice-rich frozen ground. 

Sun Yuliang. Defor1111tbility of canals clue to 
freezing and thawing. 

Ryan, W.L. Design considerations for large stor
age tanks in permafrost areas. 

Williama, D. lbe stabilization of the Nanisivik 
concentrator foundation. 

COLD CLIMATE ROQ{ WEATHERING 

Chair: H. Hagedorn, Federal Republic of 
Gerany 

s. Kinoaita, Hokkaido University, Japan 

Alterman, J. Notes on chellical weathering, Kapp 
Lin4, Spitsbergen. 

Hallet, B. 111.e breakdown of rock clue to freezing: 
A theoretical 111>del. 

Hyers, A. Some spatial aspects of climate-depend
ent mechanical weathering in a high altitude 
environment. 
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Ray, R.J., W.B. Krantz, T.N. Caine and R.D. Gunn. 
A mathematical 111>del for patterned ground: 
Sorted polygons and stripes, and underwater 
polygons. 

Vitek, J.D. Stone polygons: Observations of aur
ficial activity. 

Fukuda, M. lbe pore-water pressure profile on 
porous rock.a during freezing. 

GROUNIMATER IN PERMAFROST 

Chair: Zhu Qiang, Water Power Research 
Institute, PRC 

Kane, D.L. and J. Stein. Field evidence of 
groundwater recharge in interior Alaska. 

Michel, P.A. Isotope variations in permafrost 
waters along the Dempster Highway pipeline 
corridor. 

Wright, R.K. Relationships between runoff genera
tion and active layer development near Schef
ferville, Quebec. 

Price, J.S. 111.e effect of hydrology on ground 
freezing in a watershed with organic terrain. 

SUBSEA PERMAFROST 

Chair: G. Shearer, Minerals Management 
Service, USA 

J.A. Hunter, Geological Survey of 
Canada 

Horack, J.L. 1 H.A. MacAuley and J.A. Hunter. Geo
physical measurements of the aub-bottoa perma
f roa t in the Canadian Beaufort Sea. 

Neave, K.G. and P.V. Sell1111tnn. Seismic velocities 
and aubaea perafroat in the Beaufort Sea, 
Alaska. 

Walker, H.J. Erosion in a per1111tfroat-doll:lnated 
delta. 

Swift, D.w., W.D. Harrison and T.E. Oaterkamp. 
Heat and salt transport processes in th8Wing 
subaea per1111tfrost at Prudboe Bay, Alaska. 

Melnikov, P.I., K.F. Voitkovaky, R.M. Kamensky, 
1.P. Konatantinov. Artificial ice masses in 
arctic aeaa. 

Paterson, D.E. and M.W. Sllith, Measurement of un
frozen water content in saline perafroat using 
time doll&in reflectometry. 

BCOLOGY OF NATURAL SYSTEMS 

Chair: H.W. Gabriel, Bureau of Land 
Management, USA 

K. Macinnes, Department of Indian 
Affairs, Canada 

Viereck., L.A. and D.J. Lev. Long-term use of 
frost tubes to 111>nitor the annual freeze-thaw 
cycle in the active layer. 

Walker, D.A. A hierarchical tundra vegetation 
classification especially designed for mapping 
in northern Alaska. 

Schell, D.M. and P.J. Zieman. Accu1m1lation of 
peat carbon in the Alaska Arctic Coastal Plain 
and its role in biological productivity. 
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ltoizumi, T. Alpine plant comBJnity complex in 
per1111frost areas of the Daisetsu Mountains, 
central Hokkaido, Japan. 

Murray, D.P., B.M. Murray, B.A. Yurtsev and R. 
Howenstein. Biogeographic significance of 
steppe vegetation in subarctic Alaska. 

Van Cleve, K. and L.A. Viereck. A comparison of 
successional sequences following fire on perma
frost-dominated and permafrost-free sites in 
interior Alaska. 

2:00 p.m. 

CLOSING PLENARY SESSION 

Poster Sessions 

Tuesday, July 19, 1983 

THERMAL ENGINEERING DESIGN AND THERMAL ANALYSIS 

Blanchard, D. and M. Prllmond. Computing the cryo
genic suction in soils. 

Burgess, M., G. Lemaire and A. Dupas. Soil freez
ing around a buried pipeline: Design of an ex
periment in a controlled environment facility. 

Kinney, T.C. 1 B.W. Santana, D.M. Hawkins, E.L. 
Long and E. Yal'llSk, Jr. Foundation stabiliza
tion of central gas injection facilities, Prud
hoe Bay, Alaska * 

Phillips, W.P. Applications of the fast Pourier 
transform to cold regions engineering.* 

Wexler, R.L. Diurnal freeze-thMf frequencies in 
the high latitudes: A climatological guide.* 

Yarmak, E., Jr. and E.L. Long. Some considera
tions regarding the design of two phase liquid/ 
vapor convection type passive refrigeration 
syste•• 

SITE AND TERRAIN ANALYSIS AND PIPELINES 

Brockett, B. and D. L1Mson. Shallow drilling in 
permafrost, northern Alaska. 

Gill, J.D. and H.P. Bruen. Permafrost conditions 
at the Watana Dam site.* 

Vita, C.L. Th., plug stability and thaw settle
ment evaluation for arctic transportation 
routes: A probabilistic approach.* 

PROST K>UNDS, GROUND ICE, AND PA'ITERNED GROUND 

Bailey, P.K. Periglacial geomorphology in the 
Kokrine-Hodzana Highlands of Alaska.* 

Bowling, S.A. Paleocli11Bte inferences from per11B
frost features: A meteorological point of view. 

Brown, J., P. Nelson, B. Brockett, S.I. Outcalt 
and K.R. Everett. Obaervations of ice-cored 
111>unda at Sukakpak Mountain, south central 
Brooks Range, Alaska.* 

Burn, C.R. and M.W. Smith. Ther111>karst develop
ment: Some studies from the Yukon Territory, 
Canada. 

Dionne, J.C. Prost-heaved bedrock features: A 
valuable pel"llllfrost indicator. 

Douglas, G.R., J.P. McGreevy and W.B. Whalley. 

* Paper published in first Proceedings volume. 
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Rock weathering by frost shattering processes.* 
Ellis, J.M.• P.E. Calkin and M.J. Bruen. Rock 
glaciers of the east central Brooks Range, 
Alaska. 

Gregory, E.C. and c.w. Stubbs. A high-resolution 
technique for measuring motion within the ac
tive layer.* 

Harris, C. Vesicles in thin sections of perigla
cial soils from north and south Morway.* 

Hughes, T.J. Downslope creep of unstable frozen 
ground. 

Kinosita, s. Analysis of boring cores taken from 
the upper111>st layer in a tundra area. 

Mitter, P. Prost features in the karat regions of 
the west Carpathian Mountains.* 

Kreig, R.A. and A.R. Zie11Bn. Ground ice exposed 
in the Barrow Utilidor. 

Nelson, G.E. Cryopediments in the Bighorn Canyon 
area, southcentral Montana. 

Priesnitz, K. and E. Schunke. Pedimentation and 
fluvial dissection in pel"llllfrost regions with 
special reference in northwestern Canada.* 

Souchez, R.A. and R.D. Lorrian. °I> and alllO 
composition of successively formed ice layers: 
Implications in permafrost studies. 

