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Preface 

Perenn ia l ly  frozen ground, or permafrost ,  un- 
der l i e s   an   e s t ima ted   20   pe rcen t  of t he   l and   su r -  
f a c e  o f  t h e   e a r t h .  It a f f e c t s  many human a c t i v i -  
ties, c a u s i n g   u n i q u e   p r o b l e m   i n   a g r i c u l t u r e ,  min- 
ing ,  water supply,  sewage  disposal,  and  construc- 
t i o n  o f  a i r f i e l d s ,   r o a d s ,   r a i l r o a d s ,   u r b a n  areas, 
and o i l  and  gas  pipelines.   Therefore,   understand- 
i n g  of i t s  d i s t r i b u t i o n  and  behavior is e s s e n t i a l .  

Although t h e   e x i s t e n c e  of permafrost   has  been 
known t o   t h e   i n h a b i t a n t s  of S i b e r i a   f o r   c e n t u r i e s ,  
n o t   u n t i l  1836 d i d   s c i e n t i s t s  of the Western  world 
take s e r i o u s l y   t h e   a c c o u n t s  of th ick   f rozen   ground 
ex i s t ing   unde r   t he   fo re s t s   and   t undra  of no r the rn  
Eurasia.  In that  year,  Alexander  Theodor  von Mid- 
dendorf   wasured  temperatures   to  a depth  of  ap- 
proximately 107 m i n  permafrost  i n  the Shargin 
Shaft ,   an  unsucceseful  well dug i n  Yakutsk f o r   t h e  
governor  of  the  Russian-Alaskan  Trading Company. 
It was es t ima ted   t ha t   t he   pe rmaf ros t   t he re  was  215 
m th ick .  For over a century   s ince   then ,   sc ien-  
t i s ts  and   engineers   in   S iber ia   have   been   ac t ive ly  
s tudy ing   pe rmaf ros t   and   app ly ing   t he   r e su l t s  of 
t h e i r   r e s e a r c h   i n  the development of the  region.  
Similar ly ,   prospectors   and  explorers   have  been 
aware of permafros t   in   nor thern   Nor th   Alser ica   for  
many yea r s ,   bu t   no t   un t i l  World War I1 were sys- 
tematic s tudies   under taken  by scientists and  engi- 
n e e r s   i n   t h e   U n i t e d   S t a t e s   a n d  Canada. 

s e a r c h   i n t o   t h e   s c i e n t i f i c  and  engineer ing  aspects  
of f rozen   g round   s ince   t he  la te  1940s i n  Canada, 
the Uni t ed   S t a t e s ,   t he  USSR, and, more r e c e n t l y ,  
the   People ' s   Republ ic  of  China,  and  Japan, among 
o the r   coun t r i e s ,  i t  becam apparent  that scien- 
tists and  engineers  working in t h e   f i e l d   n e e d e d   t o  
exchange  information on a n   i n t e r n a t i o n a l   l e v e l .  
The F i r s t   I n t e r n a t i o n a l   C o n f e r e n c e  on Permafrost  
was t h e r e f o r e   h e l d   i n   t h e   U n i t e d   S t a t e s  a t  Purdue 
Univers i ty  in 1963. This r e l a t i v e l y  small confer- 
ence was extremely  successful   and  yielded a publ i -  
c a t i o n   t h a t  is s t i l l  used  throughout  the  world. 
I n  1973 approximately 400 p a r t i c i p a n t s   a t t e n d e d  
t h e  Second  International  Conference on Permafrost  
i n  Yakutsk,   Siberia,  USSR.  By t h a t  time i t  had 
become apparent   tha t  a conference  should  be  held 
every 5 years  or so, t o   b r i n g   t o g e t h e r   s c i e n t i s t s  
and   engineers   to   hear   and   d i scuss   the  latest de- 
velopments i n  their f i e l d s .  Thus i n  1978 Canada 

As a r e s u l t  of t h e   e x p l o s i v e   i n c r e a s e   i n  re- 

hos ted  the Thi rd   In te rna t lona l   Conference  on Per- 
mafrost  in Edmonton, A l b e r t a ,   i n c l u d i n g   f i e l d  
t r i p s   t o   n o r t h e r n  Canada. Approximately 450 par- 
t i c i p a n t s  from 14 nat ions  a t tended,   and  Chinese 
s c i e n t i s t s  were   p resent   for  the f i r s t  time. The 
published  proceedings of a l l  t h r e e  of t h e s e  con- 
f e rences  are a v a i l a b l e  (see p. 413). 

S t a t e s  would hos t  the fourth  conference,   and a 
fo rma l   o f f e r  was made by t he   Un ive r s i ty  of Alas- 
ka. Subsequent ly ,   the   Four th   In te rna t iona l  Con- 
f e rence  on Permafrost  was held a t  t h e   U n i v e r s i t y  
of Alaska a t  Fairbanks,   July 17-22,  1983. It was 
organized  and  cosponsored by committees of t h e  
Po la r  Research Board of the Nat iona l  Academy of 
Sciences  and the S t a t e  of Alaska.  Local  and ex- 
t e n d e d   f i e l d   t r i p s   t o   v a r i o u s   p a r t s  of t h e  state 
and  northwestern  Canada, t o  examine  permafrost 
f e a t u r e s ,  were made an i n t e g r a l   p a r t  of t h e  con- 
f erence. 

numerous a c t i v i t i e s ,  and 350 papers  and  poster 
d i sp l ays  from 25 coun t r i e s  were p r e s e n t e d   a t   t h e  
conference. Many e n g i n e e r i n g   a n d   s c i e n t i f i c   d i s -  
c i p l i n e s  were r e p r e s e n t e d ,   i n c l u d i n g   c i v i l  and 
mechanical   engineer ing,  so i l  mechanics ,   g lacial  
and per iglacial   geology,   geophysics ,   marine sci- 
ence,   cl imatology, s o i l  science,  hydrology,  and 
ecology. The formal  program  consisted of pane l  
discussions  fol lowed by paper  and  poster  presen- 
t a t ions .  The panels   considered  the  fol lowing 
themes: p ipe l ines ,  climatic change  and  geothermal 
regime,  deep  foundations  and embankments,  perma- 
f r o s t   t e r r a i n  and   envi ronmenta l   p ro tec t ion ,   f ros t  
heave  and ice segregat ion,   and  subsea  permafrost .  

l i s h e d   i n  the f i r s t  volume  of the proceedings. 
Reports of pane l   and   p lenary   sess ions ,   addi t iona l  
con t r ibu ted   pape r s   and   abs t r ac t s ,  summaries of 
f i e l d   t r i p s ,  and l ists  of p a r t i c i p a n t s  are inc lud-  
ed i n  t h i s  second volume. 

The U.S. Organizing  Committee is indeb ted   t o  
t h e  many sponsors for their f i n a n c i a l   s u p p o r t ,   t o  
the   t echnica l   and   profess iona l   o rganiza t ions   which  
p a r t i c i p a t e d  in t h e  program,  and t o   t h e   l o c a l  
F a i r b a n k s   o r g a n i z e r s   f o r   t h e i r   e f f o r t s ,  which re- 
s u l t e d   i n  a highly  successful   meet ing.  

In Edmonton i t  was dec ided   t ha t  the United 

Approximately 900 p e o p l e   p a r t i c i p a t e d   i n   t h e  

A t o t a l  of 276 cont r ibu ted   papers  were pub- 
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Opening Plenary Session 
Monday, July 18, 1983 

TROY L. P d ~  - Ladies  and  gentlemen: Welcome t o  
the   formal   sess ions  of the Four th   In t e rna t iona l  
Conference on Permafrost. I am Troy P h 6 ,  Chair- 
umn of the Organizing  Committee f o r   t h e  Confer- 
ence. We, the Organizing  Committee, eubcommit- 
tees, s t a f f ,  and many o the r s ,  are p leased   t o   have  
you h e r e   a n d   i n v i t e  you t o   p a r t i c i p a t e  in and a t -  
t end  the panel,   paper,   and  poster  sessions,  the 
l o c a l   f i e l d   t r i p s ,  the e x t e n d e d   f i e l d   t r i p s ,   a n d  
s o c i a l   e v e n t s .  Today, I will f i rs t  in t roduce  our 
f ron t - t ab le   d ign i t a r i e s   and   t hen   o f f e r  a few  words 
about   permafrost   research  his tory.  This w i l l  be 
followed by words of  welcome from  Alaskan  and in- 
t e r n a t i o n a l   p a r t i c i p a n t s .  

It i s  my pleasure  t o  in t roduce  the persons a t  
t h e   f r o n t   t a b l e .  A t  my f a r   r i g h t  [not v i s i b l e   i n  
photograph] i s  Dr. J e r r y  Brown of t h e  Cold  Regions 
Research and  Engineering  Laboratory, who i s  repre- 
s en t ing   t he   Po la r   Resea rch  Board of the   Uni ted  
S t a t e s   N a t i o n a l  Academy of Sciences  and i s  the 
Chairman of the  Permafrost  Committee of t h e   P o l a r  
Research Board. He i s  a l s o  a member of our Organ- 
i z ing  Committee. Next t o  Dr. Brown i s  Mr. L i  Yu- 
sheng, Vice P r i n c i p a l  of the Chinese Academy of 
Railway  Sciences of che Ministry of  Railways  from 
Be i j ing ,  China. He 1s the co-leader of the   de le -  
gat ion  f rom the People's  Republic of China.  Next 

i s  Dr .  Jay  Barton,   President  of t he   Un ive r s i ty  of 
Alaska  Statewide  System  and a member of the Organ- 
i z i n g  Committee. On my immediate  r ight i s  Acade- 
ndcian P.I. Melnikov of t h e  Academy of Sciences of 
t h e  USSR, Di rec to r  of t h e   P e r m a f r o s t   I n s t i t u t e  of 
Yakutsk.  Siberia,  and  the  head of t h e   d e l e g a t i o n  
from the USSR. On my immediate l e f t   [ n o t   v i s i b l e  
i n  photograph] i s  Professor  Shi  Yafeng,  Director 
of t h e  Lanzhou I n s t i t u t e  of Glaciology  and Cryo- 
pedology,  and  Deputy  Chief,  Division of Earth Sci-  
ences,  Academia Sinica.  He is the   co- leader  of 
the  delegat ion  f rom  the  People 's   Republ ic  of China. 
Next is Mr. Daniel  A. Casey, Commissioner of t h e  
Department of Transpor ta t ion  and P u b l i c   F a c i l i t i e s  
of t h e  S t a t e  of Alaska,   representing  the  Governor 
of Alaska. We are p leased   t o   have  D r .  Hugh French 
of t he   Un ive r s i ty  of Ottawa, and Chairman of t h e  
Permafrost  Subcommittee of the  Nat ional   Research 
Council  of Canada. He i s  r e p r e s e n t i n g   t h e  Cana- 
d ian   de lega t ion .  Next t o  Dr .  French i s  Mr. B i l l  
B. Allen,  Mayor  of the  Fairbanks  North  Star  Bor- 
ough,  Alaska. On my far  l e f t  i s  Dr. J. Ross Mac- 
kay ,   P ro fes so r   a t   t he   Un ive r s i ty  of B r i t i s h  Colum- 
bia,  and  former  Chairman  of  the Ground I c e  D i v i -  
s i o n  of t h e   I n t e r n a t i o n a l  Commlssion on Snm and 
Ice, I n t e r n a t i o n a l  Union  of  Geodesy and Geophys- 
ics. 
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S c i e n t i s t s  and  engineers of t h e   U n i t e d   S t a t e s ,  
and   espec ia l ly  of Alaska,  have  waited many years  
f o r  t h i s  occas ion ,  a time when t h e   e x p e r t s  in the  
f i e l d  of the   s tudy  of frozen  ground  from a l l  over 
the  world would be gathered  here  in c e n t r a l  Alas- 
ka ,  an area of perennial ly   f rozen  ground.  A l -  
t h o u g h   t h e   f i r s t   i n v i t a t i o n   t o  meet he re  was is -  
sued  only 10 years  ago, a t  t h e  Second In t e rna t ion -  
a l  Conference  on  Permafrost i n  Yakutsk,   Siber ia ,  
earlier workers   deal ing with frozen  ground in 
Alaska, 70 and 80 years  ago -- the   gold  miners  -- 
m e t  have  been  thinking that miners in o the r  coun- 
tries su re ly   had   ea s i e r  ways t o  thaw t h e  ground t o  
o b t a i n  the g o l d   t h a n   t o   u s e  a l i t t l e  wood-burning 
steam b o i l e r  that  was a v a i l a b l e  a t  the time. 

about  permafrost  i n  Alaska. The best-documented 
ear ly   account  of permafrost  is from a v i s i t   i n  
1816 by t h e  German explorer  Lt.   Otto  von  Kotzebue, 
t o  what i s  now called  Kotzebue Sound i n   w e s t e r n  
Alaska. He descr ibed  che fossils  in t he   f rozen  
ground a t  a p lace  later termed  "Elephant  Point" by 
the Englishman LC. Beechey i n  1836, who a l s o  ex- 
amined the permafrost   cropping  out   in  the sea 
c l i f f s .   O t h e r   e a r l y   r e p o r t s  of s c i e n t i s t s   s e e k i n g  
remains of  P l e i s t o c e n e   v e r t e b r a t e s   i n   t h e   f r o z e n  
ground  a l so   descr ibe  the permafrost  phenornena. 

But it was t h e  gold miners i n  c e n t r a l  and 
western  Alaska,  from  the  end of t he   19 th   cen tu ry  
un t i l   t he   1940 '8 ,  who were the main s o p h i s t i c a t e d  
and   msoph i s t i ca t ed   s tuden t s  of t h e   s t u d y  of per- 
mafrost  in Alaska,  but  only as a by-product  of  ex- 
t rac t ing   the   go ld   f rom  the   g round.  

Only 10 km from here, many a miner became a l l  
t o o   f a m i l i a r  with t h e  small scale p rob lem of f ro-  
zen  ground as he pa in fu l ly  thawed a s h a f t  down t o  
bedrock.  Later,   large-scale  mining  operations 
were inven ted   t o  remove the gold  f rom  the  f rozen 
g round ,   c r ea t ing   p robab ly   t he   l a rges t   s ing le  ar t i -  
f i c i a l   e x p o s u r e  of permafrost  i n  North  America, 
t h e  Gold H i l l  Cut,  which was  1.5 km long  and 70 m 
deep. It was from  such  exposures  that   basic in- 
formation on the o r i g i n  and  age o f  permafrost  and 
associated  ground ice was obtained. 

t h e  c r i t i ca l  problems were encountered on a l a r g e  
scale--problem  deal ing with permafrost  in t h e  
cons t ruc t ion  of a i r f i e l d s ,   r o a d s ,   a n d   b u i l d i n g s   i n  
th is  p e r e n n i a l l y   f r o z e n   t e r r a i n  of North  America. 
It was i n  1944 t h a t  the f i r s t  book in Engl i sh  on 

Those  miners were n o t   t h e   f i r s t  one6 t o   t h i n k  

But i t  was dur ing   and   a f t e r  World War I1 t h a t  

cons t ruc t ion   p rob lem i n  permaf ros t   t e r r a in  ap- 
peared. It was compiled  from  the  Soviet  litera- 
t u r e  by Dr. Simon W. Muller. 

i n   t h e  l a t e  40'8, 50's and   ea r ly  ~ O ' S ,  i nves t iga -  
to rs   f rom  the   Uni ted   S ta tes ,   Canada ,   and   S iber ia  
f e l t  more  of a need t o  exchange  information on an 
i n t e r n a t i o n a l  scale, and a small i n t e r n a t i o n a l  
conference on permafrost ,  with mainly the United 
S t a t e s ,  Canada,  and t h e  USSR p a r t i c i p a t i n g ,  was 
h e l d   i n  1963, 20 years  ago, a t  Purdue  University.  
This  has become  known as the F i r s t   I n t e r n a t i o n a l  
Conference on Permafrost. It wa6 followed by t h e  
Second Internat ional   Conference  on  Permafrost  10 
years  la ter  i n  Yakutsk,   Siberia,   under  the  guid- 
ance of  Academician P.I. Melnikov. 

and  engineer ing of f rozen   ground  l i t e ra l ly   explod-  
ed in a l l  areas, e s p e c i a l l y   i n  two new major 
f i e l d s ,  one  dealing  with  the  production  and  trans- 
p o r t a t i o n  of o i l  and  gas in   pe rmaf ros t   r eg ions ,  
and the   o the r   w i th   t he   s tudy  of permafrost   under 
t h e  sea, permafrost  o f  t he   Arc t i c   Con t inen ta l  
She l f .   These   e f fo r t s ,   e spec ia l ly   cons t ruc t ion   o f  
t h e  Alaska pipeline,   have  pushed the term "perma- 
f ros t "   and  knowledge o f  its general   importance  in-  
t o  the minds  of t h e   g e n e r a l   p u b l i c ,   e s , p e c i a l l y  
when it a f f e c t s   t h e   p r i c e  of t h e   g a s o l i n e   t h a t  man 
must p u t   i n   h i s   a u t o m o b i l e s .  

The Third  Permafrost   Conference was h e l d   i n  
Edmonton in 1978, under the d i r e c t i o n  of the l a t e  
D r .  R.J.E. Brown. It hos ted  500 people,  and 150 
papers were presented. Here, the  western  world 
f i r s t  learned  of t he   ex i s t ence   and   w ide   d i s t r ibu -  
tion of pe rmaf ros t   i n   t he   Peop le ' s   Repub l i c  of 
China,  and of the research  being  undertaken on 
f rozen   ground  there .   S ta r t ing   wi th   the   Thi rd  Con- 
f e r e n c e ,   d e t a i l s   f o r  the 5 years  of p l ann ing   fo r  
the   Four th   In te rna t iona l   Conference   began   to   t ake  
shape. 

Pe rmaf ros t ,   i n  the heart o f  permafros t   count ry   in  
the Uni ted   S ta tes ,  i s  f i n a l l y  underway, I have 
been t o l d   t h a t ,  so f a r ,  800 people   have  regis tered 
and t h a t  350 c o n t r i b u t i o n s   a r e   l i s t e d  on the   pro-  
gram. 