Taylor, R.B. Thaw processes in coarse sediment 
beaches, Somerset and Bylot Islands, N.W.T. 

Whalley, W.B. Rock glaciers: Permafrost features 
or glacial relics?* 

PERMAFROST GEOPHYSICS 

Kawasaki, K. and T.E. Osterkamp. Application of 
electromagnetic induction measurements to 
permafrost terrain. 

Kiefte, H. 1 H.J. Clouter and B.L. Whiffen. 
Acoustic velocities in structure I and II hy
drates by Brillouin spectroscopy. 

King, M.S. The influence of clay sized particles 
on seismic velocity for Canadian Arctic perma
frost. 

Parameswaran, V.R. and J.R. Mackay. Field mea
surements of electrical freezing potentials in 
permafrost areas.* 

Walker, G.G., K. Kawasaki and T.E. Osterkamp. Use 
of D.C. resistivity measurement for determining 
the thickness of thin permafrost. 

Wednesday, July 20, 1983 

PROST HEAVE 

Coulter, D.M. Predicting heave and settlement in 
discontinuous permafrost. 

Guymon, G.L •• R.L. Berg and T.V. Hromadka II. 
Field tests of a frost heave model.* 

Jones, R.H. and K.J. Lomas. The frost suscepti
bility of granular materials.* 

Kettle, R.J. and E.Y. McCabe. Mechanical stabili
zation and frost susceptibility. 

Mageau, D.W. and M.B. Sherman. Prost cell design 
and operation.* 

McCabe, E.Y. and R.J. Kettle. The influence of 
surcharge loads on frost susceptibility.* 

Wood, J.A. and P.J. Williams. Stresses and mois
ture movements induced by thermal gradients in 
frozen soils. 
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MECHANICS OF FROZEN SOIL, !IJNICIPAL 
AND EMBANKMENTS 

Jones, S.J. and V.R. Par1111eawaran. Deformation 
behaviour of frozen and sand-ice materials un
der triaxial compression.* 

Keyser, J.H. and M.A. Laforte. Road construction 
through Palaa fields. 

Knutaaon, s. Th• penetration and th• aettle•nt 
studies associated with the Kiruna to Narvik 
road, Sweden. 

Mahoney, J.P. and T.s. Vinson. A •chaniatic ap
proach to pavement design in cold regions.* 

Man, Chi-Sing. Ultimate long-term strength of 
frozen soil aa the phase boundary of a visco
elastic solid-fluid transition.* 

Phukan, A. Long-term creep deformation of roadway 
embank•nt on ice-rich permafrost.* 

Retamal, E. So• experimental results on snow 
compaction.* 

Retherford, R.w. Power lines in the Arctic and 
Subarctic: Experience in Alaska.* 

Schindler, J.P. Solid waste disposal, National 
Petroleum Reserve in Alaska.* 

PERMAFROST MAPS, PERMAFROST IN CHINA, 
PLEISTOCENE PERMAFROST 

Bell, J.w. and T.L. Pnd. Mapping of permafrost 
in the Fairbanks area, Alaska, for 
urban-planning purposes. 

Christensen, L. 'l'he recognition and interpreta
tion of in situ and remoulded till deposits in 
western Jylland, Denmark.* 

Craig, J.L., T.D. Hamilton and P.V. Sell11&nn. 
Paleoenvirolllllental studies in the CR.REL 
permafrost tunnel. 

Granberg, H.B., J.E. Levis, T.R. Moore, P. Steer, 
and R.K. Wright. A report on a quarter century 
of permafrost research at Schefferville. 

Reginbottom, J.A. Problems in the cartography of 
ground ice: A pilot project of northwestern 
Canada.* 

Heyae, I. Pheno1111na of fossil permafrost in sandy 
deposits of the last glacial in Belgium. 

Karlstrom, E.T. Periglacial features and paleo
environment in the Flagstaff region, northern 
Arizona. 

Kerschner, H. Late glacial paleotemperatures and 
paleoprecipitation as derived from permafrost: 
Glacier relationships in the Tyrolean Alps, 
Austria.* 

Kuhle, M. Permafrost and periglacial indicators 
on the Tibetan Plateau, from the Himalayan 
Mountains in the south to the Quillan Shan in 
the north (28-40°N). 

Liedtke, H. Periglacial slopewaah and sedimenta
tion in northwestern Germany during the Wurm 
(Weichsel) glaciation.* 

Luach, D.P. Late Wiaconsinan patterned ground in 
the Sagin• lowland of Michigan. 

Shi Yafeng and Mi Deaheng. A comprehensive 11&p of 
anOlf, ice and frozen ground in Olina 
(1:4,000,000).* 

Strunk, H. Pleistocene diapiric upturning& of 
lignites and clayey sediments as periglacial 
phenomena in central Europe.* 

Wayne, W.J. Paleoclimatic inferences fro• fossil 
per11&frost indicators in alpine regions.* 
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WATERSHED STUDIES AND GROUNDWATER IN PERMAFROST 

Buaka, J.A. Tanana River 111>nitoring and reaearch 
program. 

Corbin, s.w. and c.s. Benson. 'l'he thermal regime 
of a small Alaskan atre- in permafrost 
terrain.* 

Dean, K.G. Stream icing zones in Alaska. 
Hilgert, J.W. and c.w. Slaughter. Physical, bio

logical, chemical and hydrologic 
characteristics of a subarctic stream system. 

Runchal, A.It. PORFRBEZ: A general purpose ground 
water flow, heat and 11&aa transport 111>del with 
freezing, thawing and surf ace water 
interaction. 

Slaughter, c.w. SnOlf and ice in Caribou-Poker 
Creeks research watershed, central Alaska. 

Stoner, M.G., F.C. Ugolini and D.J. Marrett. 
Moisture and temperature changes in the active 
layer of arctic Alaska.* 

van Everdingen, R.o. and H.D. Allen. Ground 111>ve-
1111nts and dendrogeomorphology in a a-1.l icing 
area on the Alaska Highway, Yukon, Canada.* 

Thursday, July 21, 1983 

TRER!l>DYNAMICS AND TRANSPORT PHEIOIENA 
AND RAILWAYS (THERMAL ASPECTS) 

Berg, R. L. and D.c. Each. Effect of color and 
texture on the surface temperature of asphalt 
concrete pavement.* 

Gori, P.A. A theoretical 110del for predicting the 
effective ther11&l conductivity of unsaturated 
frozen aoila.* 

Goaink, T.A. Gaa per11eability in and emlasiona 
from permafrost. 

Nakano, Y., A. Tice, J. Oliphant and T.F. Jenk
ins. Soil-water diffusivity of unsaturated 
aoila at subzero temperatures.* 

Riseborough, D.w •• M.W. Smlth and D.R. Helliwell. 
Determlnation of the ther11&l properties of fro
zen soils.* 

FOUNDATIONS AND Ell'CAVATIONS 

Mindich, A. Behavior of concrete strip founda
tions on thaed layer of clayey permafrost.* 

Takasugi, s. and A. Phukan. Excavation resistance 
of frozen aoila under vibrating cuttings.* 

Keuaen, R.R. and w. Haeberli. Site investigation 
and foundation design aspects of cable car con
at ruction in alpine permafrost at the Chli Mat
terhorn, Wallis, Swiss Alps.* 

PERMAFROST AND a.IMATE 

Brigham, J.K. and G.R. Miller. Paleotemperature 
estimates of the Alaskan Arctic Coastal Plain 
during the last 125,000 years.* 

Chatwin, s.c. Holocene temperatures in the Upper 
Mackenzie Valley, determlned by oxygen isotope 
analysis of peat cellulose.* 

Gosink, J.P.• T.E. Oaterkamp and K. K-aaki. Ev
idence for recent permafrost warmlng in Alaska. 

Gray, J.T., J. Pilon and J. Poitevin. Active lay
er studies in northern Quebec: Towards a pre
dictive llOdel. 
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Harrison, W.D. and S.A. Bowling. Paleoclimate im
plications for arctic Alaska of the permafrost 
at Prudhoe Bay. 

Haugen, R.L, S. I. Outcalt and J.C. Harle. Rela
tionships between estimated mean annual air and 
permafrost temperatures in north-central Alas
ka.* 

Odasz, A.H. Cli .. tic and edaphic influences on 
tree limit, upper Alatna River drainage, cen
tral Brooks Range, Alaska. 

Prokopovich, N.P. Paleoperiglacial climate and 
hydroco11paction in California, USA. 

Ryden, B.E. and L. Koetov. 'nlmring and freezing 
in tundra soils. 

Taylor, A., A. Judge and D. Desrochers. Shoreline 
recession: It• effect on permafrost and the 
geothermal regime, Canadian Arctic 
Archipelago.* 

Pilon, J., A. Taylor, A. Judge and J.T. Gray. 
Paleocli .. tic reconstruction from borehole 
t•peratures. 

SUBSBA PBRMAPR.OST 

Blasco, S.M. and H.J. O'Connor. 'nle nature and 
distribution of ehallOlf eubeea acoustic perma
frost on the Canadian Beaufort Continental 
Shelf. 

Mac:A&Jley, H.A., J.A. Hunter, S.E. Pullan, J.L. 
Horack, R.H. Gagne and R.A. Burne. Evidence 
for seasonal variation of nearshore eubeea
bottom permafrost temperatures in the Cana
dian Beaufort Sea. 

Oeterkamp, T.E. and w.D. Harrison. Ther .. 1 re
gime of eubeea permafrost. 

Rogers, J.C. and J.L. Horack. Permafrost studies 
along the northern Alaska coast using geophys
ical techniques. 

PLANBTAR.Y PBRMAPROST AND RBll>TB SENSING 

Boothroyd, J.C. and B.S. Timson. 'nle Sagavanirk
tok and adjacent river eyete .. , eastern North 
Slope Alaska: An analog for the ancient flu
vial terrains on Mare.* 

Gaydos, L. and 1.w. Witmer. Mapping of arctic 
land cover utilizing Landsat digital data.* 

Jone, H.P. Permafrost-related types of large
ecale dissection and deformation of Martian 
landscape.* 

Malin, M.C. and D.B. Eppler. Observations of Mar
tian fretted terrain.* 

Mellor, J.C. Use of seasonal windOlf for radar and 
other image acquisition and arctic lake region 
11&nagemnt. * 

PERMAFROST TBR.RAIN AND ENVIR0911NTAL PROTECTION 

Everett, LR. An 11-year record of active layer 
thickness, Arctic Gae Test Facility, Prudhoe 
Bay, Alaska. 
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Freedman, B., J. Svoboda, c. Labine, M. Hue, G. 
Henry, M. Nams, J. St-art and E. Woodley. 
Physical and ecological characteristics at 
Alexandra Pjord, a high arctic oasis on 
Ellesmere Island, Canada.* 

Gartner, B.L. Germination characteristics of arc
tic plants.* 

Greene, D.P. Permafrost, fire and the regenera
tion of white spruce at treeline near Inuvik, 
N.W.T., Canada.* 

Hall, D.K., P.J. Caaillo, R.J. Gurney and J.P. 
Ormaby. Quantitative analysis of the recovery 
of burned areas in Alaska using remote sensing. 

Hettinger, L.R. Vegetation .. pping for habitat 
and wetland aeeeeement along proposed mine 
transportation routes, northwestern Alaska. 

ltnapman, L. Reclamation of fire control lines on 
permafrost sites in interior Alaska. 

Macinnes, K.L. Land use controls and environmen
tal protection on permafrost terrain in N.W.T. 

Marion, G.M., P.C. Miller and C.H. Black. Cycling 
of N-15 through tussock tundra ecosystems. 

N-bury, R.W. and G.J.t. McCullough. Shoreline ero
sion and re-stabilization in a permafrost-af
fected impoundment.* 

Senyk, J.P. and E.T. Oswald. Ecological relation
ships within the discontinuous permafrost zone 
of southern Yukon Territory.* 

BXHIBITORS 

Alaska Department of Transportation & Public 
Pacilitiee 

Alaska Division of Geological and Geophysical Sur
veys 

American Society of Civil Engineers 
Arctic Environmental Information and Data Center, 

University of Alaska 
Arctic Foundations 
Associated Pile and Pitting Corporation 
Cold Regions Research and Engineering Laboratory 
Dames and Moore 
ERTBC, Inc. 
Geologial Survey of Canada 
Geophysical Institute, University of Alaska 
Harza Engineering 
Institute of Arctic and Alpine Research, Univer-

sity of Colorado 
Institute of Water R.eeourcee, University of Alaska 
Magnetics of Alaska 
Mobile Augers and Research Ltd. 
National Aeronautics and Space Adlll.nietration 
National Research Council, Canada 
R.A. Kreig & Aeeociatee, Inc. 
3M Company 
Topp Engineering 
United States Geological Survey 
World Data Center A for Glaciology 
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Appendix C: Committees and Reviewers 

U.S. 01.GANIZING COMMITTEE 

T.L. P'~* (Chairman), Arizona State University 
G.E. Weller* (Vice-Chairman), University of Alaska 
A.J. Alter, Technical Council on Cold R.egione En-

gineering, ASCB 
J. Barton, University of Alaska 
J. Brown*, Cold R.egione R.eeearch and Engineering 

Laboratory 
O.J. Perriane, Jr., U.S. Geological Survey 
H.O. Jahns, Exxon Production R.eeearch Company 
J.R.. Kiely, Bechtel Corporation 
A.H. Lachenbruch, u.s. Geological Survey 
R..D. Miller, Cornell University 
R..D. R.eger, Alaska Division of Geological and Geo-

physical Surveys 
A.L. Washburn, University of Washington 
J.B. Zumberge, University of Southern California 
L. DeGoee, PICOP Secretary 

* Melllber Executive Committee 

PAPER. R.EVIBW AND PUBLICATIONS COMMITTEE 

R..D. Miller (Chairman), Cornell University 
D.M. Anderson, State University of New York, Buf-

falo 
R..P. Black, University of Connecticut 
J.M. Boyce, NASA 
R..P. Carlson, University of Alaska 
R.H. French, University of Ottawa 
J. Dennie, U.S. Park Service 
L.B. Goodrich, National R.eeearch Council of Canada 
W.D. Harrison, University of Alaska 
H.O. Jahns, Exxon Production R.eeearch Company 
c.w. Lovell, Purdue University (ASCB) 
v. Lunardini, Cold R.egions R.eeearch and Engineer-

ing Laboratory (ASHE) 
L.A. Viereck, U.S. Forest Service, Alaska 
T.S. Vinson, Oregon State University 
J.R.. Williams, U.S. Geological Survey, Menlo Park 
L. DeGoee, Secretary 