T O  welcolne us here today, as t he   r ep resen ta -  
t i v e  of B i l l  Sheffield,   Governor of t h e   S t a t e  of 
Alaska, i s  his  Commissioner of  Transportat ion  and 
P u b l i c   F a c i l i t i e s ,  Mr. Daniel A. Casey. 

With the rapid  growth of permafrost  knowledge 

I n   t h e  last  10   yea r s ,   s tud ie s   on   t he   s c i ence  

Today, the  Fourth  Internat ional   Conference on 



DANIEL A. CASEY - Thank  you very much, D r .  P6wWe. 
Ladies  and  gentlemen,  and  dist inguished  foreign 
v i s i t o r s :   F i r s t ,  l e t  me s a y   t h a t  I hope you have 
time t o   g e t  Out and  do a l i t t l e  playing  and  not 
only  working  and  studying. I knw that  such i s  
your  primary  reason  for  being here, but  Fairbanks 
i s  one of t h e   b e s t   p l a c e s   t o   b e   i n   A l a s k a   i n   t h e  
summer. I hope t h a t  you have  taken  the time t o  
schedule so= f i s h i n g ,   s i g h t s e e i n g ,   o r  a l e i s u r e l y  
t r i p   o u t s i d e  the s ta te  a t  the end of your  confer- 
ence. 

On behalf of Governor  Sheffield,  i t  g ives  re 
g r e a t   p l e a s u r e   t o   e x t e n d  a welcome t o  the   s c i en -  
t i s ts  and  engineers  from a l l  over   the  world who 
have  assembled  here   for   this   conference.  As Com- 
miss ioner  of the  Alaska  Department of Transporta- 
t i o n   a n d   P u b l i c   F a c i l i t i e s ,  I can  say my depar t -  
ment dea ls   da i ly   wi th   the   b road   range  o f  perma- 
frost-related  problems,  which affect  highways, 
b r idges ,   a i rpo r t s ,   and   sho r t ly ,  I imagine, rail- 
roads,  building  foundations  and  communication- 
suppor t ing   s t ruc tu res .  It i s  a l s o  for t h i s  rea- 
son t ha t   t he   depa r tmen t ,  on behalf  of t h e   S t a t e  
of Alaska, i s  a co-sponsor of t h i s  conference. 

Because  permafrost   underlies more than   four -  
f i f t h s  of our state, we are cont inuous ly   a f fec ted  
by the eng inee r ing   cha l l enges   p re sen ted   t o   u s  by 
these phenomena, and we mst r e l y  on t h e   o t h e r  po- 
lar  c o u n t r i e s   t o   h e l p  UE so lve  these cha l lenges .  
Many of these  problems will be e v i d e n t   t o   t h o s e  of 
you who t a k e  the l o c a l   f i e l d   t r i p s   o r  who have  had 
a n   o p p o r t u n i t y   t o  go t o  Prudhoe Bay o r  down t h e  
Richardson Highway.  The problem  a re   un ique   and  
fasc ina t ing ;   and  so are some of  t h e   s o l u t i o n s .  
They sometines  prove  an  embarrassment t o   t h e   e n g i -  
nee r s  of our  department, as the t r a v e l i n g   p u b l i c  
assumes t h a t  we have   r eady   so lu t ions   i n  hand. I 
am proud t o   n o t e   t h a t   s e v e r a l  employees o f  t h e  De- 
partrnent of Transpor ta t ion  will be   present ing  some 
o f  t h e s e   s o l u t i o n s   i n   p a p e r s   d u r i n g  this confer- 
ence. 

J u s t   p r i o r   t o   j o i n i n g   t h e   G o v e r n o r ' s   c a b i n e t  
ear l ier  t h i s  year ,  i t  was my p leasu re   t o   head  the 
A t l a n t i c   R i c h f i e l d  Company's construction  program 
a t  Prudhoe Bay. Over t h e   s i x   y e a r s  that  I was 
a s s o c i a t e d   w i t h   t h a t   e f f o r t ,  my understanding of 
permafrost  grew tremendously. The p r o j e c t ,  which 
many of you have  had or wil l   have   an   oppor tuni ty  
t o  see on  the  North  Slope,  began in t h e  classic 
phases   tha t  a project   goes   through,   but  compounded 

by t h e   f a c t   t h a t  it was in the Far  North. The 
first  ques t ion  tha t  we were challenged  with  back 
i n  1974-1975 i n  the  design  phases  was: Would it 
work? I f  we put  those  big  modules on p i l i n g s ,  
would  they sink i n t o  the ground o r  would they   s t ay  
up? And, of course ,  some of t h e  more subt le   ques-  
t i o n s  in t e r n  of long-term  creep  and  road  stabil-  
i t y  and  road  clearing were foremost i n  our minds. 

As everyone knows, those   cha l lenges  were met, 
j u s t  as the   cha l l enges  of road  construct ion  and 
bui ld ing   cons t ruc t ion   th roughout  the state have 
been met. But I share   wi th  you one  personal  per- 
spec t ive ,  and t h a t  is tha t   t he   cha l l enge   t oday   i n  
permafrost   engineer ing is not what will work, but 
what w i l l  work most e f f i c i e n t l y .  H o w  can we do 
the same t h i n g s   t h a t  we have now become accustomed 
t o   d o i n g   i n   t h e   p e r m a f r o s t  regions, but  do them 
for   fewer   do l la ra  so t h a t  we can   ge t   fu r the r   a long  
i n  the cons t ruc t ion  of o u r   f a c i l i t i e s  and so they 
can last a longer  time. 

been s t a t e d  i n  t h e   s c i e n t i f i c  community t h a t  a 
g loba l  warming t rend  may be a t  hand. It would  be 
use fu l ,  I t h i n k ,   f o r  US p r a c t i t i o n e r s   i f  you d i s -  
cussed  your   out look  on  the  global  warming trend. 
And i f  Alaska i s  to   be   f aced  i n  t h e   f o r e s e e a b l e  
f u t u r e  w i t h  such a warming t rend ,  as well as t h e  
rest of the   po lar - r im  count r ies ,  we need  to  know 
t h e   s i g n i f i c a n c e  of t ha t  t r end  and the   t iming  o f  
it. As a consequence of th i s  threa t ,   our   h igh-  
ways, a i rpor t s ,   b r idges ,   bu i ld ings ,   and   p ipe l ines  
that  are b u i l t  on permafrost  may face   an   increas-  
i n g  rate of d e t e r i o r a t i o n  as the i r   founda t ions ,  
po ten t ia l ly ,   s lowly  give way. We need t o  knaw 
from you how s e r i o u s   t h i s   f u t u r e  threat is ,  and 
how, i f  a t  a l l ,  we shou ld   p l an   fo r   t ha t   poss ib i l -  
i t y   i n   t o d a y ' s   d e s i g n s .  

and the Alaska  Department of Transpor ta t ion   and  
P u b l i c   F a c i l i t i e s ,  welcorne t o   t h e   U n i t e d   S t a t e s  
and our state. 

L e t  me c lose   w i th  a f i n a l  comment. It has  

Again, on behalf of t h e  Governor  of  Alaska, 

TROY L. P d d  - The next  speaker  might  be  described 
as the   hos t  of the conference,  inasmuch as he is 
Dr.  Jay  Barton,   President  of t h e   U n i v e r s i t y  of 
Alaska  Statewide  System. Dr. Barton is  not  only 
i n  a p o s i t i o n   t o  weLcome us   t o   t he   Un ive r s i ty ,   bu t  
has   been   an   i n t eg ra l   pa r t  of the   Organiz ing  Com- 
mittee, involved  with  the  product ion of t h e  con- 
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f e rence  on l o c a l  and i n t e r n a t i o n a l   s c a l e s .   L a d i e s  
and  gent lemen,   the  President  of t h e   U n i v e r s i t y  of 
Alaska, Dr. Jay  Barton. 

JAY BARTON - Dr. PBwB, d i s t i n g u i s h e d   g u e s t s ,   f e l -  
low s c i e n t i s t s ,   l a d i e s  and  gentlemen: It i s  with  
honor  and  pride that  I welcome you on behalf of 
the Board  of  Regents  of the University  of  Alaska 
to   t he   Four th   In t e rna t iona l   Confe rence  on Perma- 
f r o s t .  It is a t r u l y   s i g n i f i c a n t   o c c a s i o n  for t h e  
Universi ty   of  Alaska and  one  that  is quite   appro-  
p r i a t e   t o  i t s  mission. You know, some years  ago, 
Clark  Kerr, i n  a f a c e t i o u s  moment o f  whirnsy, s a i d  
t h a t  a modern u n i v e r s i t y  is r e a l l y  l i t t l e  more 
than  a c o l l e c t i o n  of conf l i c t ing   cons t i t uenc ie s  
he ld   toge ther   mos t ly  by a commn heat ing  system 
and a common shared  grievance  over  parking. But 
it is on an occas ion  like t h i s ,  I t h i n k ,   t h a t  we 
r e c o g n i z e   t h e   u n i v e r s i t y   f o r  what it t r u l y  is, a 
community  of l e a r n e r s ,  young  and o ld ,   each   learn-  
i ng  from the   other .   This  is, in Jacques  Barzun'a 
words, the house of i n t e l l e c t .  

t u red  as s o l i t a r y   t h i n k e r s .  You a l l  saw t h e  Sigma 
Xi r e p o r t  the o the r  day that  showed a l i t t l e  car- 
toon of a s c i e n t i s t  i n  deep  thought  wearing a T- 
shirt t h a t   s a i d ,  "I t h i n k ,   t h e r e f o r e  I am paid." 
But, a c t u a l l y ,  I t h i n k  we are   very   g regar ious  
people,  because i t  is i n  our   in te rac t ions   wi th  
each   o the r   t ha t  we app ly   t he   e r ro r - co r rec t ing  
wchanism that i s  i n t r i n s i c  i n  o u r   s c i e n t i f i c  
method. It is through  the  f ree   exchange of i d e a s  
and  knowledge a t  conferences   l ike  this, br inging  
t o g e t h e r   s c i e n t i s t s  from  throughout  the  world,  
that  we deepen  our  understanding of nature  and 
t h a t  we corn c l o s e   t o   a c h i e v i n g  some measure  of 
s c i e n t i f i c   t r u t h .  It is  through  the  f ree   exchange 
of i deas  and  knowledge a t   c o n f e r e n c e s   l i k e   t h i s ,  
which  br ing  together   scient is ts   f rom  throughout  
t he   wor ld ,   t ha t  we come c l o s e   t o   a c h i e v i n g   t r u e  
peace. 

I hope t h a t  you en joy   your   s e s s ions   i n  the 
next week.  Welcome to   t he   house  of i n t e l l e c t ,   t o  
t h e   U n i v e r s i t y  of Alaska. 

S c i e n t i s t s  are fond,  perhaps, of being pic- 

TROY L. P i d  - The Univers i ty  of Alaska  and  rhe 
a r e a  where we'll be   inves t iga t ing   permafros t  on 
l o c a l   f i e l d   t r i p s ,  as well as t h e   C i t y  of  Fair- 

b a n k s ,   f a l l s   i n   a n   a r e a   c a l l e d   t h e   F a i r b a n k s   N o r t h  
Star Borough. This is a v i t a l  area i n   c e n t r a l  
Alaska,   and  here   to  welcome you f o r  the Borough is 
t h e  mayor, Mr. B i l l  B. Allen. 

BILL B. ALLEN - Ladies  and  gentlemen,  and  honored 
gues t s   v i s i t i ng   f rom  fo re ign   coun t r i e s :  Welcome 
t o  our   par t  of t h e  world. Fairbanks  North  Star 
Borough is c e r t a i n l y  proud t o  have t h e   U n i v e r s i t y  
of  Alaska a t  Fairbanks as a s i te  f o r  your  confer- 
ence. A tremendous  mount of  energy  has  been  put 
i n t o  t h i s  conference by the   organizers   and  con-  
t r ibu tors .   Fa i rbanks ,   the   Golden  Heart of Alaska, 
is honored   tha t   those   e f for t s   have   cu lmina ted   in  
our community wi th   th i s   conference .  Thank  you fo r  
coming t o  our home, and I hope that  you w i l l  make 
i t  your home i n  the   next  week. I have  seen f r o m  
your  program that many of you will b e   p a r t i c i p a t -  
ing i n  some of our l o c a l   a c t i v i t i e s  while you a r e  
here. I encourage you to   t ake   advantage  of var- 
i o u s   a t t r a c t i o n s  in our   f i ne  community du r ing   t he  
next   f ive   days .  As noted  in   your   schedule ,   our  
Golden  Heart C i t y  is c e l e b r a t i n g  i t s  annual  Golden 
Days, which commemorate those   p ioneers  who came 
n o r t h   a t  the t u r n  of the cen tu ry ,   s eek ing   t he i r  
fo r tunes   i n   go ld .  And although some found  gold, 
more found  permafrost. So enjoy the h o s p i t a l i t y  
of our horae as we re-create  and remember those  who 
s t rugg led  i n  th i s   l and ,   and  who founded  our com- 
munity. 

To g ive   those  of you who are v i s i t i n g  UB some 
per spec t ive  o f  our community, the l o c a l  government 
i s  r e s p o n s i b l e   f o r   a n  area la rger   than   Nor thern  
I re land .  We have a popula t ion  of some 60,000 
people  and  an  abundance of  geo log ica l   f ea tu re s .  
To p u t   t h a t   i n   t h e   c o n t e x t  o f  this conference,  we 
have more permafrost   per  capita  than  anywhere else 
in t he   Un i t ed   S t a t e s ,  and I might  add  that  this is 
one  reason why this  conference  should  be  held  here  
i n  Alaska. We c e r t a i n l y  hope t h a t  we have  an op- 
p o r t u n i t y   t o   h o s t  you again. We have numerous  ex- 
amples o f  permafros t - re la ted  phenomena f o r  your 
f i e l d   t r i p s ,   e s p e c i a l l y   p r e p a r e d   f o r  you. Also,  
we have  nice  weather   for  you, by proclamation of 
t h e  mayor. S t r ange   t ha t  we do have  those  powers, 
bu t  we do. We have  plenty of thermokarst  p i t s ,  
pingos,  and f rost   heaves.  I would sugges t  that we 
have more f ros t   heaves   per   road  mile than  anywhere 
else i n  the Uni ted   S ta tes .   Jus t   ask  Mr. Casey 
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about  his  budget  for  maintenance. Or, j u s t   d r i v e  
down any  one of our  roads a y e a r   a f t e r  it has been 
constructed  and you w i l l  see t h a t   t h i s  i s  an  ex- 
ce l l en t   l abo ra to ry   fo r   ga the r ing   i n fo rma t ion  on 
some of the permafrost   problem which are faced by 
urban  centers .  

t e r e s t e d  I n  promoting research with which you are 
involved. We a r e   g l a d   t o  have you observe  the 
typ ica l   pe rmaf ros t   f ea tu re s  of t h i s  area, because 
we are searching   for   so lu t ions   to   the   p roblems 
that   they  cause.  That was obv ious   t o  me on my way 
h e r e   t h i s  morning. I l i v e   o u t  on Farmer's  Loop 
Road; I h i t  a permafrost  bump t h a t  was n o t   t h e r e  a 
week ago,  and I almost  broke my neck. I hope that 
you w i l l  do  something  about  those  types of t h i n g s ,  
and   he lp   us   wi th   our   p roblems  in   tha t  area. With 
s i t u a t i o n s  like this  a l l  around us, it i s  e a s y   t o  
see that  the people o f  Alaska are i n t e r e s t e d  in 
t he   r e sea rch  that  you are doing. I suppor t   us ing  
l o c a l  government   resources   in   f inding  answers   that  
a r e   e s s e n t i a l  i f  we are t o  understand  and  l ive in 
harmony with  the  permafrost   that   permeates   our  ex- 
i s t e n c e  in so many obvious ways. And as a l o c a l  
government  representative,  I will work t o  encour- 
age  those a t  t h e  state,  n a t i o n a l   a n d   i n t e r n a t i o n a l  
l e v e l s   t o  make the   necessary   f inanc ia l   and   mora l  
commitments t o  he lp  you f ind  answers   to   the  ques-  
t i o n s   t h a t  you will be   addres s ing   t h i s  week.  They 
are q u e s t i o n s   t h a t  impact the  people  who l i v e  in 
t h i s   r e g i o n  of t h e  Borough  and who must  continual-  
ly  cope with the id iosync ras i e s  of permafrost. 

through  the  United  States   Congress  of t h e  Arctic 
Research  Policy B i l l ,  which i s  sponsored by our 
Senators  Stevens  and Murkowski. This conference 
he lps   re inforce   the   needs   which   leg is la t ion   fu l -  
f i l l s   f o r  the development in the   Uni ted   S ta tes   o f  
a nat iona l   po l icy   on  arct ic  research .  We are one 
of t h e  few n a t i o n s   w i t h   t e r r i t o r i e s  in the North 
which is st i l l  without  such a policy.  I am e x c i t -  
ed  about the po ten t i a l   pos i t i ve   impac t  as a r e s u l t  
of the passage of this l e g i s l a t i o n .  Not only w i l l  
t he   p roposed   l eg i s l a t ion   e s t ab l i sh  a n a t i o n a l  arc- 
t i c  po l i cy ,  i t  will simultaneously  provide  for  a 
c lear ing   house   to  fac i l i t a te  better coord ina t ion  
and  reduce  dupl icat ion in research. It a l s o  pro- 
poses $25 mil l ion   annual ly  in research  funds.  
This   focused   e f for t  is e s s e n t i a l   i f   t h e   U n i t e d  
S t a t e s   a c c e p t s  i t s  r o l e  in t h e   r e s p o n s i b i l i t i e s   a s  
a pa r tne r   na t ion  of a r c t i c  communities. 