TECHNICAL PR.OGllAM COMMITTEE 

W.D. Harrison (Chairman), University of Alaska 
P.L. Bennett, University of Alaska 
J. Brown, Cold R.egione R.eeearch and Engineering 

Laboratory 
O.J. Perrians, Jr., U.S. Geological Survey 
D.L. Kane, University of Alaska 
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u. Luscher, Woodward-Clyde Consultants 
R..D. Miller, Cornell University 
T.B. Oeterk11111p, University of Alaska 
A. Phukan, University of Alaska, Anchorage 

FIELD TR.IPS COMMITTEE 

O.J. Perriane, Jr. (Chairman), U.S. Geological 
Survey 

A.J. Alter, Technical Council on Cold R.egione 
Engineering (ASCB) 

P.L. Bennett, University of Alaska 
J. Brown, Cold R.egione R.eeearch and Engineering 

Laboratory 
R.H. French, University of Ottawa 
G.B. Johns, City of Juneau 
T.L. P~, Arizona State University 
S.B. R.awlineon, Alaska Division of Geological and 

Geophysical Surveys 
R..D. R.eger, Alaska Division of Geological and Geo

physical Surveys 
L. St1eet, Alaska Departmnt of Transportation and 

Public Facilities 
H.J. Walker, Louisiana State University 
P.W. Weeks, The Alaska R.ailroad, Federal R.ailroad 

Adminilltration 

FINANCE AND ADVISOR.! COMMITTEE 

J. Barton, University of Alaska 
D.R.. Brown, University of Alaska 
J.R.. Kiely, Bechtel Corporation 
T.L. P'1.6, Arizona State University 
G.B. Weller, University of Alaska 

LOCAL AUANGBMBNTS COMMITTEE - PAIR.BANKS 

W.M. Seckinger (Chairman), University of Alaska 
G.B. Weller, University of Alaska 
R..D. Abbott, Shannon and Wilson 
L. Bennett, University of Alaska 
D.R.. Brown, University of Alaska Foundation 
K. Coffer, University of Alaska 
J. Cronin, Shannon and Wilson 
D.c. Esch, Alaska Department of Transportation and 

Public Facilities 
W.D. Harrison, University of Alaska 
J. Hickey, University of Alaska 
K. Kawasaki, University of Alaska 
J. Miller, University of Alaska 
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D.M. Murray, University of Alaska 
R.D. Reger, Alaska Division of Geological and Geo-

physical Surveys 
P. Sackinger, Fairbanks, Alaska 
L.H. Shapiro, University of Alaska 
c.w. Slaughter, U.S. Forest Service 
L. Sweet, Alaska Department of Transportation and 

Public Facilities 
L.A. Viereck, U.S. Forest Service 

LOCAL ARRANGEMENTS - ANCHORAGE 

w.c. Hanson (ChaiI'llllln), Dlllll!s & Moore 
M.C. Brewer, U.S. Geological Survey 
G. Dickason, University of Alaska 
R. Dragnich, Exxon 
F. Fisher, Alyeska Pipeline Service Company 
P.s. Ford, Harza Engineering Company 
J.E. Hemming, Dlllll!s & Moore 
D. Hickok, University of Alaska 
L.B. Johnson, Arctic Slope Consulting Engineers 
K. Krause, Alaska Division of Geological and Geo-

physical Surveys 
J. LaBelle, University of Alaska 
R.I. Lewellen, Lewellen Arctic Research 
w. Parker, Parker Associates, Inc. 
L.D. Perrigo, Battelle Alaska Operations 
J.F. Schindler, Husky Oil NPllA Operations 
c. Sloan, U.S. Geological Survey 
J.B. States, Battelle Alaska Operations 
T. Swearingen, Chugach Engineers 
L.s. Underwood, University of Alaska 
World Affairs Council 

REVIEWERS OF CONTRIBUTED PAPERS 

Civil Engineering 
B.D. Alkire, Michigan Technological University, 

Houghton, Michigan 
J.D. Allen, A1lCO Oil & Gas Company, Dallas, Texas 
A.J. Alter, A11erican Society of Civil Engineers, 

Juneau, Alaska 
O.B. Anderaland, Michigan State University, East 

Lansing, Michigan 
T.H.W. Baker, National Research Council of Canada, 

Ott-a, Canada 
R.L. Berg, CRREL, Hanover, New Hampshire 
D.E. Brugger&, Harding-Lawson, Anchorage, Alaska 
A.L. Burwash, A.L. Burwaah Consulting Limited, 

Calgary, Canada 
E.J. Chamberlain, CRREL, Hanover, New Hampshire 
R.W. Christensen, Harding-Lawson, Anchorage, Alas-

ka 
L.K. Clark, Salem, Oregon 
B. Conner, ADOTPF, Fairbanks, Alaska 
F.E. Crory, CRREL, Hanover, New Hampshire 
R.L. Crosby, Bishop, California 
D.c. Each, ADOTPF, Fairbanks, Alaska 
R.E. Fadum, North Carolina State University, Ra

leigh, North Carolina 
K. Flaate, Norwegian Public Roads Administration, 

Holde, Norway 
W.R. Galatiuk, Calgary, Canada 
G.L. Guymon, University of California, Irvine, 

California 
W.H. Haas, Michigan Technological University, 

Houghton, Michigan 
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B. Hallet, University of Washington, Seattle, 
Washington 

H.w. Runt, Associated Pile & Fitting Corporation, 
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L.E. Janson, VBB AB, Stockholm, Sweden 
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Canada 
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N.I. Johansen, University of Alaska, Fairbanks, 
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E.G. Johnson, ADOTPF, Anchorage, Alaska 
R.J. Kettle, University of Aston, Birmingham, Uni-

ted Kingdom 
T.G. Krzewinski, Dames & Moore, Anchorage, Alaska 
B. Ladanyi, Ecole Polytechnique, Montreal, Canada 
K.A. Linell, Hanover, New Hampshire 
U. Luacher, Woodward-Clyde Consultants, Walnut 

Creek, California 
L.J. Mahar, ERTEC Western Inc., Long Beach, Cali

fornia 
A. Mahmood, McClelland-EBA, Anchorage, Alaska 
J.P. Mahoney, University of Washington, Seattle, 

Washington 
R.w. HcGaw, CRREL, Hanover, New Hampshire 
D.I. Norum, University of Saskatchewan, Saskatoon, 

Canada 
H. O'Rourke, RPI, Troy, New York 
E. Penner, National Research Council of Canada, 

Ottawa, Canada 
A. Phukan, University of Alaska, Anchorage, Alaska 
F. Pita, Bellewe, Washington 
B.H. Reid, Environmental Protection Agency, Cor-

vallis, Oregon 
R.G. Rein, Jr., Bellewe, Washington 
W.L. Ryan, Ott Engineering, Anchorage, Alaska 
F.J. Sanger, Orange City, Florida 
B.W. Santana, ARCO Alaska, Inc., Anchorage, Alaska 
F.H. Sayles, CRREL, Hanover, Nev Hampshire 
D.C. Sego, University of Alberta, Ed80nton, Canada 
R.G. Tart, Woodward-Clyde Consultants, Anchorage, 

Alaska 
H.P. Tho11aa, Woodward-Clyde Consultants, Anchor

age, Alaska 
T.s. Vinson, Oregon State University, Corvallis, 

Oregon 
J.J. Walsh, Billings, Montana 
P.J. Willia•, Carleton University, Ottawa, Canada 
A.F. Wuori, CRREL, Hanover, New Hampshire 
R.N. Yong, McGill University, Montreal, Canada 
W.L. Zirjacks, Frank Hoolin & Associates, Inc., 

Anchorage, Alaska 

Mechanical l!.Dgineering (Beat Transfer) 
G. Abele, CRREL, Hanover, New Haapshire 
D.M. Anderson, State University of Nev York, Buf

falo, New York 
O.A. Ayorinde, Exxon Production Research Company, 

Houston, Teus 
H. Baker, National Research Council of Canada, Ot

tawa, Canada 
R.L. Berg, CRREL, Hanover, New Hampshire 
H. Burgess, Energy, Mines and Resources, Ottawa, 

Canada 
L.E. Carlson~ Foothills Pipeline Limited, Calgary, 

Canada 
E.J. Chamberlain, CRREL, Hanover, New Haapshire 
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B.J. Couch, Mobil Research & Development Corpora 
tion, Dallas, Te:sae 

D.M. Coulter, Royal Military College, Kingston, 
Canada 

P .1. Crory • CRREL, Hanover, New Hampshire 
J.L. Davie, larthtech Research Lillited, Baltia>re, 

Maryland 
B. Dempsey, University of Illinois, Urbana, Illi

nois 
L. Domaechuclt, University of Manitoba, Winnipeg, 

Caoada 
s. Dufour• Geocon, Inc. , Calgary, Canada 
J. Ellwood, Foothills Pipeline Lillited, Calgary, 

Canada 
D. Blric:lt, Department of Land Resources Science, 

Univ. of Guelph, Canada 
T. Ereoy, Foothill• Pipeline Lillited, Calgary, 

Canada 
D.c. Bech, ADOTPP, Fairbanks, Alaska 
o. Parouki, Queen'• University, Belfast, Northern 

Ireland 
M.G. Ferrick, CRREL, Hanover, New Hampshire 
J.W. Galate, Enertech Engineering and Research, 

Houston, Te:sae 
P. Gaskin, Queens University, Kingston, Canada 
L.B. Gold, National Research Council of Canada, 

Ott•a, Canada 
L. Goodrich, National Research Council of Canada, 

Ott•a, Caoada 
P.H. Groenevelt, University of Guelph, Guelph, 

Canada 
G.L. Guymon, University of California, Irvine, 

California 
D. Harland, D-• & Moore, Golden, Colorado 
R.K. Haugen, CRRBL, Hanover, New Hampshire 
F.D. Haynes, CRREL, Hanover, New llaapehire 
L. Hayes, University of Texas, Austin, Te:sae 
H.N. Haynoe, Land Resource Research Inst., Central 

Exp. Para, Agriculture Canada, Ottawa, Canada 
J.A. Heginbottom, Geological Survey of Canada, Ot

tawa, Canada 
C.E. Heuer, Exxon Production Research Company, 

Houston, Texas 
s.w. Hopke, Exxon Research and Engineering, Flor

ham Park, New York 
C.T. Blfang, EBA Engineering Consultants Limited, 

Edmonton, Canada 
Y.W. J-, Agriculture Canada Research Station, 

Swift Current, Canada 
T.C. Johnson, CRREL, Hanover, New Hampshire 
G.H. Johnston, National Research Council of Can

ada, Ottawa, Canada 
A. Judge, Energy, Mines and Resources, Ottawa, 

Canada 
B.D. Kay, University of Guelph, Guelph, Canada 
M. King, University of California, Berkeley, Cali

fornia 
J.M. Konrad, National Research Council of Canada, 

Ottawa, Canada 
J.P. Lea, Amoco Production Company, Tulsa, Okla

homa 
Y. Lee, University of Ottawa, Ottawa, Canada 
s. Lin, Sir George Williall8 Campus, Montreal, Can

ada 
E.F. Lobacz, Hanover, New Hampshire 
E. Long, Arctic Foundations, Inc., Anchorage, 

Alaska 
V.J. Lunardini, CRREL, Hanover, New Hampshire 
L.J. Mahar, Earth Technology Corporation, Long 

Beach, California 
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D.W. Margeu, R&M Consultants, Inc., Fairbanks, 
Alaska 

R.W. McGaw, CRREL, Hanover, New Hampshire 
E.C. McRoberte, Hardy Associates Limited, Calgary, 

Canada 
R.D. Miller, Cornell University, Ithaca, New York 
N.R. Morgenstern, Edmonton, Canada 
Y. Nakano, CRREL, Hanover, New Hampshire 
J.P. Nixon, Hardy Associates Limited, Calgary, 

Canada 
D.I. Norua, University of Saskatchewan, Saskatoon, 

Canada 
J.L. Oliphant, CRREL, Hanover, New Hampshire 
K. O'Neill, CRREL, Hanover, New Hampshire 
P.H. Ooethuizen, Queens University, Kingston, Can

ada 
T.E. Oeterkamp, University of Alaska, Fairbanks, 

Alaska 
E. Penner, National Research Council of Canada, 

Ottawa, Canada 
G. Phetteplace, CRREL, Hanover, New Hampshire 
A. Phukan, University of Alaska, Anchorage, Alaska 
W.P. Quinn, CRREL, Hanover, New Hampshire 
R.L. Reid, University of Texas, Bl Paso, Texas 
W.R. Rouse, McMaeter University, Hamilton, Canada 
D. Shields, University of Manitoba, Winnipeg, Can

ada 
w. Sluearchuk, R.M. Hardy & Associates Limited, 

Calgary, Canada 
M.W. Slllth, Carleton University, Ottawa, Canada 
J.B. Sunderland, University of Massachusetts, Am

herst, Massachusetts 
o. Svec, National Research Council of Canada, Ot-

tawa, Canada 
s. Takagi, CRRBL, Hanover, New Hampshire 
A.R. Tice, CRREL, Hanover, New Hampshire 
G.C. Topp, Land Resource Research Inst., Central 

Exp. Para, Agriculture Canada, Ottawa, Canada 
P.J. Willi ... , Carleton University, Ottawa, Canada 
Y.c. Yen, CRREL, Hanover, New Hampshire 
R. Yong, McGill University, Montreal, Canada 
J.P. Zarling, University of Alaska, Fairbanks, 

Alaska 
Zhu Yuanlin, CRREL, Hanover, New Hampshire and In

stitute of Glaciology and Cryopedology, PRC 

Geophysical, Geothermal, and Subsea 
S.A. Arcone, CRREL, Hanover, New Hampshire 
S.A. Bowling, University of Alaska, Fairbanks, 

Alaska 
G.W. Brase, University of Miami, Miami, Florida 
R.P. Carlson, University of Alaska, Fairbanks, 

Alaska 
A.J. Delaney, CRREL, Hanover, New Hampshire 
c. Bconollldes, University of Alaska, Fairbenks, 