As a p r a c t i c a l  matter, our community is in -  

We have  been  anxiously  watching the progress  

The U.S. shou ld   p rov ide   spec i f i c   suppor t   fo r  
basic   research,   which is  e s s e n t i a l  in the  develop- 
ment and  preservat ion of community envi ronments   in  
t h i s   r eg ion .  Unique p rob lem  pose   i n t e re s t ing  
cha l lenges  t o  those  who w i s h   t o   l i v e ,  work, or 
p l a y   i n  this p a r t  of t h e  world.  The t r u e  poten- 
t i a l  of our community, our state, and a l l  reg ions  
of the Arctic and  Subarctic  cannot  be  reached un- 
t i l  our leaders   recognize  the  importance of t h e  
type  of  work which th i s   con fe rence  most ap t ly   r ep -  
resents .  We mst a l l  do  what we c a n   t o  promote 
the   educa t ion  of those  who w i l l  be making those  
decisions  which  have an impact on t he   cou r se  of 
arct ic  research. 

In c los ing ,  l e t  me thank you a g a i n   f o r   t h e  
con t r ibu t ions  you have made in permafrost  re- 
search, which  have  helped many people of the  world 
t o  cope  with  the  environment  they  l ive in. We are 
g lad  you have come t o  our community. We look for -  
ward to   t he   confe rence  and papers  which w i l l  be 
o f f e r e d   t h i s  week and t o   s u p p o r t i n g   y o u r   e f f o r t s  
in t he   fu tu re .  Thank you. 

Dr. PLw6, I have a Proclamation, if I cotiid 
t ake  a minute   to  read it [see  next   pegel .  

TROY L. P g d  - Thank  you, M r .  A l l e n ,   f o r   t h e   i n v i -  
t a t i o n   t o   i n s p e c t  your  permafrost. I am s u r e   t h a t  
in t h e   n e x t  few days we will be  examining expo- 
s u r e s  of frozen  ground  here  and the e f f e c t s  of 
frozen  ground on l i f e  i n  t h e  North. 

In t h i s  opening  session, i t  i s  our   p r iv i l ege  
t o  have soue information  presented on t h e   n a t u r e  
of t h e  latest r e s e a r c h   a n d   r e l a t e d   a c t i v i t i e s  go- 
ing on i n  the coun t r i e s  of t he   wor ld ,   e spec ia l ly  
in the major areas where  permafrost is  being  stud- 
i e d .   F i r s t ,  I would like t o   c a l l  on Academician 
Melnikov, who has  long been the l e a d i n g   f i g u r e   i n  
the s tudy  of perennial ly   f rozen  ground in the USSR 
and t h e   c h i e f   d e l e g a t e  of t h e  USSR t o  a l l  t h e  In- 
ternational  Permafrost   Conferences.  He  was hos t  
f o r   t h e  Second  Conference in Yakutsk i n  1973. 
Academician  Melnikov. 

P.I .  MELNIKOV - Respected  col leagues:  On behalf 
of t he   Sov ie t   de l ega t ion ,  I would l i k e   t o   g r e e t  
a l l   t h e   p a r t i c i p a n t s  o f  t h i s  outstanding  geocryo- 
l o g i c a l  forum who have  assemblediHete in t h e  won- 
d r o u s   S t a t e  of Alaska t o   b e a r   w i t n e s s   t o   t h e  





7 

achievements made in fundamental  and  applied  geo- 
c ryology  s ince   the   th i rd   conference .  

It has   been   f i ve   yea r s   s ince   t he   Th i rd   In t e r -  
national  Conference  on  Permafrost  was held  i n  Can- 
ada. We fondly remember the o rgan ize r s  of that  
conference who d id  their  b e s t   t o  make the   s e s s ions  
and f i e l d   t r i p s  as i n t e r e s t i n g  as poss ib le .  We 
r e g r e t   t h a t  two prominent  Canadian  geocryologists, 
D r .  R.J.E.  Brown and V. Poppe, who d id  much t o  de- 
v e l o p   t h i s   s c i e n c e  i n  Canada  and t o   f u r t h e r   s c i e n -  
t i f i c   c o n t a c t s  with fore ign   geocryologis t s ,   have  
passed away. 

menta l   and   appl ied   geocryologica l   s tud ies   have  
progressed   toge ther   wi th   the   indus t r ia l   and   eco-  
nomic  development  of  northern  permafrost  regions. 
The p r i n c i p a l   r e s u l t s  of t h e s e   i n v e s t i g a t i o n s   a r e  
set f o r t h  i n  t he   r epor t s .  Due t o   c o n s i d e r a b l e  
s c i e n t i f i c  a n d   p r a c t i c a l   e f f o r t ,  we have  been  able 
t o  inc rease   t he   e f f i c i ency  of the  development of 
n o r t h e r n   t e r r i t o r i e s  which are r i c h   i n   n a t u r a l  re- 
sources ,   including  precious  minerals .  

Explora t ion   and   ex t rac t ion  of these   minera ls ,  
however,  han  proven t o  be both  an  expensive  and 
d i f f icu l t   under tak ing .   Sc ience  is now faced   wi th  
t h e   t a s k  of developing new, more e f f e c t i v e  re- 
search  methods,   which  include  satel l i te   and geo- 
physical   surveys.  We must i n c r e a s e   b o t h   t h e   d e p t h  
and t h e   r e l i a b i l i t y  of our data.  We must also  
c r e a t e  more prec ise   ins t ruments   and  maximize auto- 
mation of research  observat ions  and  data   process-  
ing. It has become necessa ry   t o   pe r f ec t  methods 
for i n t e r p r e t i n g  sa te l l i t e  imagery  and t o   e q u i p  
t h e s e  satel l i tes  with ins t ruments   capable  of de- 
termining  not  only the presence of permafrost ,   but 
also i t s  th i ckness ,  ice con ten t ,   d i scon t inu i ty   and  
the   dep th  of seasonal  thawing. It is a l s o   d e s i r -  
ab le   to   moni tor   the   thermal -phys ica l   charac te r i s -  
t i cs .   These   da ta  will, t o  a g r e a t   e x t e n t ,  f ac i l i -  
ta te  t h e   s t u d y  of v a s t ,  almost i n a c c e s s i b l e  terri- 
to r i e s   l y ing   w i th in   t he   pe rmaf ros t  zone. We must 
l e a r n  more about  permafrost   evolution,  composi- 
t i o n ,   t e x t u r e  and   condi t ions   for   d i s t r ibu t ion .  

t i o n  of the   extreme  north  contains   considerable  
ground ice underlying the thick,   thermal- insulat-  
ing pea t  and moss cover.  Disturbance of t h i s  cov- 
er r e s u l t s  in  the   formation of thermokarsts  and 
thaw basins.  It has   t he re fo re  become necessary   to  
def ine  s t r ic t   regulat ions  governing  economic  de-  

I n  the   course  of  t he   pas t   f i ve   yea r s ,   f unda -  

The perennial ly   f rozen  ground in a major por- 

velopment,  land  use,  construction  and  environmen- 
t a l  p r o t e c t i o n   i n   t h e s e   t e r r i t o r i e s .  

r eg ions ,  we shou ld   ex tend   t he   t r a in ing  of geocry- 
ologis ts .   Both Moscow S ta t e   Un ive r s i ty   and  Ya- 
kutsk  State University  have  departments o f  geocry- 
ology  and  cryology.  There are a l s o   s p e c i a l  geo- 
cryological  academic  councils  which  monitor  doc- 
t o r a l  and  candidate theses in the  t echn ica l ,  geo- 
l o g i c a l ,  and  geographical  sciences.  Geocryolo- 
g i s t s  worldwide  should make a g r e a t e r   e f f o r t   t o  
deve lop   th i s   sc ience ,   whi le   main ta in ing   c lose  sci- 
e n t i f i c   c o n t a c t  with their  c o l l e a g u e s   i n   o t h e r  
coun t r i e s .  

We wish a l l  of  you every   success   in   your  sci- 
e n t i f i c  work  and in t h e   a c t i v i t i e s  in this confer- 
ence. 

In order   to   successfu l ly   deve lop   permafros t  

TROY L.  PgWd - Our nex t   speake r ,   r ep resen t ing   t he  
de l ega t ion  of the  People 's   Republ ic  of China, I s  
Professor  Shi  Yafeng, who i s  Direc to r  of t h e  Lan- 
zhou I n s t i t u t e  of Glaciology  and  Cryopedology o f  
the Academia Sinica.  We has been  one of t h e  or- 
gan ize r s  of permafros t   research   in   China   for  many 
years. 

SHI YAFENG - Mr. Chairman, l a d i e s  and  gentlemen: 
F i r s t  of a l l ,  on  behalf  of t h e   d e l e g a t i o n  of t h e  
People 's   Republ ic  of China, I would l i k e  t o  ex- 
p r e s s   o u r   h e a r t f e l t   t h a n k s   t o  the organizers   f rom 
the   Na t iona l  Academy of Sciences,  the S t a t e  of 
Alaska ,   and   a l so   the   Univers i ty  of Alaska,  and es- 
pec ia l ly   t o   P ro fes so r   T roy  L. P&d, Profes so r  Gun- 
ter Weller, Dr. J e r r y  Brown, and a l l  t h e  members 
of t h e  U.S. Organizing  Commit tee   for   the  excel lent  
and p e r s i s t e n t  work requi red  t o  prepare  such a 
large  conference.   Please  accept  the s i n c e r e  
thanks of the Chinese de lega t ion .  This conference 
i s  r e a l l y  w e l l  organized,  and i t  will g r e a t l y  pro- 
mote research  and  development in t h e  world. 

impor t an t   e f f ec t  on the  economic  development of 
cold  regions.  China i s  an   anc ien t   c iv i l ized   coun-  
t r y   w i t h  a long   h i s tory .  About 2,000 years  ago, 
seasonal   f reezing  processes  i n  China  had  already 
been  decoded i n  the   anc ien t   Chinese  classic, t h e  
Book of Leaves, as   fo l lows:  In the f i rs t  events  
of w i n t e r ,   e a r t h  and water b e g i n   t o   f r e e z e ;  i n  t h e  

As we a l l  know, permafrost   program  have an 



second,   i ce   becows  hard ,   and   ear th   c racks ;  in the 
th i rd ,   f r eez ing   r eaches  i t s  climax. And i n  the 
events  of spr ing,   thawing i s  promoted by an east- 
e r ly   b reeze .  

Permafrost  in China i s  e s t i m a t e d   t o   u n d e r l i e  
about 2 million square  ki lometers ,   second  only  to  
the USSR and Canada. I f  we include  ground  that  i s  
seasona l ly   f rozen   t o  a dep th   g rea t e r   t han  1/2 me- 
ter ,  the frozen  ground  occupies  two-thirds of t h e  
en t i r e   coun t ry .  Such a wide area of f r o z e n   s o i l  
exerts a g r e a t   i n f l u e n c e  on China's economy, but  
i t  a l so   exped i t e s   t he   s tudy  of  permafrost i n  
China. Since  the  founding  of  the  People 's  Repub- 
l i c  of China in 1949, 2000 k i lometers  of rail- 
roads,   several   thousand  ki lometers   of   highways,  
and many o the r   t ypes  of   construct ion,   including 
c o a l   m i n i n g ,   i r r i g a t i o n   c a n a l s ,   o i l   p i p e l i n e s ,   i n -  
d u s t r y ,   a n d   c i v i l   f a c i l i t i e s ,  have  been  bui l t  in 
permafrost  areas. A l l  these c o n s t r u c t i o n   p r o j e c t s  
encountered many d i f f i c u l t i e s ;   t h e r e f o r e ,  i t  was 
necessary   for   severa l   s tudy   groups  on frozen 
ground t o  b e   s u c c e s s i v e l y   e s t a b l i s h e d   i n   t h e  De- 
partment of Railways, the Department of Water Con- 
servancy,  the  Department of Fo res t ry ,  and the De- 
partment of Construction. I n  the 1960's, a spe- 
c i a l   p e r m a f r o s t   r e s e a r c h   i n s t i t u t e  was a lso   es tab-  
l i shed   wi th in   the   Chinese  Academy of Sciences,  
Academia S in ica ,   and   a l so   in   the   Chinese  Academy 
of Railway  Sciences.  During  the 10 years  o f  d i s -  
turbance  of the so-cal led  Cul tural   Revolut ion,  i n  
1966-1976, permafrost   research i n  China was in- 
ac t ive .  

mafrost  was held. Only 68 r e p o r t s  on permafrost  
were presented. Three y e a r s   l a t e r  a t  the Second 
National  Conference on Permafrost ,   held i n  1981, 
185  papers were presented. N o w  t h e   s t u d y  of per- 
mafrost  in China  includes  permafrost ,   physical   and 
mechanical  processes  of  frozen  ground,  perfecting 
and tes t ing  techniques,   and  engineer ing  construc-  
t i o n  problems i n   f r o z e n  ground.  Permafrost re- 
s e a r c h   i n  China is  s t i l l  young,  and we need t o  
l e a r n  much f rom  o ther   count r ies ,  so t h a t  we can  
a t t a i n  a h i g h e r   l e v e l   f o r   t h e   b e n e f i t  of China's 
modernization. We welcome a l l  types  of  coopera- 
t ion ,   inc luding   the   exchange  of d a t a  and  publica- 
t i o n s ,  and t h e  exchange  of  scholars  and  graduate 
s tudents   to   do   such   coopera t ion   can   be   deve loped  
fu r the r .  The Chinese   de l ega t ion   a l so   suppor t s   t he  
proposed  Internat ional   Permafrost   Associat ion,  so 

I n  1978 the Firs t   Nat ional   Conference on Per- 
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t h a t   i n t e r n a t i o n a l   c o o p e r a t i o n   i n   r e s e a r c h  on per- 
mafrost  can more e f f ec t ive ly   be   r ea l i zed .  

The Chinese  delegat ion  wishes  to   express  
warmest   congratulat ions on the   successfu l   opening  
of the Fourth  Internat ional   Conference on Perma- 
f r o s t .  We wish a l l  t h e  members of t h i s  conference 
a hea l thy  and  happy time. 

TROY L. P6W6 - Thank you,  Professor  Shi. Our next 
speaker i s  D r .  Hugh French, who cha i r s   t he   de l ega -  
t ion  from  Canada a t  t h i s  meeting. 

HUGH FRENCH - Mr. Chairman, l a d i e s  and  gentlemen: 
On behalf of the Canadian  delegation, I wish t o  
s t a t e   t h a t  we are v e r y   p l e a s e d   t o   b e   h e r e   a t   t h e  
opening  of   the  Fourth  Internat ional   Conference on 
Permafrost  i n  Fairbanks,  Alaska. As many of you 
may remember,  Canada was t h e   h o s t  of the  Third  In-  
ternat ional   Conference on Permaf ros t ,   he ld   i n  Ed- 
monton i n  1978. As such, we are very well aware 
of the tremendous amount of planning, time, and 
energy  which must have gone i n t o  the p repa ra t ion  
of t h i s   p a r t i c u l a r   c o n f e r e n c e .  We are s u r e   t h a t  
i t  w i l l  be  successful ,   and we look  forward t o  
l ea rn ing  new things,   renewing  old  acquaintances,  
and  making new f r iends .  

Permafrost  i s  p a r t i c u l a r l y   i m p o r t a n t   t o  Can- 
ada ,   s ince  i t  underl ies   approximately 50% of our 
country. The permafrost   regions  are  vast   and ex- 
tend   wi th in  1200 km of the  North  Pole.  They in- 
c lude   ex tens ive  areas of p o l a r   d e s e r t ,  of tundra ,  
and  of   boreal   forest ,   wi th  a wide d i v e r s i t y  of 
geo log ica l  and  topographic  conditions.  Some of 
t h e s e   a r e a s   a r e  rich i n  renewable  and non-renew- 
able   resources .   Their   development ,  t o  t h e   n u t u a l  
b e n e f i t  of   northern  indigenous  people   and  of   the 
Canadians,   presents  nunwow  challenges,   which are 
t e c h n o l o g i c a l ,   s c i e n t i f i c ,   a n d   s o c i a l  in nature.  
In Canada, we a r e   a n x i o u s   t o  meet these chal- 
l enges ,   and   to   l earn   th rough  the   exper iences  of 
o thers .  

For  these  reasons,  Mr. Chairman,  Canada is 
e s p e c i a l l y   g l a d   t o   p a r t i c i p a t e  i n  t h i s   F o u r t h  In- 
ternat ional   Conference on Permafrost. 

I would now like t o   t a k e  this  o p p o r t u n i t y   t o  
b r i e f l y   h i g h l i g h t  some of the recent  events  which 
have  occurred i n  Canada s ince   t he   Th i rd   In t e rna -  
t iona l   Conference  i n  1978. 



F i r s t  of a l l ,  as has   a l ready  been  ment ioned,  
the dea th  of Roger J.E. Brwn,   under  whose leader -  
sh ip   the   Thi rd   In te rna t iona l   Conference  was organ- 
ized,  and who was a major  pioneer  of  permafrost 
sc ience  in Canada, was a g r e a t   l o s s .  He was well 
known bo th   na t iona l ly  and in t e rna t iona l ly ,   and  
w i l l  b e   d i f f i c u l t   t o   r e p l a c e ,  

mafros t   s tud ies  in Canada. An ever-increasing 
number of ind iv idua ls ,   agencies ,   and   organiza t ions  
are becoming  involved i n  pe rmaf ros t   p rob lem  in  
Canada. A t  t h e  same time, these  problems are be- 
coming  more  complex  and mul t i -d isc ip l inary  in na- 
ture .  One of  our  strengths,   perhaps,  I n  Canada, 
i s  i n  the p r i v a t e   s e c t o r   w h e r e ,   i n   a d d i t i o n  t o  ma- 
j o r   i n d u s t r i a l  and  commercial  concerns, a number 
of engineering  and  consulting  companies now pos- 
sess considerable  experience  with  permafrost-re- 
l a t e d  problems. Dr i l l ing   t echnology in the s e a r c h  
€or o i l  and  gas in the   Far   Nor th  is an  important 
a r e a  of current  concern.   Problems  are  encountered 
and compounded by the  occurrence   o f   subs tan t ia l  
areas of o f f shore   pe rmaf ros t   i n   t he   Beaufo r t  Sea. 
Gas h y d r a t e s   a r e  now recognized as important ,   but  
their  na tu re ,   occu r rence ,   and   d i s t r ibu t ion   a r e  
s t i l l  l i t t l e  known in Canada.  The ques t ion  of 
p ipe l in ing  in permafrost  is also of cu r ren t  con- 
c e r n   t o  us.  The  proposed  gas  pipeline  from  Alaska 
through  the  Yukon, and t h e   p o s s i b i l i t y  of t r ans -  
port ing  gas   f rom  the  high Arctic i s l a n d s   t o   s o u t h -  
ern  markets ,  are cent ra l   to   our   concerns .   F ina l -  
l y ,   t h e r e  i s  the   b road   a rea  of permafrost   engi- 
neer ing;  in Canada we a r e   c o n t i n u a l l y   s e e k i n g   t o  
improve  our  engineering  design and cons t ruc t ion  
techniques in the  permafrost  zones.  Linked  with 
t h i s  is t h e   r e a l i z a t i o n  tha t  permafrost   sc ience,  
i n v o l v i n g   t h e   o r i g i n ,   d i s t r i b u t i o n ,   a n d   n a t u r e  of 
permafros t ,   and   re la ted   f ie lds   such  as permafrost  
hydro logy ,   a r e   e s sen t i a l   t o   sound   eng inee r ing  de- 
s ign. 

The  Government of Canada,  through its var ious  
agencies  and  departments, is v e r y   a c t i v e   i n  perma- 
f ros t   r e sea rch .  The  Department of Energy,  Mines, 
and  Resources,  the  Department  of  Indian  and  North- 
e r n  Affairs, the  Department of the Environment, 
and the  National  Research  Council   of Canada are 
a l l  currently  undertaking  major  programs  designed 
to   increase  our   understanding  of   both  permafrost  
sc ience   and   engineer ing   in  Canada. Other depart-  
ments,  such as the  Departnent  of Transport  and 
Pub l i c  Works, and the va r ious   p rov inc ia l  and ter- 

Let me t u r n  now t o   t h e   c u r r e n t   s t a t e  of per- 

r i t o r i a l   a g e n c i e s   a r e   a c t i v e   a t   t h e   p r a c t i c a l   l e v -  
e l ,  p r o v i d i n g   t h e   i n f r a s t r u c t u r e   f o r   r e s o u r c e  de- 
velopment i n  nor thern  Canada. 

p e r t i s e  in permafrost-related  problems. There is 
a l s o   t h e   s t r o n g   p o s s i b i l i t y   t h a t  a major cold  re- 
gions engineer ing   research   cen ter   suppor ted  by the 
National  Research  Council   of Canada will be es- 
t a b l i s h e d   i n   t h e   n e x t  few years  in western Canada. 

Many of the   recent   advances  in permafrost  re- 
sea rch  in Canada were summarized a t  t he   Four th  
Canadian  Conference on Permafros t ,   he ld   in   Calgary  
i n  March of 1981. This  conference saw the  presen-  
t a t i o n  of over 100 sc ien t i f ic   papers   and   brought  
t oge the r   ove r  250 s c i e n t i s t s ,   i n c l u d i n g  a number 
f rom  outs ide of  Canada,  Ten se s s ions  were organ- 
ized  a t  tha t   mee t ing ,   dea l ing   w i th   such   t op ic s   a s  
l a b o r a t o r y   t e s t i n g  of f rozen   so i l s ,   pe rmaf ros t  hy- 
drology, climate and  permafrost ,   gas  hydrates,   and 
engineer ing   appl ica t ions .  N o w ,  j u s t  two years  
la ter ,  many of t hese  saw people are he re  in Fa l r -  
banks  and a r e   p r e s e n t i n g  more of t h e i r   f i n d i n g s .  
They are   ev idence  of the  extremely  rapid  pace  of 
cur ren t   permafros t   research  i n  Canada. 

To conclude  these  br ief   remarks,  Mr. Chair- 
man, I would l i k e   t o  restate our   p l easu re   t o   be  
h e r e   i n  Alaska a t   t h e   o p e n i n g  of t h e   F o u r t h   I n t e r -  
na t iona l   Conference  on Permafrost. Many o f  us  
have  seen,   or  will see, during the next  few days 
on the f i e ld   excur s ions ,  some of t h e   p r o g r e s s   t h a t  
has  been made here i n  Alaska, much of i t  a t  the 
University  of  Alaska i n  Fairbanks,  towards the 
so lv ing  of permafrost  problems. It is  very  im-  
pressive  and we look   forward   to   l earn ing  much more 
in t he   nex t  few  days.  Thank you very much. 

A number of u n i v e r s i t i e s  are developing ex- 

TROY L. P f i d  - Thank you, Dr. French. I th ink  i t  
would be well a t  t h i s  time f o r  the U.S. Organizing 
Committee t o  acknowledge t h e   g r e a t  amount  of he lp  
i t  received  from  the  Canadian  colleagues. Their 
r ecen t   expe r i ence   i n   o rgan iz ing  an i n t e r n a t i o n a l  
conference was most h e l p f u l   t o  us. The e f f o r t  
t h a t   t h e y   p u t   f o r t h  i n  working  with  our  program 
and i n  running   one   o f   the   major   f ie ld   t r ips ,  as 
well a s  in the  review of many of t h e   c o n t r i b u t e d  
papers,  is grea t ly   app rec i a t ed .  We wish t o  par- 
t i c u l a r l y  announce  our  thanks t o   t h e  Canadian 
group. Our next  speaker i s  Dr .  J. Ross Mackay, 
leading  permafrost   researcher   and  holder  of many 
honors. He i s  a long-time  friend  of the l a t e  Dr .  
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Roger J.E. Brown of Canada, who has  been  mentioned 
two or t h r e e  times already. D r . B r m  p a r t i c i p a t e d  
i n  the f i r s t  three congresses  and i t  i s  known t h a t  
he was, of course,  the  chairman of t h e   t h i r d  con- 
ference.  A t  t h i s  time: D r .  Mackay. 

J. ROSS MACKAY - Mr. Chairman, l a d i e s  and  gent le-  
men: I have  been  asked t o   s a y  a few  words i n  re- 
membrance  of t h e  l a te  Dr .  R.J.E. B K ~ .  As many 
of you  know, he d ied  in 1980 a f t e r  a long and 
courageous  s t ruggle   against   cancer .  It was j u s t  
f i ve   yea r s   ago  las t  week t h a t  Canada hos t ed   t he  
Thi rd   In te rna t iona l   Conference  on Permafrost  a t  
Edmonton, Alberta.  Roger was t h e   p e r f e c t   c h o i c e  
f o r  chairman of the  Canadian  organizing commit- 
tee. Much of t he   success  of the   conference  was 
due t o   R o g e r ' s   u n s e l f i s h  and u n t i r i n g   e f f o r t s .  
He was as much a t  home w i t h   p e r m a f r o s t   s c i e n t i s t s  
from the United  States  and  abroad as he was w i t h  
his   fe l low  Canadians.  He t r a v e l e d   i n   t h e   S o v i e t  
Union  and the   People ' s   Republ ic  of China,  always 
with the o b j e c t i v e  of fos te r ing   f r iendships   and  
i n t e r n a t i o n a l   c o l l a b o r a t i o n .  Roger  had the  cheer-  
f u l  and i n f e c t i o u s  smile, a   genu ine   i n t e re s t  in 
people,  and a happy f a c i l i t y   f o r  making f r i end-  
sh ips .  He  had  looked  forward  with  great  anticipa- 
t i o n  t o  being  able  t o  a t t e n d   t h i s   F o u r t h   I n t e r n a -  
t ional   Conference on Permafrost  which is beginning 
so auspiciously  today. In t r i b u t e   t o  D r .  Brown, 
the proceedings o f  the  Fourth  Canadian  Permafrost  
Conference were published last y e a r   i n  a memorial 
volume. The Canadian  Geotechnical  Society has es-  
t a b l i s h e d  a Roger J.E. Brown Memorial Award, which 
w i l l  b e   p r e s e n t e d   f o r   o u t s t a n d i n g   c o n t r i b u t i o n s   t o  
permafrost  a t  the nex t   and   fu tu re   i n t e rna t iona l  
conferences on permafrost .  

TROY L. P $ d  - Thank  you, Dr.  Mackay. Our next 
speaker is Dr. J e r r y  Brown, who i s  Chairman of the 
Committee on Permafrost  of the Po la r  Research 
Board of the   Un i t ed   S t a t e s   Na t iona l  Academy of 
Sciences. 

JERRY BROWN - Mr. Chairman, l a d i e s  and  gentleuen: 
On behalf of t h e  U.S. Nat iona l  Academy of Sci-  
ences,   and its p res iden t ,  D r .  Frank Press, i t  i s  
my p l e a s u r e   t o  welcome the p a r t i c i p a n t s   t o  the 
Four th   In te rna t iona l   Conference  on Permafrost. I 

would l i k e   t o   t h a n k   o u r   h o s t s   h e r e  i n  Alaska  and 
a t  the un ive r s i ty   fo r   p rov id ing   t h i s   oppor tun i ty  
t o  meet in Fairbanks. Dr. Gunter Weller, Vice 
Chairman of t h e  U.S. Organizing  Committee, de- 
s e rves   pa r t i cu la r   t hanks   fo r   unde r t ak ing   t he   l oca l  
arrangements,  Special  acknowledgment is appropri-  
a t e   t o   ou r   Canad lan   co l l eagues  who have  provided 
cons ide rab le   a s s i s t ance   i n   t he   r ev iew  p rocess  for 
t he   con t r ibu ted   pape r s  and I n  undertaking  the 
p o s t - c o n f e r e n c e   f i e l d   t r i p   t o   t h e  Mackenzie  River 
Valley. 

I n  the  remaining few minutes of  t h i s   open ing  
se s s ion ,  I would l i k e   t o   b r i e f l y   d i s c u s s   t h e   s t a -  
tus of permafrost  research i n   t h e   U n i t e d   S t a t e s .  
S c i e n t i f i c  and   engineer ing   inves t iga t ions  on f ro-  
zen  ground are  conducted by  many i n s t i t u t i o n s  and 
o rgan iza t ions ,   i nc lud ing   un ive r s i t i e s ,   f ede ra l   and  
s ta te  organiza t ions ,   and   pr iva te ly   f inanced   indus-  
t r ial  organiza t ions .  Numerous professional   organ-  
i z a t i o n s  are involved i n  organizing  meet ings,  sem- 
inars ,   and  conferences on t h e   s u b j e c t  of  perma- 
f r o s t  and  freezing  and  thawing of so i l s .   Notable  
a r e  the American  Society o f  Civil   Engineers  and 
t h e  American Soc ie ty  of Mechanical  Engineers. The 
geographic   and   d i sc ip l inary   d ivers i ty  of t h e s e  
U.S. a c t i v i t i e s  is cha rac t e r i zed  by the   approxi-  
mately 100 U.S. papers  which will be   presented  
dur ing   the   next   f ive   days .  A spec ia l   con fe rence  
bibliography  produced by t h e  World Data.  Center for 
Glaciology in Boulder ,   Colorado,   ident i f ies  many 
o t h e r  U.S. pub l i ca t ions  which have become ava i l -  
a b l e  in the last f ive   years .  

Curren t   inves t iga t ions  are underway i n   t h r e e  
major regions: (1) of f shore  o r  subsea  permafrost  
( p a r t i c u l a r l y  in the   Beaufort   Sea) ,  (2 )  land-based 
pe rmaf ros t   a r eas   i n  Alaska, and ( 3 )  i n   t h e   a l p i n e  
regions  of   the  cont iguous  United  States .  I n  t h e  
pas t   f ive   years ,   major   e f for t s   have   been   d i rec ted  
t o   t h e   c o n t i n e n t a l   s h e l f  in a s s o c i a t i o n  with pe- 
t roleum  explorat ion.  There the  occurrence  and 
d i s t r i b u t i o n  of  ice-bonded  permafrost has been 
i d e n t i f i e d  by b o t h   d r i l l i n g  and  geophysical meth- 
ods  off  Prudhoe Bay and i n   H a r r i s o n  Bay. 

d e p t h   d i s t r i b u t i o n  of permafrost   have  been  fur ther  
de f ined   u s ing   bo reho les   d r i l l ed   fo r   o i l   exp lo ra -  
t ion .  The bottom of i ce -bea r ing   pe rmf ros t   has  
been  delineated  through the examination of bore- 
ho le   da t a  from t h e  arct ic  c o a s t   t o   t h e  Brooks 
Range.  The d i s t r i b u t i o n  of near-surface  massive 
ice has   been   fur ther   charac te r ized .  The occur- 

On land in t h e  Arctic, the temperature  and 



rence  of gas   hydra tes  i n  both  land  and  subsea  per- 
mafrost i s  being  examined.  Considerable  attention 
has been   d i rec ted   to   concerns   regard ing   po ten t ia l  
changes in permaf ros t   t e r r a in  due t o  human a c t i v i -  
t ies and  carbon-dioxide-induced climatic warming. 

I n  the S u b a r c t i c ,   o r  i n  the r eg ion  of discon- 
t inuous   permafros t ,   inves t iga t ions   cont inue  on 
construct ion  and  maintenance  techniques  to  miti- 
g a t e   a d v e r s e   e f f e c t s  of permafrost   degradation  and 
f r o s t  heave. The in f luence  of  permafrost  on sur -  
f a c e  and  groundwater  supplies  continues  to  be in- 
ves t iga ted .  

I n   a l p i n e   r e g i o n s ,   t h e   g e n e r a l   d i s t r i b u t i o n  
of permafrost  has been  del ineated  and  several  
s i r e - s p e c i f i c   s t u d i e s  are underway. I n  t h e  Ant- 
a r c t i c ,   pe rmaf ros t   r e sea rch  i s  general ly   conducted 
in r e l a t i o n   t o   p e r i g l a c i a l  and  geologic   invest iga-  
t ions .  

mafrost  undertook  and  completed  an  assessment of 
future   permafrost   research  requirements  for t h e  
r e w i n i n g   y e a r s  o f  the   twent ie th   cen tury .   Inc lud-  
ed i n   t h i s   s t u d y  are assessments on s u b j e c t s  re- 
l a t e d   t o   t h e   c h e m i s t r y  and  physics of f rozen  
ground,  subsea  permafrost ,   geophysical  techniques,  
so i l  mechanical  behavior,   engineering  and  environ- 
mental   considerations,   and  hydrology. A series of 
recommendations  include the need f o r   a d d i t i o n a l  
r e sea rch  on ground ice, i t s  d e t e c t i o n  and o r i g i n ,  
monitoring of performance of e x i s t i n g   f a c i l i t i e s  
on permafrost ,   monitoring of ac t ive   l aye r   and  
ground  temperatures ,   and  cont inued  internat ional  
cooperation. A second  study on ice seg rega t ion  
and f ros t   heav ing  i s  a l s o   t o  be  published. It i s  
obvious   tha t   there   remains  a need f o r   a d d i t i o n a l  
b a s i c  and  appl ied  research on permafrost  and  deep 
seasonal ly   f rozen  ground.   This   conference will 
h e l p   t o   i d e n t i f y  what research  should be  conducted 
in the fu tu re .  

ence. It i s  g r a t i f y i n g   t o  me t o  see such a l a r g e  
attendance  from so many count r ies .  Thank you. 

In  t h e   p a s t   y e a r ,   t h e  U.S. Committee on Per- 

I n  c los ing ,  I wish you  a successfu l   confer -  

TROY L. P f i d  - Thank you, Dr. Brown. One of the 
most p l eas ing   a spec t s  of the   opening   sess ion  is t o  
be   ab le   t o   acknowledge   t he   g rea t   suppor t ing   s t a f f  
t h a t  worked v i r t u a l l y   f o r   y e a r s   t o   p r o d u c e   t h i s  
conference. The unfor tuna te   aspec t  i s  that t h e  
group i s  so l a r g e   t h a t  a l l  the   suppor t ing   workers  

cannot  be  mentioned here, but their  na res  will ap- 
pea r   i n   t he   f i na l   con fe rence   pub l i ca t ions .  

The Organizing Committee of the conference 
h a s  worked f o r   f i v e   y e a r s  on t h i s  e f f o r t ,  and I 
would e s p e c i a l l y  like t o  mention  the  tremendous 
c o n t r i b u t i o n s  of J e r ry  Brown, Gunter Weller and 
Lou DeEoes, who were a c t i v e   i n   a l l   a s p e c t s  of t h e  
conference.  Also,  Richard  Reger  for  overseeing 
t h e   p u b l i c a t i o n  of the  guidebooks,  Robert Miller 
for chair ing  the  review  of   manuscr lpts   €or   the 
proceedings,  Oscar Fe r r i ans   fo r   gu id ing  the f i e l d  
t r i p   d e t a i l s ,  and  especial ly   Jay  Barton for h ie  
s u p p o r t   i n  many na t iona l  and l o c a l   d e t a i l s .  
Thanks a re   a l so   ex tended  t o  Hans Jahns,  John 
Kie ly ,  Art Lachenbruch,  Link Washburn and J i m  Zum- 
berge. 

Special   mention mst be made of  Will Harr i son  
and B i l l  Sackinger,  of the University  of  Alaska,  
along  with  Gunter Weeller, fo r   a r r ang ing   t he   p ro -  
gram and t h e   h o s t  of l o c a l   d e t a i l s .  Also, s p e c i a l  
thanks   to   Dix ie  Brown, f o r   o r g a n i z i n g   t h e   p r i v a t e  
cont r ibu t ions .  It i s  well known t h a t   t h i s   c o n f e r -  
ence i s  poss ib l e   on ly   w i th   t he  tireless support  of 
t h e   o f f i c e   s t a f f s  of these   ind iv idua ls ,   and  our 
s incere   thanks   goes   to  the small army  of s e c r e t a r -  
ies, c le rks ,   and   a ides  who have  been  working on 
t h i s  conference   for  so long  here  in Alaska and i n  
the   cont iguous  states. Spec ia l   thanks  are extend- 
ed t o   t h e  Department  of  Conferences  and I n s t i t u t e s  
of t h e   U n i v e r s l t y  of  Alaska. 