Alaska 
W.D. Harrison, University of Alaska, Fairbanks, 

Alaska 
R.K. Haugen, CRREL, Hanover, New Hampshire 
J.D. Haye, L8110nt Geological Observatory, Pali

sades, New York 
C.E. Heuer, Exxon Production Research, Houston, 

Texas 
P. Hoekstra, Geo-Physi-Con, Inc., Lakewod, Colo

rado 
D.M. Hopkins, U.S. Geological Survey, Menlo Park, 

California 
W.A. Hoyer, Exxon Production Research, Houston, 

Texas 
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J.A. Hunter, Geological Survey of Canada, Ottawa, 
Canada 

A.S. Judge, Energy, Mines and Resources, Ottawa, 
Canada 

G.V. Keller, Colorado School of Mines, Golden, 
Colorado 

A.H. Lachenbruch, u.s. Geological Survey, Menlo 
Park, California 

R.I. Lewellen, Palmer, Alaska 
A. Long, University of Arizona, Tucson, Arizona 
U. Luscher, Woodward-Clyde Consultants, San Fran

cisco, California 
M.N. Nablghlan, Newmont Overseas Explorer Llnd.ted, 

Tucson, Arizona 
G. Neave, Northern Selsllic Analysis, Echo Bay, 

Canada 
G. Olhoeft, U.S. Geological Survey, Denver, Colo

rado 
T.B. Osterkamp, University of Alaska, Fairbanks, 

Alaska 
S.I. Outcalt, University of Michigan, Ann Arbor, 

Michigan 
J.C. Rogers, Michigan Technological University, 

Houghton, Michigan 
W.L. Sacklnger, University of Alaska, Fairbanks, 

Alaska 
P.V. Sell11&nn, CRRBL, Hanover, New llallpshlre 
c.w. Slaughter, USDi\ Forest Service, Fairbanks, 

Alaska 
M.W. Sllith, Carleton University, Ottawa, Canada 
A.B. Taylor, Energy, Mines and Resources, Ottawa, 

Canada 
C.L. Vita, R&M Consultants, Inc., Irvine, Califor

nia 

Planetary and Remote Sensing 
D.M. Anderson, State University of New York, Buf

falo, New York 
R. Arvidson, Washington University, St. Louis, 

Mi Houri 
v. Baker, University of Texas, Austin, Texas 
D. Birnie, Dart110uth College, Hanover, New Hamp

shire 
J. Boyce, NASA, Washington, o.c. 
M. Darly, Mobil Research & Development, Dallas, 

Texas 
K. Dean, University of Alaska, Fairbanks, Alaska 
F. Fanale, University of Hawaii, Honolulu, Hawaii 
B. Gibson, Johnson Space Center, Houston, Texas 
M. Grolier, U.S. Geological Survey, Flagstaff, 

Arizona 
o. Hall, Goddard Space Flight Center, Greenbelt, 

Maryland 
B. Kaslschbe, BRIM, Ann Arbor, Michigan 
P. Klels, Bureau of Land Manage•nt, Anchorage, 

Alaska 
K. Kltcho, Woodward-Clyde Consultants, San Fran

cisco, California 
H. Lang, Jet Propulsion Laboratory, Pasadena, 

California 
B. Lucchltta, U.S. Geological Survey, Flagstaff, 

Arizona 
M.C. Malin, Arizona State University, Tempe, Ari

zona 
P. Mouginls-Mark, University of Hawaii, Honolulu, 

8-all 
D. Num•dal, Louisiana State University, Baton 

Rouge, Louisiana 
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P. Patton, Wesleyan University, Middletown, Con
nect101t 

A. Peterfraund, Brown University, Providence, 
Rhode Ieland 

T.L. P'w'• Arizona State University, Tempe, Ari
zona 

J. Pollack, Ames Research Center, Moffett Field, 
California 

L.A. Rossbacker, Whittler College, Whittler, Cali
fornia 

s. Saunders, Jet Propulsion Laboratory, Pasadena, 
California 

T. Schmugge, Goddard Space Flight Center, Green
belt, Maryland 

J. Underwood, Kansas State University, Manhattan, 
Kansas 

G.E. Weller, Geophysical Institute, University of 
Alaska, Fairbanks, Alaska 

Periglacial and Per11Bf rost 
D.M. Barnett, Indian and Northern Affairs, Ottawa, 

Canada 
R.F. Black, University of Connectl01t, Storrs, 

Connect101t 
N. Caine, University of Colorado, Boulder, Colo

rado 
D.L. Carter, U.S. Geological Survey, Anchorage, 

Alaska 
B.J. Chamberlain, CRRBL, Hanover, New Hampshire 
M.G. Clark, University of Tennessee, Knoxville, 

Tennessee 
A. Dyke, Geological Survey of Canada, Ottawa, Can

ada 
K.R. Everett, The Ohio State University, Columbus, 

Ohio 
B. Fahey, University of Guelph, Guelph, Canada 
O.J. Ferrians, Jr., U.S. Geological Survey, Menlo 

Park, California 
o.c. Ford, McMaster University, Hamilton, Canada 
w. Gabriel, Bureau of Land Management, Anchorage, 

Alaska 
L. Goodrich, National Research Council of Canada, 

Ottawa, Canada 
T.D. Hamilton, U.S. Geological Survey, Anchorage, 

Alaska 
S.A. Harris, University of Calgary, Calgary, Cana

da 
D.G. Harry, University of Western Ontario, London, 

Canada 
J.A. Heglnbottom, Geological Survey of Canada, Ot

tawa, Canada 
D.A. Hodgson, Geological Survey of Canada, Ottawa, 

Canada 
J. Hunter, Geological Survey of Canada, Ottawa, 

Canada 
A.O. Hyers, University of North Carolina, Willling-

ton, North Carolina 
P.G. Johnson, University of Ottawa, Ottawa, Canada 
R.H. King, University of Western Ontario, Canada 
R.H. Koerner, Polar Continental Shelf Project, Ot-

tawa, Canada 
B. Ladanyi, Ecole Polytechnlque, Montreal, Canada 
D.B. Lawson, CRRBL, Hanover, New Hampshire 
A.G. Lewkowlcz, University of Toronto, Missis-

sauga, Canada 
B. Luckman, University of Western Ontario, London, 

Canada 
V.J. Lunardinl, CRRBL, Hanover, New Hampshire 
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F. Michel, Carleton University, Ottawa, Canada 
G. Miller, University of Colorado, Boulder, Colo

rado 
F. Nelson, University of Michigan, Ann Arbor, 

Michigan 
w. Nickling, University of Guelph, Guelph, Canada 
S.I. Outcalt, University of Michigan, Ann Arbor, 

Michigan 
T.L. P~. Arizona State University, Tempe, Ari

zona 
W.H. Pollard, University of Ottawa, Canada 
L. Price, Portland State University, Portland, Or

egon 
V.N. Rampton, Terrain Analysis & Mapping Services 

Limited, Carp, Canada 
s. Rawlinson, ADGGS, Fairbanks, Alaska 
R.D. Reger, ADGGS, Fairbanks, Alaska 
D. Sharpe, Geological Survey of Canada, Ottawa, 