F inancia l   suppor t  f o r  the   conference   has  come 
from  var ious  sources .   hbnetary  contr ibut ions  have 
been  received  f rom  the  State   of   Alaska,   Federal  
agencies,   and the p r iva t e   s ec to r .  A l i s t  of these 
benefac tors  i s  presented i n  severa l   o f  the confer- 
ence   publ ica t ions  (see page 4 1 3 ) .  In  a d d i t i o n ,  val- 
uable  in-kind  support   has  been  received  from a 
hos t  of i n s t i t u t i o n s ,   e s p e c i a l l y  from t h e  Cold Re- 
gions Research  and  Engineering  Laboratory  and  the 
G e o p h y s i c a l   I n s t i t u t e  of t he   Un ive r s i ty  of Alaska. 

Before  concluding, I c a l l  your a t t e n t i o n   t o  
the banner on t h e   t a b l e   i n   f r o n t  of re. To t hose  
who are not aware, t h e  circles you see t h e r e  are 
logos t h a t  were used in t h i s  and  the  previous con- 
ferences.  The banner   o r ig ina ted   wi th   the   Canadian  
de lega t ion   f i ve   yea r s  ago and was passed on t o   t h e  
U.S. fo r   t h i s   con fe rence .  

We again  welcome you and  appreciate  your com- 
ing;  have a successful   conference.  This concludes 
the  opening  session. Thank  you. 
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PROGRAM 

MONDAY TUESDAY  WEDNESDAY  THURSDAY FRUlAY 
TIME 18 July 19 July 20 July 21 July 22 July 

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

1000 a.m. Session of Embankments Ice Segregation 
Permafrost  Terrain 

10:ML1030 a.m. Coffee Break 

Panel Session: 
Pipelines 

in 
Northern Regions 

12:00noon 
"" 

12:30  p.m. 
"" 

LUNCH 
12:00-1:30 

1:30 p.m. 
2:oO p.m. 
"" 

"" 

*Thermal design 
*Pipelines 
*Ice and soil wedges 
*Invited Chinese 
Session 

3:3&4:00 p.m. Coffee Break 

*Thermal analysis 
*Mechanics of frozen 

4:00 soils 
to *Pleistocene perma- 

6:oO p.m. frost conditions 
*Invited Chinese 

*Remote sensing 
Session 

Paper Sessions: 
*Thermodynamics 
*Mechanics of frozen 

*Mountainandplateau 

*Effects of man-made 

*Planetary  permafrost 
Poster Session 

soils 

permafrost 

disturbance 

Paper Sessions: 
*Roads and railways- 
Thermal aspects 

*Foundations 
*Frost  mounds and 
other periglacial 
features 

*Effect of man-made 
and natural  distur- 
bance 

*Invited Soviet Session 
Poster Session 

Paper Sessions: 
*Frost heave 
*Embankments, roads 

*Patterned  ground 
*Hydrology 
*Geophysics 

and railways 

Poster Session 

Paper Sessions: 
*Excavations, mining 

*Cold climate rock 

*Groundwater  in per- 

*Subsea permafrost 
*Ecology of natural 

and municipal 

weathering 

mafrost 

systems 

LUNCH 12:30-2300 p.m. 

Panel Session: Closing 
Climate Change Plenary 

and Session 
Geothermal 

Regime - 
Local Coffee Break 
Field 
Trips *Foundations 

*Ground ice and 
solifluction 

*Hydrology 
*Invited Soviet 
Session 

*Climate 

BARBEQUE 

Local 
Field 
Trips Walking 

Tour 
of 

Local 
Permafrost 

Features 

BANQUET 

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



Reports of Panel Sessions 

During the ear ly   p lanning   for   the   Four th   In te rna t iona l   Conference  on Per- 
mafros t ,   there  was a consensus that c e r t a i n   t o p i c s  of h i g h   c u r r e n t   i n t e r e s t  
would  be  highlighted.  and in a s   i n t e r e s t i n g  a f a sh ion  as poss ib le .  The la t te r  
requirement seemed t o   r u l e   o u t   t h e   p r e s e n t a t i o n  of invi ted  review  papers  by in -  
d iv idua l s  as a t   pas t   con fe rences ,   bu t  a t  the same time the tremendous  value of 
t h e   w r i t t e n   v e r s i o n s  of these reviews was recognized. This l e d   t o  the idea of 
rep lac ing   s ing le   au thors   wi th   pane ls  of i n t e r n a t i o n a l   e x p e r t s  on each of the 
t o p i c s   t o  be highlighted.  Each  panel was scheduled   for  a plenary  session  dur- 
i ng   wh ich   no   o the r   ac t iv i t i e s  were t o  take place. I n  t hese   s e s s ions ,  each pan- 
e l  reviewed i ts  topic   and ,  if time allowed,  provided a d iscuss ion  wi th  audience 
p a r t i c i p a t i o n .  It was f e l t  f rom  the  beginning  that   whatever  the outcome of t h e  
pane ls  a t  the   confe rence ,   t he i r  most impor t an t   t a sk ,   j u s t  as w i t h   i n v i t e d  
speakers  of past   conferences,  would  be the   p roduct ion  of wr i t ten   rev iews  of 
each of the top ic s   h igh l igh ted .  

They are based  on  the  reviews of s u b f i e l d s   s u p p l i e d  by each  panel  m e m b e r  t o  h i s  
panel  chairman. The degree  to  which  these  components  have  been  integrated by 
the cha i r lnen   var ies ,   bu t   in  most cases they  remain  relatively  unmodified de- 
s p i t e   e d i t o r i a l  changes. As such,  they are not  of un i fo rm  l eng th ,   s ty l e ,   o r  
format. On the   o ther   hand ,   toge ther  with the in t roduc t ion  of t h e   p a n e l   c h a i r -  
man, they  br ing a depth of p e r s p e c t i v e   a n d   d i v e r s i t y   t o  a t o p i c   t h a t  would be 
d i f f i c u l t   f o r  a s i n g l e   a u t h o r   t o   d u p l i c a t e .  Recommendations f o r   f u t u r e  re- 
search and e n g i n e e r i n g   i n v e s t i g a t i o n s  are considered the opinions of the   pane l  
members and  do  not   necessar i ly  reflect  the opinion of t h e   p u b l i s h e r .  

A g r e a t   d e a l  of c r e d i t  is due to   the   pane l   cha i rmen  and   to   the   pane l  r e m -  
bers.  Each panel   cha i rman  se lec ted   and   organized   h i s  own panel ,  a t a s k  made 
p a r t i c u l a r l y   c h a l l e n g i n g  by i t s  in te rna t iona l   composi t ion   and  by the   unce r t a in -  
t y  as t o  whether a l l  the panel members could   a t tend   the   conference .  Some of 
the   o r ig ina l ly   des igna ted   cha i rmen   and   pane l i s t s  were indeed   unable   to   a t tend;  
p a r t i c u l a r   c r e d i t  is due to   t he   r ep lacemen t s  who assumed r e s p o n s i b i l i t y  on rel- 
a t i v e l y   s h o r t   n o t i c e .  Both the   Sovie t   and  the Chinese  panel is ts   submit ted 
their  con t r ibu t ions  in English,   which  great ly   a ided  the  panel   chairmen,  a l l  
N o r t h   A r r i c a n s ,   i n   o r g a n i z i n g   a n d   p r e s e n t i n g  the panel  reviews. 

These r e p o r t s   f o l l o w ,   b u t   n o t   i n   t h e   o r d e r  of the program  presentation. 

William D. Harrison,  Chairman 
Program  Committee 
Univers i ty  of Alaska 
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Deep Foundations and Embankments 

PANEL  MEMBERS 

Norbert  R. Morgenstern  (Chairman),  University of Alber ta ,  Edmonton,  Canada 

S.S. Vyalov ,   Research   Ins t i tu te  of Foundations  and  Underground  Structures, Moscow, USSR 

Ding  J inkang,   Northwest   Inst i tute ,  Academy of Railway  Sciences,  Lanzhou,  People's  Republic of China 

David C. Esch, Alaska  Department of Transpor ta t ion   and   Publ ic   Fac i l i t i es ,   Fa i rbanks ,  Alaska, USA 

Franc i s  H. Sayles,  Cold  Regions  Research  and  Engineering  Laboratory,  Hanover, New Hamp! 

Branko  Ladanyi,  Ecole  Polytechnique,  Montreal, Canada 

INTRODUCTION b e a r i n g   c h a r a c t e r i s t i c s  of s i n g l e  
p i l e s ,   t h e   f r e e z e b a c k  rate of s o i  1 

N.R. Morgenstern 

This panel  presentation  combines two of t h e  
most  important  aspects of permafrost   engineer ing 
-- deep  foundations  and embankments. The underly- 
i ng  theme of the   p re sen ta t ion  is t o  review  current 
p r a c t i c e ,   i d e n t i f y   d e f i c i e n c i e s .   a n d  draw a t t e n -  
t i o n   t o  the major  problems t h a t   n e e d   f u r t h e r  at- 
ten t ion .  The v a l i d a t i o n  of cur ren t   p rac t ice   f rom 
performance  records is emphasized  wherever  possi- 
ble.  

The presentat ions  concerned with deep  founda- 
t i o n s   c o n s i s t  of t h ree   r eg iona l   r epor t s .  The re- 
po r t  on North  American  practice  discusses  develop- 
ments r e l a t e d   t o   p i l e   i n s t a l l a t i o n  methods, t h e  
behavior of p i l e s   unde r   l oad ,   t he  improvement of 
b e a r i n g   c a p a c i t y   u s i n g   s p e c i a l   t y p e s  of p i l e s ,  and 
n i l e   des inn .  It concludes   tha t  we now have a rel- 

y 

a t i v e l y  good idea of how a p i l e ,   i n s t a l l e d  by a 
given  method, will behave  under  an  axial  load. 
Much less is known, however ,   about   the  effect   of  
seasonal  changes o f  permafrost   temperature on pil l  
behavior. The need  for  more s t u d i e s  o f  thermo- 
p i l e s  is emphasized. 

Cur ren t   Sov ie t   p rac t i ce   i n   p i l e   des ign  and 
cons t ruc t ion  is reviewed.  Emphasis i s  g i v e n   t o  
some of t he   soec ia l   o rob lems   t ha t  arise in weaker 

e 

s o i l s  and t o  methods for   improving  and  val idat ing 
p i le   foundat ions   in   f rozen   ground.  

been  tes ted  and  used  s ince  the  ear ly  1960s. The 
types employed are descr ibed .  To provide a b a s i s  
fo r   r a t iona l   des ign ,   s tud ie s   have   focused  on t h e  

In China, deep  foundations in permafrost  have 

sh i r e .  USA 

re in fo rced  
around a p i l e ,  

concrete   for   use  under   negat ive  temperatures ,   the  
r e s i s t a n c e  of founda t ions   t o   f ro s t   heave ,   and  
methods f o r   p r o t e c t i n g   p i l e   f o u n d a t i o n s  from 
frost-heaving. As a r e s u l t  of experience  var ious 
problems  have  been iden t i f i ed ,   and   t hey  are d i s -  
cussed. 

embankments on  permafrost   and  water-retaining em- 
bankments. The review of c u r r e n t   p r a c t i c e   f o r   t h e  
des ign  of road  and  railway embankments d i s t i n -  
guishes between  the  prel iminary  invest igat ion 
p h a s e ,   t h e   d e s i g n   s t a g e ,   t h e   c o n s t r u c t i o n   s t a g e ,  
and the maintenance  and  operation  stage.  A var i -  
e t y  of research needs  for   each of these s t a g e s  i s  
i d e n t i f i e d .  Examples  include the need  for  remote 
d e t e c t i o n  of s u b s u r f a c e   c o n d i t i o n s   t h a t   a f f e c t  em- 
bankment performance  and the need t o   q u a n t i f y  the 
thermal effects of a l t e r n a t i v e  embankment s ide -  
s lope   sur faces ,   sur face   vege ta t ion   covers ,   and   the  
r o l e  of snow-cover in embankment performance. 
Severa l  case h i s t o r i e s  of  embankment performance 
are discussed. 

wi th   water - re ta in ing  embankments in permafrost  i s  
summarized. The i n d i c a t i o n s  are that the   des ign ,  
construction,  and  maintenance of safe ,   economical  
e a r t h  dams and the p rese rva t ion  of n a t u r a l   s l o p e s  
in the Arct ic   and  Subarct ic  are strongly  dependent 
upon such   cons idera t ions  as s t r u c t u r a l   s t a b i l i t y ,  
seepage   cont ro l ,   handl ing  of materials, e ros ion  
cont ro l ,   and  the envi ronmenta l   e f fec t  of the i m -  
poundment. Extensive  development of bo th   ana ly t i -  
cal and cons t ruc t ion   t echn iques  is r e q u i r e d   t o  ad- 
dress   the  a t tendant   problems.  

A d i s t i n c t i o n  i s  made between  roadlrailway 

Both  Soviet  and  North  American  experience 
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PLACING OF DEEP PILE FOUNDATIONS IN PERMAFROST IN THE USSR 

S.S. Vyalov" 

Research I n s t i t u t e  of Foundations  and  Underground  Structures 
Moscow, USSR 

In the Sovie t  Union, d a t a  on the   design  and 
placement of p i le   foundat ions   acqui red   and   ver i -  
f i ed   t h rough   r e sea rch   and   p rac t i ca l   expe r i ence  are 
pub l i shed   i n  the Building Codes  and Regula t ions  
(BCLR) "Foundat ions  in   Permafrost ,  1977" and "Man- 
u a l   f o r   t h e   D e s i g n i n g  of Founda t ions   i n   Pe rm-  
f r o s t ,  1980." 

TYPES OF PILES AND PILE-DRIVING TECHNIQUES 

The  fol lowing  types of p i l e s  are i n   u s e :  re- 
inforced   concre te ,  metal, wood, composite,  en- 
cased, and p i l l a r   p i l e s .  

The t echniques  of d r i v i n g   p i l e s   a r e  as f o l -  
lws: 

( a )  A t  s i tes where no thawing of permafrost  
i s  employed,  use is  made of f rozen- in   ( f loa t ing )  
p i l e s   d r i v e n   w i t h   t h e   a i d  of steam.  Suitable al-  
t e r n a t i v e s  are t o  lower p i l e s   i n to   bo reho les   and  
t h e n   f i x  them in place   wi th   so i l   mor ta r   poured  in- 
t o   t h e   h o l e s ,  and p i l e s   d r iven   i n to   sma l l -d i ame te r  
p i lo t   bo reho les .  

is used,   the   recourse i s  t o   s t r u t t e d   p i l e s  and 
deep p i l e s   b e a r i n g  upon  ground t h a t   d i s p l a y s  low 
compress ib i l i ty .  

(b) A t  sites where the   thawing  of permafrost  

PRINCIPLES OF PILE DESIGN 

P i l e s  of a l l  types  are des igned   to   ensure  a 
r e q u i s i t e   b e a r i n g  power (s t rength) ,   Those  used in 
f r o z e n   p l a s t i c   s o i l  and  ice-rich  ground  are  de- 
s igned  wi th  due regard   for   the   deformat ion   ( se t -  
t l ement )  o f  t h e  s o i l .  

adequate   bear ing power, the  long-term  ul t imate ,  
shear s t r e n g t h   a l o n g   t h e   s i d e   s u r f a c e  o f  t h e   p i l e  
( the   ad f reeze   s t r eng th )  is t aken   i n to   accoun t   a s  
well as the long-term  ul t imate   s t rength of  t h e  
s o i l   r e s i s t i n g  the end  bear ing of the p i l i ng .  
Recomnended design  values  of t he   s t r eng th   cha rac -  
teristics are g iven  in t h e  BCLR. The se t t l emen t  
of s o i l  is  assurned t o  be nonl inear .  

t h e   f i n i t e   e l e m e n t  method have  been  reduced t o  
s i m p l e   f o r m u l a s   t h a t   p e r m i t   c a l c u l a t i o n s   t o  be 
ca r r i ed   ou t   w i th  the a i d  of a l ignment   char t s .   In  
add i t ion ,  a formula   tha t   incorpora tes   an   equat ion  
of creep  for se t t lement   and   an   equat ioa  of long- 
term s t rength   has   been   der ived   tha t   paves   the  way 
t o  des igning  in terms of both  strength  and  deform- 
a t ion   wi th   due   a l lowance   €or  time. 

In propor t ion ing   f rozen- in   p i l e s   t o   ob ta in  

Computer-aided  solutions  obtained by us ing  

*Not p re sen t ;  summary presented  by N.R. Morgen- 
B tern.  

Hor izonta l   loadings  are measured,   taking  into 
a c c o u n t   t h e   v a r i o u s   r e s t r a i n t s  on t h e   p i l e   i n  the 
permafrost  layer  (depending on t he   dep th  of sea- 
sonal  thawing  and  the  permafrost   temperature).  

The cri teria f o r   d e s i g n i n g   l a t e r a l l y   s u p p o r t -  
e d   p i l e s   f o r   t h a w i n g   s o i l s   i n c l u d e   t h e   s t r e n g t h  of 
low-compressible  underlying rock t h a t  resists in- 
den ta t ion  and t h e   s t r e n g t h  of t h e   p i l e  material 
with due  allowance for its buckling,  Extra  load- 
i n g   d u e   t o   n e g a t i v e   f r i c t i o n  i s  a l s o   t a k e n   i n t o  
account. 

Strength  of   Freezing of  a P i l e   t o   t h e   S o i l  

The phys ica l   e s sence  of the s t r e n g t h  of 
f reezing  has   been  examined,   not ing  that  a f i l m  of 
ice f o r m  a t  t h e   i n t e r f a c e  between t h e   s o i l  and 
t h e   p i l e .  The shear s t r e n g t h  of f r o z e n   s o i l  is 
thought of as a sum of the f r e e z i n g   f o r c e s  a t  the 
i n t e r f a c e  and t h e   f r i c t i o n a l   f o r c e s   a r i s i n g   f r o m  
the   rad ia l   compact ion  of t h e  so i l .  An equat ion  of 
long-term  shear   s t rength of f rozen   so i l s   has   been  
derived. A comparison of t h e   s h e a r   s t r e n g t h  of 
the s o i l  mortar a t  the i n t e r f a c e  with the pile af- 
ter f r eez ing  v8 t h e   s h e a r   s t r e n g t h  of t h e   f r o z e n  
s o i l   m o r t a r   a t   t h e   i n t e r f a c e   w i t h   t h e   s u r r o u n d i n g  
f r o z e n   s o i l   h a s   r e v e a l e d   t h a t   i n  the forraer case 
t h e   s h e a r   s t r e n g t h  is lower. A method  of design- 
i n g   p i l e s   f o r  weak s o i l s   ( s a l i n e ,  ice-rich, c l a y )  
has  been  developed  based on the assumption that  
the s t r e n g t h  of the soil mrtar a t  the s i d e   s u r -  
f a c e  of the p i l e  and   t ha t  a t  the   pe r ime te r  of  t he  
borehole are t h e  same. 

Design  values of the long-term  ult imate 
s t r e n g t h  of severa l   k inds  of f r o z e n   s o i l s   v a r y i n g  
with  temperature  have  been  determined a t  the su r -  
f a c e s  of r e in fo rced   conc re t e ,  metal, and wood 
p i l e s ;  similar va lues  of t h e   s t r e n g t h  of s o i l  and 
s o i l   m o r t a r   a t   t h e   p e r i p h e r y  of the borehole  have 
a l s o  been  determined. 

An equat ion  of long- te rm  s t rength   for   vary ing  
temperature  and  loading has been  derived,  based on 
the k i n e t i c   t h e o r y  of s t r eng th .  

Improvina  the  Eff ic iency of P i le   Foundat ions  

An i n c r e a s e   i n   p i l e   c a p a c i t y  and a decrease  

- resor t ing   to   composi te   woodfconcre te  o r  

- duuping  crushed rock i n t o  p i l o t  boreholes  

- p o u r i n g   s o i l  mortar o f  an  optimum composi- 

- a r t i f i c i a l l y   c h i l l i n g   h i g h - t e m p e r a t u r e   p e r -  

- e n s u r i n g   t h e   s e t t i n g  of mlded- in-p lace  

i n   c o s t s  may be achieved by 

wood/metal p i l e s ;  

or 'us ing  concrete   pipes   with  bulb-shaped  bases;  

t i o n   i n t o   b o r e h o l e s ;  

maf ros t ,   i nc lud ing   t he   u se  of thermopiles;  

c o n c r e t e   p i l e s  a t  the   pe rmaf ros t   i n t e r f ace ;  
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- s t r e a m l i n i n g   p i l e   d e s i g n  so t h a t   v a r i a b l e  
temperatures  and  loading are taken   in to   account .  

Allowance for  Variable  Temperature  and  Loading 

The e x i s t i n g  method  of s t r u c t u r a l   a n a l y s i s  
relies on t h e   l e a s t   f a v o r a b l e   c o n d i t i o n s ,   p i l e s  
being  designed on the   a s sunp t ion  that the perma- 
f ros t   t empera tu re  is  high  and  the  loading  gives  
rise to   h igh   fo rces   and  mornents. I n   f a c t ,   t h e  
permafrost   temperature   var ies   with time, depending 
on the a i r  temperature  and the c h i l l i n g   e f f e c t  of 
basements,  channels,  and  thermopiles.  Pile  load- 
ings   a l so   va ry   w i th  time, being law dur ing   the  
per iod  of c o n s t r u c t i o n   a n d   s u s c e p t i b l e   t o   t r a n s i -  
e n t   f o r c e s ,   i n   p a r t i c u l a r   t h o s e  of climatic o r i g i n  
(snow,  wind, s o i l  heaving). A l l  in a l l ,  maximum 
loading  i s  never  timed to   occur   s imul taneous ly  
wi th  the s o i l ' s  minimum bearing  capacity.   For  ex- 
ample,  loads due t o  snow, wind,  and s o i l   h e a v i n g  
a r e  a t  t h e  maximum i n  autumn and  winter,  whereas 
the  soil has  a minimum b e a r i n g   c a p a c i t y   i n  summer. 
T h i s   f a c t  is of par t icu lar   impor tance  in des igning  
l i g h t   e n g i n e e r i n g   s t r u c t u r e s   ( p i p e l i n e s ,   f l y o v e r s ,  
power l i n e s )  and  buildings of l i gh t -we igh t  materi- 
a l  where t r ans i en t   l oads   accoun t   fo r  a s i g n i f i c a n t  
f r a c t i o n  of t h e   t o t a l   l o a d i n g   s u s t a i n e d .  

l oad ing ,   so i l   t empera tu res ,  the long-term  strength 
of eo11  and s o i l   s e t t l e m e n t ,  a l l  varying  with 
time 

Sone design  methods  consider  simultaneously 

P i l e s  for Use in   Spec i f ic   Permafros t   Condi t ions  

Methods  have  been  developed for   des igning   and  
d r i v i n g   p i l e s  in ice-rich ground,  subtesranean 
ice, saline  permafrost ,   and  thawing  ground. A t  
t h e  sites where  permafrost-thawing  techniques are 
used,   preference is c o T n l y   g i v e n   t o   s t a g g e r e d  
p i l e s  of considerable  length  and  to  molded-in- 
p l a c e   p i l e s .   F l o a t i n g   p i l e s   f i n d   a p p l i c a t i o n  i n  
conjunct ion  w i t h  local  pre-thawing of permafros t ,  
which is then  compacted as the p i l e  i s  d r i v e n   i n t o  
place. 

PILE TESTING  PROCEDURES 

Laboratory tests based on t h e   k i n e t i c   t h e o r y  
of s t rength  have  revealed the in f luence  of the 
s i z e  of t h e   p i l e  model on the adf reeze   s t rength .  
4 method of allowing for t h i s  scale f a c t o r   h a s  
been  developed. 

F i e l d  tests of p i l e s  a r e   p e r f o r m e d   a t   a l l  
l a rge   cons t ruc t ion  si tes,  and a s tandard  procedure 
has been e s t a b l i s h e d  in t h i s  connection. 

A novel   acce le ra ted  test technique  has  been 
developed  that  relies on a "dynamowtric"  appara- 
t u s  as a means  of a p p l y i n g   l o a d   t o   t h e   p i l e .  An 
i n i t i a l  stress set in the gauge  decreases   with  the 
s ink ing  of the p i l e   i n t o   t h e  so i l .  The stress re- 
corded when no f u r t h e r   s e t t l e m e n t  of t h e   p i l e  i s  
evident  is adopted as the  long-term  ul t imate  
stress. 

IMPROVING DURABILITY OF REINFORCED CONCRETE PILES 

The extreme  conditions of temperature  and hu- 
mid i ty   i n  the  Arct ic ,   where  temperature   var ia t ions 
and recurrent   seasonal   f reezing  and  thawing of t h e  
sur face   l ayer   cause  the high  moisture   content  of 
concrete  and  freeze  and  thaw water i n   t h e   v o i d s  of 
the concre te ,   have   an   adverse   e f fec t  on r e in fo rced  
conc re t e   p i l e s .  Means are a v a i l a b l e   t o   p r e v e n t  
the  low-temperature  destruction of conc re t e   t ha t  
extend the s e r v i c e   l i f e  of r e in fo rced   conc re t e  
p i l e s .  

# 

RESEARCH  PROGRAM 

me f o l l o w i n g   p r o b l e m   r e q u i r e   f u r t h e r   a t t e n -  

- Improving  the  techniques of p i l e   d r i v i n g  i n  
t i on :  

permafrost   (especial ly   coarse   f ragmental  perma- 
f r o s t ) ;  

- Producing   p i les  of advanced  construct ion;  
- Streaml in ing   the   t echniques  of  emplacing 

molded p i l e s ;  
- Widening the f i e l d  of a p p l i c a t i o n  of p i l e s  

w i t h  pre-thawing of permafrost;  
- Improv ing   t he   du rab i l i t y  of r e in fo rced  con- 

crete p i l e s ;  
- Streamlining  methods  fox  computing  the 

bear ing  power  of p i l e s   ( compi l ing  new t a b l e s ,  con- 
s t r u c t i n g  new a l ignment   char t s ,   e tc . ) ;  

- Developing a s i n g l e  methodology  of p i l e  
t e s t i n g   t o  be recommended f o r   u s e   i n   a l l  coun- 
tries; 

- Col l ec t ing  a wealth of experirnental   data  on 
t h e   s t r e n g t h  of f reez ing   and   the   bear ing  power  of 
p i l e s  under   var ious  condi t ions  with an eye t o   p r o -  
viding  design criteria f o r   p r a c t i c a l   u s e  on anal -  
yzing these d a t a   ( a c h i e v a b l e   i f   r e s e a r c h e r s  from 
a l l  count r ies   pool  their  e f f o r t s ) .  



STUDY AND PRACTICE ON DEEP FOUNDATIONS IN PERMAFROST AREAS OF CHINA 

Ding Jinkang 

Northwest I n s t i t u t e  
Lanzhou,  People's  Republic of China 

I n  China  permafrost   occupies   an  area of about 
2,150,000 km2, covering  almost 22% of t h e  terri- 
to ry  of the  country.  The high  mountainous  regions 
of the  Qinghai-Xizang  Plateau,  the  Tian Shan Moun- 
ta ins ,   the   Great   Xing 'an  Mountains ,   the   Qil ian 
Mountains,  and the  Altai   Mountains   are   the  pr imary 
regions  where  permafrost   exists.  Among these ,  
pe rmf ros t   i n   t he   Q ingha i -Xizang   P l a t eau  i s  t h e  
most   highly  developed,   with  the  highest   e levat ion,  
t h e  most  wide-spread  area,   the  deepest   layer,   and 
the  lowest   temperatures ,  as compared t o   t h e  low- 
l a t i t u d e   r e g i o n s  of t he  world. The Pla teau  has a n  
a r e a  of  about 1,490,000 km2, which is  almost  70% 
of  t h e   t o t a l   p e r m a f r o s t   a r e a  of China. 

S i n c e   l i b e r a t i o n ,   w i t h   t h e   e x p l o i t a t i o n  and 
u t i l i z a t i o n  of  t h e   f o r e s t   r e s o u r c e s  of the   Grea t  
Xing'an  Mountains  and  the  development of such bor- 
derlands  as  Qinghai  and  Xizang,  the Ya-Lin, Nen- 
Lin, and Chao-Wu rai l roads  have  been  constructed 
in   t he   pe rmaf ros t   a r ea  of the  Great  Xing'an Moun- 
t a i n s ,  and  highwayo  have  spread  throughout the 
f o r e s t s  of the   region.  The highway l i n k i n g  Ge'rmu 
i n  Qinghai  Province and  Lhasa i n  Xizang has been 
cons t ruc ted ,   c ross ing  a pe r tmf roa t   be l t  of  more 
than 600 km. To develop the Reshui  and  Siangcang 
coa l  mines i n   t he   pe rmaf ros t   r eg ion  of the Q i l i a n  
Mountains,  railroads  and  highways were b u i l t  and 
mining  and r e s i d e n t i a l   a r e a s  were es t ab l i shed .   In  
add i t ion ,  an o i l   p i p e l i n e  was constructed  from 
Gel- t o  Lhasa i n   t h e  1970s. All these p r o j e c t s  
have  accelerated  the  study  and  development  in 
China of foundat ions  in   permafrost   areas .  

In ea r ly   cons t ruc t ion   p ro j ec t s ,   conven t iona l  
methods  used in   t empera te   reg ions   for   surveying  
and designing  ground  foundations were used  due t o  
lack of knowledge  about  permafrost. AB a r e s u l t ,  
d e t e r i o r a t i o n  and  even d e s t r u c t i o n   f r e q u e n t l y  oc- 
curred  during  operat ion.  The most s e r i o u s  prob- 
lems occurred in  bui ld ing   cons t ruc t ion ;  some 
bui ld ings  had t o  be bu i l t   ove r  and  over  again  due 
to   f ros t -heav ing  and  thawing  settlement. We were 
f o r c e d   t o   c o n s i d e r   c a r e f u l l y  and  thoroughly the 
s p e c i f i c   f e a t u r e s  of foundat ions  in   permafrost  
a r e a s  and t o   i n q u i r e   i n t o   s u i t a b l e  forum  of foun- 
da t ions .  

made on piles, which a t   t h a t  time were used as t h e  
bui lding  foundat ions in permafrost  areas.  Explo- 
sion-expanded p i l e   founda t ions   (F igu re  1) were 
f i r s t   t e s t e d  i n  the   permafrost   region of the Great 
Xing'an  Mountains (TSDI, 1976a,b)  on  a 1.4-km wat- 
er s u p p l y   p i p e l i n e   b u i l t   i n  1967  and an i nhab i t ed  
house. The p ipe l ine  was an  overhead  one  supported 
by 340 explosion-expanded  piles,   each 40 cm i n   d i -  
ameter  and  buried to a depth of 2.5 m. Under  op- 
e r a t i o n ,  it was found that the f ros t   t ab l e   unde r  
t h e   g r a v e l   s o i l  was r e l a t ive ly   deepe r  and the bur- 
i a l   d e p t h  of the  explosion-expanded  piles was a 

I n   t h e   e a r l y  19608, a series of tests were 

1 Bearing platform 
" "" . . 

hf" Extended end of pile 

FIGURE 1 Explosion-expanded p i le   foundat ion .  

l i t t l e   s h a l l o w e r ;   t h i s   c a u s e d   s e r i o u s   f r o s t  heav- 
ing and led   to   the   deformat ion  of the   p ipe l ine .  
Wi th in   the   sec tor  of clayey soil, however,  where 
p i l e s  were bu r i ed   i n   pe rmaf ros t   t o   dep ths  of 1-3 
rn, no f rost   heaving  took  place.  The Eoundation 
of t he   t e s t ed   house   cons i s t ed  of seven  25-cm-diar 
eter p i l e s   b u r i e d   t o  a depth o f  2 m i n  perma- 
f r o s t .  The wide  end of each   p i le  was 60 cm i n   d i -  
ameter. No s ign i f i can t   f ro s t -heav ing  was ob- 
se rved .   Despi te   def ic ienc ies  and incompleteness ,  
t he   t e s t s   d id   p rov ide   va luab le   expe r i ence   i n  de- 
s igning  and  construct ing  explosion-expanding  pi le  
foundations. 

expanding   p i le   foundat ions   €or   bu i ld ings ,   b r idges ,  
and c u l v e r t s   b u i l t  i n  the  Great  Xing'an  Mountains 
and on the   Qinghai -Xizang  P la teau   in   the   ear ly  
1970s (TSDI, 1971; Ma, 1981). The d i r n s i o n s  and 
b u r i a l   d e p t h  of p i l e s  as well as the   cons t ruc t ion  
technology  used were changed  and  improved. For 
i n s t ance ,  30-cm-diameter  explosion-expanded  piles, 
b u r i e d   a t   d e p t h s  of 4-5 m with  an 80-cm-diameter 
widened  end were used i n  house  construction,  and 
piles of 35 cm diameter   bur led   to  4-5.5 m were 
adopted i n   c u l v e r t   e n g i n e e r i n g .  The cons t ruc t ion  
nethod was t o   d r i l l   f i r s t  and  then  use  explosions 
to   shape  borings and the  widened  ends t o  the spec- 
i f i c a t i o n s .  All houses  and  culver ts   bui l t   dur ing 
t h i s  time have  operated  normally so fa r .  

In se r t ed  and  poured p i l e s  were used i n  high- 
way eng inee r ing   i n   pe rmaf ros t   a r eas   (F igu res  2 and 
3) i n   t h e  middle o f  t h e  1960s. The diameter  and 
b u r i a l   d e p t h  o f  poured piles  ranged  from 50-125 cm 
and 8-10 m r e spec t ive ly .   Fo r   i n se r t ed   p i l e s ,   ho l -  
lclw r e i n f o r c e d   c o n c r e t e   p i l e s  with a 70-cm diam- 
eter and a 5-em s h e l l  were used .   Af te r   the   p i le  
was i n s e r t e d  i n  the   borehole ,   concrete  was poured 
i n t o   t h e   h o l l o w   c e n t e r ,  and clay  mortar  was poured 

Further  experiments were made on explosion-  
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I /Bearing  platform 

FIGURE 2 Inse r t ed   p i l e   founda t ion .  

a round  the   p i le .  The bu r i a l   dep th  was 8-10 m. 
During t h i s   p e r i o d ,  these p i l e s  were used i n   a b a u t  
50 large  and  middle-sized  bridges.  No obvious de- 
formation  has  been  found  since  they were complet- 
ed,   and  they  are  s t i l l  i n   r e g u l a r   o p e r a t i o n .  