Canada 
c. Tarnocai, Land Resource Research Institute, Ot

tawa, Cana51'a 
C.E. Thorn~)fniversity of Illinois, Urbana, Illi-

nois ' 
F. Ugolini, University of Washington, Seattle, 

Washington 
J.S. Vincent, Geological Survey of Canada, Ottawa, 

Canada 
J.D. Vitek, Oklahoma State University, Stillwater, 

Okla ho• 
A.L. Washburn, University of Washington, Seattle, 

Washington 
s. Watts, Geological Survey of Canada, Ottawa, 

Canada 
W.J. Wayne, University of Nebraska, Lincoln, Ne

braska 
s. White, The Ohio State University, Columbus, 

Ohio 
s. Zoltai, Environment Canada, Edmonton, Canada 

Hydrology 
I. Barnes, U.S. Geological Survey, Menlo Park, 

California 
s. Bredthauer, R&M Consultants, Anchorage, Alaska 
K.L. Carey, CRREL, Hanover, New Hampshire 
R.F. Carlson, University of Alaska, Fairbanks, 

Alaska 
E.F. Chacho, CRREL, Fairbanks, Alaska 
T.B. Coplen, U.S. Geological Survey, Reston, Vir

ginia 
J. Downey, U.S. Geological Survey, Fairbanks, 

Alaska 
B.T. Drage, Nottingha, Per~trovich and Drage, 

Anchorage, Alaska 
P. E•ry • u. s. Geological Survey• Anchorage, Alas

ka 
R.P. Emmanuel, U.S. Geological Survey, Anchorage, 

Alaska 
G.L. Guymon, University of California, Irvine, 

California 
s. Jones, u.s. Geological Survey, Anchorage, Alas-

ka 
J. Knott, u. s. Geological Survey, Anchorage, Alas-

ka 
R. Lamke, u.s. Geological Survey, Anchorage, Alas-

ka 
o. E. Lawson, CRREL, Hanover• New Hampshire 
F.A. Michel, Carleton University, Ottawa, Canada 
B. Parks, u.s. Geological Survey, Fairbanks, Alas

ka 
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c.w. Slaughter, Institute of Northern Forestry, 
Fairbanks, Alaska 

J. Stein, University of Alaska, Fairbanks, Alaska 
C.E. Sloan, U.S. Geological Survey, Anchorage, 

Alaska 
D. Trabant, U.S. Geological Survey, Fairbanks, 

Alaska 
J.R. Williams, U.S. Geological Survey, Menlo Park, 

California 
M.K. Woo, McMaster University, Hamilton, Canada 
c. Zenone, U.S. Geological Survey, Anchorage, 

Alaska 

Environ•ntal 
D. Billings, Duke University, Durham, North 

Carolina 
L.C. Bliss, University of Washington, Seattle, 

Washington 
F.S. Chapin, University of Alaska, Fairbanks, 

Alaska 
R. Densmore, University of Alaska, Fairbanks, 

Alaska 
J.V. Drew, University of Alaska, Fairbanks, Alaska 
C.T. Dyrness, Institute of Northern Forestry, 

Fairbanks, Alaska 
R.O. van Everdingen, Envirooment Canada, Calgary, 

Canada 
K.R. Everett, The Ohio State University, Columbus, 

Ohio 
w. Gabriel, Bureau of Land Management, Anchorage, 

Alaska 
L.w. Gatto, CRREL, Hanover, New Hampshire 
G. Guymon, University of California, Irvine, Cali-

fornia 
L.R. Hettinger, Dames and Moore, Golden, Colorado 
M.L. Hiensel .. n, St. Paul, Minnesota 
A.W. Johnson, San Diego State University, San Di-

ego, California 
L.A. Johnson, CRREL, Fairbanks, Alaska 
P.L. Johnson, Lamar University, BeaU111ont, Texas 
G. Juday, Institute of Northern Forestry, Fair

banks, Alaska 
G.P. Kershaw, University of Alberta, Edmonton, 

Canada 
A.E. Linkins, Virginia Polytechnic Institute, 

Blacksburg, Virginia 
D.K. MacKay, National Hydrology Research Insti

tute, Ottawa, Canada 
J. Major, University of California, Davis, Cali

fornia 
J.V. Matthews, Geological Survey of Canada, Otta

wa, Canada 
J.D. McKendriclt, Agricultural Research Center, 

Palmer, Alaska 
w. Mitchell, Agricultural Research Center, Palmer, 

Alaska 
D.M. Murray, University of Alaska, Fairbanks, 

Alaska 
S.I. Outcalt, University of Michigan, Ann Arbor, 

Michigan 
W.A. Patterson III, University of Massachusetts, 

Alllberst, Massachusetts 
c. Racine, Johnson State College, Johnson, Vermont 
W.R. Rouse, McMaster University, Hamilton, Canada 
G.R. Shaver, Marine Biological Laboratory, Woods 

Hole, Massachusetts 
c.w. Slaughter, Institute of Northern Forestry, 

Fairbanks, Alaska 
B. Sveinbjornsson, University of Alaska, Anchor

age, Alaska 
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J. Svoboda, University of Toronto, Mississauga, 
Canada 

L.L. Tieszen, Augustana College, Sioux Palls, 
South Dakota 

K. Van Cleve, University of Alaska, Fairbanks, 
Alaska 

D.A. Walker, University of Colorado, Boulder, 
Colorado 

P.J. Webber, University of Colorado, Boulder, Col
orado 

R. Wein, University of New Brunswick, Fredericton, 
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Canada 
G. Weller, University of Alaska, Pairbanka, Alaska 
B. Willard, Boulder, Colorado 
M. Wilson, University of Calgary, Calgary, Canada 
H.K. Woo, McMaster University, llaallton, Canada 
J. Yarie, University of Alaska, Fairbanks, Alaska 
s. Young, Center for Northern Studies, Wolcott, 

Vermont 
J. Zasada, Institute of Northern Forestry, Fair

banks, Alaska 
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Appendix D: Participation 

Approximately 900 individuals from 25 countries participated in the conference. Statistics on 
participation are provided in Tables 1 and 2. Names and addresses of all participants are given in 
this Appendix with an indication of field trips in which each participated. 

Table 1. Registration and National Representation. 

Resist ration Participation by Country 

Full 627 United States 595 Norway 3 
Spouses 80 Canada 122 Netherlands 3 
Students 72 People's Republic of Olina 20 Belgim 3 
Daily ..fl. Federal Republic of Germany 18 France 2 

United Kingdcm 16 Czechoslovakia 1 
Total 851 Switzerland 8 Argentina 1 

USSR 6 Olile 1 
Finland 5 Poland 1 
Japan 5 Iceland 1 

(does not include press, Sweden 5 Australia 1 
dignitaries and support Denmark 5 Austria 1 
staffs) ltal:t 4 South Africa 1 

Table 2. North American Participation. 

Federal ~encies 

Alaska Non-Alaska Canada Total 

u.s. Departments 
Interior 

BLH 22 0 
USGS 7 9 
HHS 2 0 
MPS 2 0 
BIA, FWS, other 2 1 

Agriculture 
Forest Service 4 0 
scs 7 0 

Transportation 
FllWA 2 1 
Alaska Railroad 2 0 

Defense 
CRREL 5 16 
Other Army 4 3 
Air Force 1 1 

Energy (incl. National labs) 0 5 
Office of Federal Inspector 3 2 
NASA 0 2 
NSF 0 1 

u.s. Total 63 4T 104 

Canadian Federal Agencies 23 23 
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Table 2 (cont'd). North American Participation. 