The success fu l   u se  of b o r e d   p i l e s  i n  highway 
br idge  engineer ing was folluwed by t h e i r  t r ia l  ap- 
p l i ca t ion   t o   house   bu i ld ing  i n  t h e   e a r l y  1970s. 
The l o a d i n g   c h a r a c t e r i s t i c s  of var ious   k inds  of 
bored   p i l e s  were s t u d i e d   t o   a c q u i r e   d a t a   f o r   d e -  
s ign ing   foundat ions   wi th  them. 'pwo s e c t o r s  in  the 
Qinghai -Xizang  P la teau   wi th   d i f fe r ing   fea tures  
were chosen   as   the  test sites. Ver t ica l   and   hor i -  
zonta l   loading  tests of inser ted ,   d r iven ,   and  
poured   p i les  were made (NICARS, 1977). Based  on 
t h e   r e s u l t s ,  a test house   wi th   an   inser ted-p i le  
foundat ion  and  an  engineer ing  product ion  bui lding 
with a dr iven-p i le   foundat ion  were cons t ruc t ed  on 
t he   P l a t eau  (FSDI, 1978). The former was the 
b o i l e r  room and k i t chen  of the  Frost   Research  Sta-  
t i o n   a n d   t h e   l a t t e r  was the   wa te r   t aue r ,   bo i l e r  
room and  puap  house,   and  electrical   machinery room 
of a pump s t a t ion .  Hollow re in fo rced   conc re t e  
p i l e s  were used a t   b o t h  sites; they  had a diameter 
of 40 cm, were b u r i e d   t o  a depth of 6 m, and  ven- 
t i l a t i o n  was app l i ed   t o   keep  the ground  frozen. 
The lmi ld ing  was completed i n  1977 and  no obvious 
deforrmtion has yet  been  discovered. 

foundat ions -- the   res idences  of t h e   F r o s t  Re- 
s e a r c h   S t a t i o n  -- were designed by t h e   J i n g t a o  
F r o s t   S t a t i o n ,   l o c a t e d  i n  t he   pe rnuf ros t   r eg ion  of 
the Great  Xing'an  Mountains (He and  Xiao, 1981). 
A ra i sed   foundat ion  was n o t   u s e d   i n   t h i s  case, us- 
ing   the   thawing   d i sc  of ground t o   k e e p  the base 
t e m p e r a t u r e   i n s i d e   t h e   h i l d i n g s  as constant  as 
possible.  Because of t he   r equ i r ed  maximum comput- 
ed  thawing  depth of t he   d i sc   and   t he   Bo i l   bea r ing  
capac i ty ,   the   des igned   p i le   d iameter   and   bur ia l  
depth were 26 c m  and 7.5 m r e spec t ive ly .  'She two 
bu i ld ings  were completed i n  1976, and  observa t ions  
and tests v e r i f y   t h a t   t h e   s t r e n g t h  of t he   conc re t e  
and   the   bear ing   capac i ty  of t h e   p i l e s  a l l  met t h e  
des ign   spec i f i ca t ions .  

Meanwhile, two test houses   with  poured-pi le  

FIGURE 3 Poured p i l e   founda t ion .  

Bearing  platform 
I 

FIGURE 4 Buried   p i le   foundat ion .  

While bored-pi le   foundat ions were tes ted   and  
put   in to   use ,   exper iments  on other   types  of deep 
foundat ions were a t a r t e d  i n  various  petmeErost 
areas. For   instance,   bur ied-pi le   foundat ions were 
t e s t e d   i n   h o u s e   c o n s t r u c t i o n   i n  the p e r m f r o s t  re- 
gion of the Great  Xing'an  Mountains  (Qiqiha'r 
Railway Mmin., 1975; Wang, 1982). The pi le   foun-  
da t ion  was composed of  pre fab r i ca t ed ,   r e in fo rced  
c o n c r e t e   p i l l a r s  (or rock p i l l a r s  w i t h  mortar) ,  
ring-shaped  base  (or  widened  base),  and  bearing 
platform  (Figure 4). The cons t ruc t ion  was c a r r i e d  
art i n  sequence as f o l l m s :  

1) Excavate   the  foundat ion  pi t .  
2) kry the base. 
3) Put the p i l e s   v e r t i c a l l y  on the  base.  
4) R e f i l l   t h e   p i t .  
5) Pour i n   c o n c r e t e   t o  cast the   bea r ing   p l a t -  

form. 
The tests were conducted a t  two s e p a r a t e  

sites; a t  one a ra i sed   foundat ion  was cons t ruc t ed  
t o   p r o v i d e   n a t u r a l   v e n t i l a t i o n   t o   p r e v e n t   t h e  
ground from thawing. The s e c t i o n  of p i l e  was 20 x 
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20 cm, that  of the base was 110 x 110 cm, and the 
b u r i a l   d e p t h  was 3.35 m. A t  t h e   o t h e r  s i te ,  t h e  
foundat ion  was not   ra i sed ,  Le.  ground s o i l  was 
p e r m i t t e d   t o  thaw. The s e c t i o n  of p i l e  was 25 x 
25 cm, t h a t  of the   base  was 75 X 75 cm, and the 
b u r i a l   d e p t h  was 5 . 5  m. The two houses were com- 
p l e t e d  i n  1974 and 1976, respectively.   Observa- 
t i o n s  showed t h a t   t h e  maximum thawing  depth of t h e  
former was 2.1 m, while that  of the la t te r  was 5.6 
m. Cracks and  deformation  appeared i n  both  houses 
due t o   i n s u f f i c i e n t   b u r i a l   d e p t h s .  

Buried-pile  foundations wi th  v e n t i l a t i o n  were 
a l s o   u s e d   t o   b u i l d   t h e   e l e c t r i c a l  machinery room, 
o i l  pump house,   and  boi ler  room of a n   o i l  pump 
s t a t i o n  on t h e  Qinghai-Xizang  Plateau  in 1976. 
The bur i a l   dep th  of t h e   p i l e s  was 5 m. No evident  
deformation has occurred   s ince  the completion of 
cons t ruc t ion ,   demons t r a t ing   t ha t   t h i s   t ype  of 
foundat ion  is successfu l .  

Another  type, the so-called  "deep m s s  foun- 
da t ion , "  had a dimension of 30.5 x 18 x 1.2 m and 
was b u r i e d   t o  a depth of 6 m. It was  used in t h e  
des ign  of the   coa l   s torehouse  of the   Reshul   coa l  
mines in t h e   Q i l i a n  Mountain  permafrost  region 
(Qinghai   Design  Inst .  of Mines, 1978). The s t o r e -  
house was completed  and  put  into  use i n  1978 and 
the deformation  has not yet  exceeded  permissible 
values.  

poured ,   inser ted ,   and   bur ied   p i le   foundat ions   have  
r ecen t ly  come i n t o   g e n e r a l   u s e  in China in the en- 
g inee r ing  of r a i l r o a d  and  highway b r idges ,  as well 
as house   cons t ruc t ion ,   in   permafros t  areas. The 
use  of deep  foundations  has  thoroughly  transformed 
t h e   u n s t a b i l i t y  of bu i ld ing  in these areas, and it  
h a s   g r e a t l y  improved the  confidence of engineer- 
ing. It can  be  s ta ted  without  a doubt   tha t  the 
1980s w i l l  be yea r s   cha rac t e r i zed  by t h e   g e n e r a l  
u s e  of deep  foundations in   Ch ina ' s   pe rmaf ros t  
a reas .  

S ince   t he  1970s our researchers  have  been in- 
v e s t i g a t i n g   t h e   p r o b l e m  of designing  deep  founda- 
t i o n s  for permafrost  areas. The major problems 
i n c l u d e :   t h e   b e a r i n g   c h a r a c t e r i s t i c s  of p i l e s   i n  
permafrost,  methods  €or  computing the r e s i s t a n t  
f r o s t - h e a v i n g   s t a b i l i t y  of p i l e s ,  ways t o   p r o t e c t  
p i le   foundat ions   f rom  f ros t   heave ,   and   ca lcu la t ing  
t h e   s t a b i l i t y  of t h e  thaw disc   benea th   hea ted  
bui ldings.   This   research has extended  the  use of 
deep  foundations. What fo l lows  i s  a b r i e f   i n t r o -  
d u c t i o n   t o  8om of our   resu l t s .  

Through these   inves t iga t ions   and   exper ience ,  

BEARING CHARACTERISTICS OF PILE I N  PERMAFROST 

The b e a r i n g   c h a r a c t e r i s t i c s  of  a p i l e  in per- 
mafrost  depend upon the   na tu re  of the permafrost  
and the f r eez ing   p rope r t i e s  of the boundary  sur- 
face  between it  and   the   p i le .  The v e r t i c a l   b e a r -  
i n g   c a p a c i t y  of t he   p i l e   i nvo lves   t he   boundary  ad- 
f r e e z i n g   f o r c e   a n d   t h e   r e a c t i o n   f o r c e   a t   t h e   p i l e  
end.  The major bearing  capaci ty   depends on t h e  
former.  The  magnitude  of the ad f reez ing   fo rce  re- 
lates n o t   o n l y   t o   t h e   s o i l   p r o p e r t i e s   ( w a t e r  con- 
t e n t  and   permafros t   t empera ture) ,   bu t   a l so   to   the  
material used,   the   roughness  of t h e   p i l e   s u r f a c e ,  
and  the la teral  p res su re   ac t ing  on t h e   p i l e .  
Loading tests have been made on f requent ly   used  

TABLE 1 The c r i t i ca l  adfreezing  s t rength  (T/m2) 
of bored  pi les .  

Average 
surrounding Type o f   p i l e  

temperature  ("C)  Inserted  Driven  Poured 

-1 .o 6.0 8.7 - 

-0.5 4.1 8.2 12.2 

p i l e s ,   such  as r e i n f o r c e d   c o n c r e t e   i n s e r t e d   p i l e s ,  
d r iven   p i les ,   and   poured   p i les ;  the r e s u l t s  are 
l i s t e d  i n  Table 1. 

i n g   s t r e n g t h  of poured   p i les  is t h e   g r e a t e s t  be- 
cause i t  has   t he   roughes t   su r f ace ,   t ha t  of d r iven  
p i l e s  is o d i u m ,   s i n c e   t h e  l a te ra l  p r e s s u r e   t h a t  
acts on i t  i s  t h e   g r e a t e s t ,  which  brings i t  i n t o  
t igh t   contac t   wi th   the   sur rounding   f ros t ,   and   tha t  
of i n s e r t e d   p i l e s  i s  the least  of the three ( P i l e  
Foundation Res. Gp., 1978). 

Other tests showed that while a p i l e  i s  set- 
t l i n g  under   ex te rna l   force ,  a r e a c t i o n   f o r c e  ap- 
pea r s  a t  its  bottom  end, which i n c r e a s e s  wi th  the 
external   load.  The magnitude of t h e   r e a c t i o n   v a r -  
i e s  w i t h   t h e   t e s t i n g  method, t he   l oad ,   and   t he  
p i l e  type. For example, t he   r eac t ion   fo rce   unde r  
c r i t i ca l  load   appropr i a t e s  20% and 10% of the load  
fo r   d r iven   and   poured   r e in fo rced   conc re t e   p i l e s ,  
r e s p e c t i v e l y  (Cheng e t  a l . ,  1981). 

The bea r ing   capac i ty  of a s i n g l e   v e r t i c a l  
p i l e  in f r o s t  i s  c a l c u l a t e d  by the   fol lowing  equa-  
t i o n  (NICARS, 1977): 

It can  be  seen  from  Table 1 t h a t   t h e   a d f r e e z -  

where 

P - t he   pe rmi t t ed   bea r ing   fo rce   fo r  a s i n g l e  
p i l e ,  T 

K - c o e f f i c i e n t  of s a f e t y  

r i  - t h e  c r i t i ca l  long-term  and  freezing 
s t rength   be tween  f ros t   l ayer  i and t h e  
la teral  s u r f a c e  of t h e   p i l e ,  T / m 2  

F i  - t h e   f r e e z i n g  area between f r o s t   l a y e r  i 
and t h e  l a te ra l  su r face  of t h e   p i l e ,  m2 

Q - t h e   d e c r e a s i n g   c o e f f i c i e n t  of the bot- 
tom-end suppor t ing   capac i ty  o f  t h e   p i l e  

A - the top-end  supporting area of the p i l e  

R - t he   pe rmis s ib l e   bea r ing   capac i ty  of t h e  
f r o s t   b e n e a t h   t h e   p i l e ,  T/m2 

The va lue  of m, has something t o  do  with 
cleaning  up  the  bottom of the   ho le .  It is  recom- 
mended, unde r   o rd ina ry   c i r cumtances ,   t ha t  0.5-0.9 
be  adequate. 

The above  equation i s  b a s i c a l l y  similar t o  
that  being  used by t h e   f r o s t   e n g i n e e r i n g   c i r c l e .  
Both   equat ions   sugges t   tha t   bear ing   capac i ty  i s  
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FIGURE 5 Res i s t an t   fo rce  of anchor-arm  vs  anchor- 
ing  length.  

d i r e c t l y   p r o p o r t i o n a l   t o   t h e   f r e e z i n g   a r e a  of t h e  
p i l e ,  Le .  t o  the l eng th  of the p i le ,   p rovided   the  
diameter  remains  unchanged. 

I n  1980, the Northwest I n s t i t u t e  of the Chin- 
ese Academy of  Railway  Sciences made a series of 
tests on t h e   r e s i s t a n c e   f o r c e  of a n c h o r s   i n   t h e  
permafrost   region of t h e  Qinghai-Xizang  Plateau. 
Reinforced  concrete  anchors of 10 cm i n  diameter 
were adopted   wi th   bur ia l   depths  of 2-4 m. Test 
r e s u l t s  showed tha t   the   re la t ionship   be tween  the  
r e s i s t an t   fo rce   and   t he   l eng th  of the  anchor   tend-  
ed   to  be nonl inear  as the  anchor   reached a c e r t a i n  
va lue   (F igu re  5) (Ding,  1981a).  That i s  t o   s a y ,  
t h e r e  i s  no d i r e c t   r a t i o  between t h e   r e s i s t a n t  
force  of  the  anchor  and i t s  length.  

i s  determined by g radua l  damage and t h e   r e w a n t  
ad f reez ing   s t r eng th .  The tests showed tha t  under 
e x t e r n a l   l o a d   t h e   d i s t r i b u t i o n  of shea r  stress 
along  the  f reezing  boundary  surface of the   anchor  
was uneven,   a t tenuat ing  exponent ia l ly  with in-  
creasing  depth.  The d e s t r u c t i o n  of ad f reez ing  
s t rength ,   therefore ,   does   no t   t ake   p lace   s imul tan-  
eously  along  the  whole  boundary,  but  occurs a t  a 
c e r t a i n   p o i n t  in t h e  boundary  where  shear  strength 
h a s   a t t a i n e d  a c r i t i c a l  state. The maximum shea r  
stress then  moves  downward, b r i n g i n g   t h e   f r e e z i n g  
s t r e n g t h  of the ne ighbor ing   pa r t   t o  a c r i t i ca l  
state. This g radua l   des t ruc t ion   does   no t   s top  un- 
til the   anchor   l o ses  i t s  s t a b i l i t y .  

However, a remnant   adfreezing  s t rength w i l l  
a c t  on  the  freezing  boundary of  the   anchor   even   i f  
the ad f reez ing   s t r eng th  as a whole is destroyed. 
Con t inua l ly   i nc reas ing   t he   l eng th  of the anchor 
can   on ly   se rve  t o  make f u r t h e r   u s e  of the r e w a n t  
adfreezing  s t rength,   which is why the r e s i s t a n t  
force   increases   s lowly ,   p resent ing  a c l e a r l y  non- 
l i nea r   p rope r ty .  

Generally,  the n o n l i n e a r i t y ,  as mentioned 
above,  occurs in the   re la t ionship   be tween  bear ing  
capac i ty  and p i l e   l eng th   i f   t he   l eng th - to -d iamz te r  
ratio of a s i n g l e   p i l e  in permafrost   reaches a 
cer ta in   va lue .   Therefore ,  a r e v i s i o n   f a c t o r  of 
p i l e   l eng th   shou ld  be t aken   i n to   accoun t   i n   t he  
formula  for   computing  the  bear ing  capaci ty  of a 
s i n g l e   p i l e  (Ding, 1981b). 

The s p e c i f i c   b e a r i n g   c a p a c i t y  of the   anchor  

Cons ide r ing   t hese   bea r ing   cha rac t e r i s t i c s ,  we 
are s u r e  that  t h e r e  rmst be  an optimum l e n g t h   f o r  
a s ing le   p i l e   i n   pe rmaf ros t   where   t he   ave rage  ad- 
f r e e z i n g   s t r e n g t h  w i l l  be a t   t h e  maximum. %re- 
over ,  i t  w i l l  be t h e  most reasonable,   both econom- 
i c a l l y  and  technical ly .  

used t o   c a l c u l a t e  the hor i zon ta l   l oad  of a s i n g l e  
p i l e   i n   pe rmaf ros t .   Af t e r   compar ing   r e su l t s  cal- 
cu la ted  on t h e   b a s i s  of t h e  assumed d i s t r i b u t i o n  
p a t t e r n  of ground c o e f f i c i e n t s  w i t h  the test da ta ,  
we found t h e   d i s t r i b u t i o n   p a t t e r n   a c h i e v e d  by the 
"value K method" was most s i m i l a r   t o   t h e  test 
da t a ;  in other   words,   ground  coeff ic ients   above 
the f i r s t   e l a s t i c   z e r o   p o i n t   a r e   d i s t r i b u t e d  in 
the form of a concave  parabola  and  below i t  t h e  
d i s t r i b u t i o n   p a t t e r n   w i t h  a cons t an t  is i n  rela- 
t i v e  conformance   wi th   the   rea l i ty  of p i l e s  i n  per- 
mafrost  (Cheng et  a l . ,  1981). 

The elast ic  foundat ion  beam method i s  st i l l  

REFREEZING GROUND SOIL SURROUNDING PILES 

The time t a k e n   t o   r e f r e e z e   t h e   s o i l   s u r r o u n d -  
ing  the p i l e  is of g rea t   impor t ance   t o   t he   des ign  
and   cons t ruc t ion  of the p i l e .  It i s  c o n t r o l l e d  by 
such   f ac to r s  as the   cons t ruc t ion  method, t h e   t y p e  
and  dimension of t h e   p i l e ,  the  cons t ruc t ion  Bea- 
son, the temperature of the  permafrost ,   and BO 

for th .  'Ihe r e f r e e z i n g  tiues of ground soil su r -  
rounding  driven,  inserted,   and  poured  reinforced 
c o n c r e t e   p i l e s  were measured i n  the permafrost  
areas of the Qinghai-Xizang  Plateau. The r e s u l t s  
i n d i c a t e d   t h a t  heat in t roduced  by d r i v e n   p i l e s  was 
t h e  least, t h a t  i s ,  re f reez ing   occur red  i n  the 
s h o r t e s t   p e r i o d  o f  time, from 5-11 d a y s   a f t e r  the  
p i l e  had  been set. The ground  temperature was 
d i s t u r b e d   t h e  most by hea t   i n t roduced  by mixed ma- 
t e r i a l s   a l o n g  with the heat of l i q u e f a c t i o n  of 
c o n c r e t e ;   a s  a r e s u l t ,   r e f r e e z i n g   t o o k  as long  as  
30-60 days. The time t a k e n   f o r   r e f r e e z i n g   t h e  
ground s o i l  su r round ing   t he   i n se r t ed   p i l e   l ay   be -  
tween t h e  above  two,  and l a s t e d  from 6 t o  15  days 
(NICARS, 1977). 