Alaska Non-Alaska Canada 

State, Local and Provincial Go'Vernments 

State of Alaska 
Transportation 
Environmental Conservation 
Natural Resources - DGGS 

State Government 
Local Government 

ocs 

Canadian Provincial Government 

United States 
Canada 
Students 

43 
5 
7 
1 
6 
5 

Universities 

51 

21 

Private and Others 

Consulting and Industry 
Spouses 
Others 

116 
22 

8 

62 

22 

76 
35 
11 

2 

37 
15 

25 
12 
8 

67 
2 

113 
37 
58 

217 
69 
27 
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•-. 

Rohn D. Abbot 
Shannon I Wilson, Inc. 
P.O. Box 843 
Fairbanks, AK 99707 

Jaime Aguirre-Puente (A-2) 
17 Avenue d'Alembert 
g2160 Antony 
FRANCE 

Kristina Ahlnaes 
Geophysical Institute 
University of Alaska 
Fairbanks, AK 99701 

Satoshi Akagawa (B-6) 
4-17 Etchujima, 3-ChOllle 
Koto-Ku, Tokyo 135 
JAPAN 

Jonas Akenaan (B-3) 
Dept.of Physical Geography 
Solvevgatan 13 S-223 62 
Lund, 
SWEDEN 

TOii Albert 
North Slope Borough 
Box 69 
Barrow, AK 99723 

Ja111es w. Aldrich 
Hydro-Con 
P.O. Box 60007 
Fairbanks, AK 99707 

Vera Alexander 
Institute of Marine Science 
University of Alaska 
Fairbanks, AK 99701 

Muha ... d Allzad Ali 
Gulf Oil Corporation 
P.O. Box 36506 
11000 s. Wilcrest Dr. 
Houston, TX 77236 

Bernard D. Alkire 
Civil Engineering Dept. 
Michigan Tech. Univ. 
Houghton, Ml 49931 

Registrants 

Harriet D. Allen 
Dept. of Geography 
Downing Place 
Callbridge, CB2 JEN 
ENGLAND 

Del Allison 
100 Dunbar Ave 
Fairbanks, AK 99701 

Allos J. and Catherine Alter 
P.O. Box 304 
Juneau, AK 99802 

Jalaiar v. Alto 
Alyeska Pipeline Service Co. 
1835 s. Bragaw Street 
Anchorage, AK 99512 

Orlando B. Andersland (A-1) 
Dept. of Civil Engineering 
Michigan State University 
East Lansing, Ml 48824 

Duwayne M. and June Anderson 
FNSM Dean's Office 
State University of NY/Buffalo 
Buffalo, NY 14260 

Martha Andrews 
Inst. of Arctic Alpine Research 
University of Colorado 
C•pus Box 450 
Boulder, CO 80309 

Steven A. Arcone 
CRREL 
72 L,y111e Road 
Hanover, NH 03755 

W11 l 1am Ashton 
Box 81372 
College, AK 99708 

Andrew Assur 
CRREL 
72 Lyme Road 
Hanover, NH 03755 

O.J. Astarita 
Alaska lnt'l. Construction 
P.O. Box 1410 
Fairbanks, AK 99707 
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Carl Baek-Madsen (A-1, B-6) 
Danish Geotechnical Inst. 
1 Maglebiergvei, DK-2880 
L,yngby 
DENMARK 

Dhari Bahiat 
Conoco 
2661 Bl uestem 
Ponca City, OK 74601 

Pal111er Bailey (A-2) 
25 3rd Infantry Road 
Ft. Leavenworth, KS 66027 

Grant C. Baker 
P.O. Box 82448 
Fairbanks, AK 99708 

ThOllaS Baker (B-4) 
Geophysical Institute 
University of Alaska 
Fairbanks, AK 99701 

Richard and Carolyn Baldwin 
ARCO Oil and Gas Co. 
8881 Pioneer Drive 
Anchorage, AK 99504 

James T. Bales (A-1, 8-4) 
Sergent, Hauskins I Beckwith 
8643 E. Buena Terra 
Scottsdale, AZ 85253 

S. Banerjee 
University of Washington 
132 E. Moore Hall FX-10 
Seattle, WA 98195 

Mary Bannister 
Quadra Engineering 
401 E. Fireweed Ln. 
Anchorage, AK 99503 

Martin Barnett (A-1) 
Dept. of Indian I Northern 

Affairs 
Ottawa KlA OH4 
CANADA 

William Barr (A-2, B-3) 
Dept. of Geography 
University of Saskatchewan 
Saskatoon, Saskatchewan S7N owo 
CANADA 
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Jay Barton 
The Barton Group 
P.O. Box 36360 
Tucson, AZ 85740 

Conrad Baumgartner 
Dept. Renewable Resources 
Gov't of Yukon 
Box 2703 
Whitehorse, Yukon Territory 
CANADA 

Peter Bayliss (A-1, B-4) 
Geology & Geophysics Dept. 
University of Calgary 
Calgary, Alberta T2N 1N4 
CANADA 

Anthony Beaty 
Royal Military College 
Kingston, Ontario 
KFM555 
CANADA 

Gerard Beaudoin 
AMOCO Production Co. 
AMOCO Bldg. 
Denver, CO 80202 

Robert c. Beck (A-1) 
Bechtel Civil and Mineral Inc. 
P.O. Box 3965 
San Francisco, CA 94119 

Anne-Christina Bedegrew (B-4) 
4850 156th Avenue, N.E. 
Apartment 20 
Redmond, WA 98052 

Bjorn Bederson (B-4) 
Fylkeshuset 
6400 Molde 
NORWAY 

Earl H. Beistline 
Mining Consultant 
P.O. Box 80148 
Fairbanks, AK 99708 

J. R. Bell 
Civil Engr. Dept. 
Oregon State University 
Corvallis, OR 97331 

John W. Bell (B-4) 
Nevada Bureau of Mines-Geology 
University of Nevada 
Reno, NV 89557 
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John Bendz 
Quadra Engineering 
401 E. Fireweed Ave. 
Anchorage, AK 99503 

William G. Benjey 
Minerals Management Service 
P.O. Box 101159 
Anchorage, AK 99510 

Lawrence Bennett 
University of Alaska 
Dept. of Engineering Management 
133 Duckering 
Fairbanks, AK 99701 

Carl S. Benson 
Geophysical Institute 
University of Alaska 
Fairbanks, AK 99701 

Richard L. Berg 
CRREL 
72 Lyme Road 
Hanover, NH 03755 

Michael B. and Sidsel Bergmann 
1221 Shore Drive 
Anchorage, AK 99515 

John Best 
ARCO Alaska 
P.O. Box 360 
Anchorage, AK 99510 

C. Birch 
Alaska Dept. of Transportation 

and Public Facilities 
2301 Peger Road 
Fairbanks, AK 99701 

Charles Bisbee 
Bechtel Petroleum 
P.O. Box 3456 
San Francisco, CA 94119 

Roy and Pauline Bjornson 
Petro-Canada 
4008 - 5th Ave., s.w. 
Calgary, Alberta T3C OCl 
CANADA 
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