Mountains,  winter i s  usua l ly   chosen  as the con- 
s t r u c t i o n   s e a s o n   t o   s p e e d  up t h e   r e f r e e z i n g  rate 
of the soil around  poured  piles. In t h i s  case, 
care must be  taken  to  prevent  the  concrete  from 
f reez ing   and   to   guarantee   the   necessary   s t rength  
of the   concrete .  

p i l e s   f o r  highway b r i d g e s   b u i l t  i n  permafrost  re- 
g ions ,   t he   s tudy  of negat ive- temperature   concrete  
was i n i t i a t e d .  To r educe   t he   hea t   e f f ec t  of  con- 
crete, and   increase  i t s  f r e e z e - r e s i s t a n t   d u r a b i l i -  
t y  and  mildness  and i t s  hardening rate a t  law tem- 
p e r a t u r e ,  the researchers   devised  a way t o  add 
chemica ls   to  the concrete.   Different  types  and 
amounts o f  chemicals are added  according t o  the 
construct ion  season,   the   permafrost   temperature ,  
and   o the r   des ign   spec i f i ca t ions  so t h e   c o n c r e t e  
would meet the needs  mentioned. Trial house 
and   b r idge   cons t ruc t ion   p ro j ec t s  in t he   Grea t  
Xing'an  Mountains  and  the  Qinghai-Xizang  Plateau 
have  proved  that   the  strength of conc re t e   w i th  
chemica l   add i t ives   can   a t t a in  or s u r p a s s   t h e  de- 
s i g n   g r a d e   r e g a r d l e s s  of the dimension of t h e  
poured p i l e  ( R C I ,  1979; Beilongjiang  Microtherm 

In the   permafrost   region of t h e  Great Xing'an 

In t h e  19708,  along with the use  of poured 
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TABLE 2 Strength of negative-temperature  concrete  at  different  stages. 

Compressive  strength 
NO. of Kind of Design  grade  Degree of (kg/cm2) 
sample  sample  Mixing  ratio  slump  (cm) R7 R28 R213 

10 without 200 
chemical 0.6:1.24:3.8 
additives 

26 with 200 
chemical 0.6:1.24:3.8 
additives 

80 with 200 
chemical 0.5:1.24:3.25 
additives 

5 " " " -  
38.1  60.2 93 

- 

10 " 

" 
141.6 207 
155.6 162 

17 " 137.8  225.5 - ~ -  
102.9  152.5 163 

NOTE:  Denominators  refer  to  strength of 10xlOxlO cm  sample  placed i n  
permafrost.  Numerators  are  strength of sample  taken from test  pile by 
drilling. 

Res.  Inst., 1979; He, 1981). In one  of  the  tests, 
in the  Great  Xing'an  Mountains,  sodium  nitrite  and 
other  chemicals  were  added  to  concrete  and  it  was 
poured  into  two  boreholes with diameters of 80 cm 
and 26 cm at  burial  depths o f  2 m and 5.5 m re- 
spectively.  Table 2 lists  the  strength  of  the 
concrete  after  it  had  been  in  the  foundations  at 
temperatures  of -2% 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. 

RESEARCH ON THE  FROST-HEAVE-RESISTANT 
STABILITY  OF  FOUNDATIONS 

In the  course  of  freezing  the  soil mass of 
the  active  layer  that  surrounds  the  upper  part of 
a  deep  foundation,  tangential  frost-heaving  force 
and  the  reaction  forces  will  develop  due  to  the 
resistance  of  foundation.  These  forces  are  equal 
i n  magnitude  but  opposite i n  direction. The reac- 
tion  force is  of  greater  importance i n  computing 
foundation  stability. 

site in the  Great  Xing'an  Mountaine in 1978. Its 
distribution  pattern  around  the  foundation  is 
shown  in  Figure 6 (Cui and  Zhou, 1981; Heilong- 
jiang  Water Res. Inst., 1981). It can  be  seen 
that  the  reaction  force  around  the  foundation  ap- 
pears  as  a  double  hump,  weaker  near  the  founda- 
tion.  This is because,  during  the  course,  part of 
the  tangential  frost-heaving  force  and  the reac- 
tion  force  are  relieved as the  frost  and  the  thaw- 
ing  soil  move  up  and  down  the  foundation  circum- 
f erence. 

According  to  the  theory  that  tangential 
frost-heaving  force is equal  to  the  reaction 
force,  the  tangential  force  measured i n  field 
tests by rigid  frame  counter-compression  and  load 
counter-compression  rmst  be  equivalent  to  the  re- 
action  force  shown  in  Figure 6. Here  the  work 
dissipated by friction  can  hardly  be  measured by 
the  methods  used. 

Tests on the  reaction  force  were  =de  at  a 

Ground surface 

Tr heaving 

Nov 15,1979 
, Nov 20,1978 

Distance, cm 

FIGURE 6 Distribution  of  heaving  reaction. 

To compute  the  frost-heaving  stability  of  the 
foundation,  the  force  system  of  stability  uust  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 mst be  taken  into  ac- 
count. 

The distribution  of  tangential  frost-heaving 
forces  along  the  depth  of  the  foundation i s  unev- 
en, being  distributed  mostly  within  the  upper  part 
of  the  active  layer  at  a  depth  two-thirds of its 
thickness.  This  can  be  taken as the  base  for  cal- 
culating  the  tangential  frost-heaving  force  when 
coaputing  the  frost-heaving  stability  of  the 
foundation. 

The  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 is 1, then  that  of  steel is 1.66, o f  
rock  foundation  with  mortar ie 1.29, and  of  wood 
i s  1.06 (Ding, 1983~). 
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PROTECTING PILE FOUNDATIONS  FROM FROST-HEAVE 

The  design of t h e   b u r i a l   d e p t h  of  deep  foun- 
da t ions  in permafrost  is o f t e n   r e s t r i c t e d  by the 
requirements of f ros t -heav ing   s t ab i l i t y .   F re -  
q u e n t l y ,   p i l e s  mst be  buried more than  2.5 t i e s  
deeper   than the f r o s t   t a b l e   t o   p r e v e n t   p u l l i n g  by 
frost-heaving. Even so,  i n  s o w  cases, deforma- 
t i on   o r   des t ruc t ion   occu r s   because  the foundat ion  
l a c k s   t h e   s t r e n g t h   t o  resist the   pu l l i ng .  

There are two  ways t o   r e d u c e   t h e   t a n g e n t i a l  
f ros t -heaving   pressure   ac t ing  on foundat ion  sur-  
faces.  One way i s  to   reduce   the   foundat ion  mate- 
rial 's s u s c e p t i b i l i t y   t o   w a t e r ,   t o  weaken ice ce- 
menting  between the   f ros t   and   t he   founda t ion ;   t he  
o the r  i s  t o  improve the s o i l  body around  the  foun- 
da t ion   t o   r educe   f ros t   heave .  

f ros t -heav ing   fo rce  on pile   foundat ions  have  been 
conducted i n   t h e   p e r m a f r o s t  areas of the   Qinghai -  
Xizang  Plateau.  In  the tests, residuum  and  anion 
s u r f a c e   a c t i v e   a g e n t s  were used t o  treat founda- 
t ions  comprehensively  to  met the   de f ined   r equ i r e -  
r en t s .  The process was c a r r i e d   o u t   i n   t h i s  way: 
F i r s t ,   t h e   f o u n d a t i o n   s u r f a c e  was daubed wi th  a 
t h i n   l a y e r  of residuum t o  change i t s  hydrau l i c  
p r o p e r t y ,   t h e n   c e r t a i n   p a r t s  of the so i l   su r round-  
ing p i l e s  were t r e a t e d   w i t h   a c t i v e   a g e n t s   t o  re- 
duce f r o s t  heave. This method reduced 95% o r  so 
of tangent ia l   f rost-heaving  pressure.   After  a 
couple of freeze-thaw  cycles, no clear rise i n  
tangent ia l   f ros t -heaPlng   pressure  was observed, 
and  the  s tabi l i ty   has   remained  sound  (Ding et al., 
1982). This achieveraent was obta ined  in both  lab- 
o r a t o r y   a n d   f i e l d  model tests. I ts  e f f e c t i v e n e s s  
and   durabi l i ty  remain t o  be v e r i f i e d   i n   p r a c t i c a l  
p ro j ec t s .  

and  use of deep  foundat ions  in   permafrost   regions 
tha t   need   fu r the r   i nves t iga t ion   and   r e so lu t ion :  

key t o   c o r r e c t l y   d e s i g n i n g   p i l e   f o u n d a t i o n s :  By 
tests, we see that  t h e r e  is a peak  value  and a 
remnant  value of ad f ree r ing   s t r eng th .  The average 
ad f reez ing   s t r eng th   u sed   t o   des ign   p i l e   founda -  
t i o n s  relates n o t   o n l y   t o   t h e   c o n s t i t u e n t s  of 
s o i l ,  water content,   ground  temperature,   and  pile 
material, tut a l s o   t o   t h e   l e n g t h   a n d   d i a m t e r  of 
t he   p i l e .  Of these, Khe first f o u r   f a c t o r s   i n f l u -  
ence  peak  and  remnant  adfreezing  strength.  There- 
fo re ,   s tudy ing   t he   s t r eng ths   and  making use  of 
them  along with the length  and  diameter  of the 
p i l e  t o  compute  average  f reezing  s t rength w i l l  
g ive  accurate   parameters   for   computing  adfreezing 
s t r eng th .  

2 .  The r a t i o n a l   d i s t r i b u t i o n   p a t t e r n  of f r o s t  
g round   coe f f i c i en t s   and   t he   va lues  of ground  coef- 
f i c i e n t s  u n d e r   d i f f e r e n t   f r o s t   c o n d i t i o n s .  

3. The re lat ionship  between the bear ing  
s t r e n g t h  a t  the   p i l e   end   and   t he   ad f reez ing  
s t r e n g t h  of the  pi le   c i rcumference:   Although  var-  
i o u s   r t h o d s  of computing  the  bearing  capacity of 
p i l e s  proposed i n  the past   took i n t o  account   the 
r e a c t i o n   f o r c e  a t  t h e   p i l e   e n d ,  the a c t i o n  raechan- 
ism when both   the   p i le   end   and   the   c i rcumference  
are under  load a t  t h e  sa= time has   no t   been   fu l ly  
i l l u s t r a t e d .  

4. The reasonable   interval   between  pi les ,   and 
tests and  computions o f  p i l e  groups. 

A number o f  tests t o  reduce   the   t angent ia l  

P rob lem s t i l l  e x i s t   i n   d e s i g n ,   c o n s t r u c t i o n ,  

1. Providing exact ad f reez ing   s t r eng th  is t h e  

5.  The r e a s o n a b l e   b u r i a l   d e p t h  of bur ied-p i le  
foundat ions:   Buried-pi le   foundat ions are conpara- 
t i ve ly   popu la r   i n   Ch ina  owing t o   t h e i r   s i m p l e  con- 
s t r u c t i o n ,   t h e   e a s y   t r e a t m n t   t o   p r e v e n t   f r o s t -  
heave,  and  the low cost .  It has  been  observed in 
earlier pro jec ts ,   however ,   tha t   the   annual   var ia -  
t i o n  of ground  temperature  for  shallowly  buried 
p i l e   founda t ions  i s  c o n s i d e r a b l e ,   y i e l d i n g   f r o s t  
c reep  as well as   f ros t   heave ,   which   tends   to   cause  
deformation of the  foundat ion.  To p reven t   o r  re- 
duce  deformation,  an  allowable maximum temperature 
v a r i a t i o n   i n   t h e   f r o s t   b e n e a t h   s u c h   f o u n d a t i o n s  
seem t o  be inev i t ab le .  

mafrost: The step-by-step  loading method cu r ren t -  
ly   used  has some disadvantages,   such as long  test- 
ing  time and  cons iderable   var ia t ions  of  boundary 
condi t ions .  In add i t ion ,  the c r i t e r i o n   t a k e n   f o r  
d e f o r m a t i o n   s t a b i l i t y  (0.3-0.5 m/24 h r )  lacks 
s u f f i c i e n t   s c i e n t i f i c   s u p p o r t .   T h e r e f o r e ,  a meth- 
od that  no t   on ly   r e f l ec t s   t he   va ry ing   cha rac t e r i s -  
tics of f r o s t  but a l s o   s h o r t e n s   t e s t i n g  ti= w i l l  
be t h e   g o a l  of fu r the r   s tudy .  

6.  Loading tests on p i l e   f o u n d a t i o n s   i n   p e r -  
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D.C. Esch 

Alaska  Department of T r a n s p o r t a t i o n   a n d   P u b l i c   F a c i l i t i e s  
Fairbanks,   Alaska,  USA 

This   review  presents  a summary of cu r ren t  
p rac t i ce ,   r e sea rch   e f fo r t s ,   and   ma jo r   r e sea rch  
needs   re la t ing   to   road   and   ra i lway embankments ov- 
er permafrost ,   with  emphasis on North  American 
work.  The s t ages  of p r e l i m i n a r y   i n v e s t i g a t i o n s ,  
des ign ,   cons t ruc t ion ,   and   opera t ion  and mainten- 
ance of road  and r a i l  embankraents a r e   d i s c u s s e d   i n  
sequence. Embankments fo r   roads   and   r a i l roads  
necessa r i ly   encoun te r  a wide v a r i e t y  of t e r r a i n  
types  and  permafrost   condi t ions,   and  rout ings  can 
seldom be s e l e c t e d   t o   a v o i d   a l l   p o t e n t i a l  perma- 
f r o s t  problem areas, due t o   o r i g i n  and d e s t i n a t i o n  
constraints.   Because of t h e   g r e a t   d i s t a n c e s  cov- 
e red  by these  fac i l i t i es ,  subsur face   in format ion  
on any s ing le   pe rmaf ros t   un i t  i s  normally  inade- 
q u a t e   t o   p r e d i c t   a c c u r a t e l y  embankment perform- 
ance. Embankments are t h e r e f o r e   u s u a l l y  con- 
s t ruc t ed   w i thou t   u se  of any in tens ive   permafros t -  
r e l a t e d   d e s i g n   a n a l y s i s .  Most engineer ing  analy-  
ses are made o n l y   i n   t h e   c o u r s e  of r e p a i r   o r  re- 
cons t ruc t ion  of the most severe   pos t -cons t ruc t ion  
problem  areas. Road and  railway embankment move- 
ment problem  resu l t ing   f rom  under ly ing   permafros t  
are almost  always  of  the  chronic,  long-term  type, 
so t h e   t r u e  economic  consequences of inadequate 
des ign   and   cons t ruc t ion   prac t ices  are seldom if 
ever known. 

CURRENT PRACTICE 

P r e l i m i n a r y   I n v e s t i g a t i o n s  

Airphoto   and   geologic   in te rpre ta t ions  of sub- 
su r face   cond i t ions   f rom  su r face   f ea tu re s ,  with 
b o r i n g s   a t   i n t e r v a l s ,  are h e a v i l y   r e l i e d  upon in 
t h e   r o u t e   s e l e c t i o n  and   subsur face   inves t iga t ion  
planning  stages  for  roads  and  railways,   but  geo- 
physical   detection  methods  based  on  electromagnet- 
i c  and radar  soundings are cur ren t ly   under   deve l -  
opment. Theory  and p rac t i ce   i n   geophys ica l   de t ec -  
t i o n  of   subsurface  condi t ions are well developed 
i n   t h e  mining  and  petroleum  industr ies ,   but   these 
technologies   have   no t   been   readi ly   adaptab le   to  
a p p l i c a t i o n  by t ranspor ta t ion   engineers   and   geolo-  
g i s t s .   There  is cons iderable   in te res t   and   hope ,  
however, t h a t   t h e s e   w t h o d s  w i l l  provide  the  geol-  
o g i s t   w i t h  a new low-cost  source of Subsurface  in- 
formation on which t o   b a s e  h i s  f ie ld   bor ing   and  
sampling  program  and  even  the  preliminary  route 
se l ec t ion .  

A t  t he   Four th   In t e rna t iona l   Confe rence  on 
Permafrost ,  11 papers in the a r e a s  of remote  sens- 
i ng  and  geophysical   sounding  for  the de tec t ion ,  
mapping,  and  evaluation of pe rmaf ros t   t e r r a in  were 
presented. In view  of the extreme v a r i a b i l i t y  of 
subsur face   permafros t   condi t ions ,   such  as ice con- 
t e n t s  and   ac t ive   l aye r   t h i cknesses ,   r e sea rch  i s  

badly  needed to   speed  the development of new w t h -  
ods of remote ly   de tec t ing   subsur face   condi t ions  
t h a t   a f f e c t  embankment performance.  Information 
on t h e   v a r i a b i l i t y  of s o i l s  and  permafrost i s  
needed on a cont inuous  basis   a long a proposed  road 
o r  rail  rou te   t o   p red ic t   t he   t he rma l   and   phys i ca l  
s t a b i l i t y  of a l t e r n a t i v e  embankmnt  designs. 

Design  of Embankments 

Curren t   des ign   prac t ice  i s  not  developed 
enough t o  p red ic t   d i s to r t ions ,   r i de   roughness ,  
t r ave l   speed ,   o r   ma in tenance   cos t s   r e l a t ed   t o  a l -  
t e r n a t i v e  embankment designs.  Engineers  have  gen- 
e ra l ly   adop ted  a negative  view of such  design fea- 
t u r e s  as i n su la t ion   l aye r s   o r   pas s ive   hea t - ex -  
change  systems,  al though  the much h i g h e r   i n i t i a l  
c o s t s  will r e s u l t   i n  improved  long-term  perform- 
ance.   Unfortunately,   researchers   have  not   yet   de-  
f i n e d  the overal l   l i fe-cycle   economics of such 
f e a t u r e s .   I n s u l a t i o n  i s  no t  commonly used  or   even 
cons idered   except   under   ex t reme  a rc t ic   condi t ions ,  
where sho r t ages  of g r a v e l   r e s u l t  in a d i r ec t   s av -  
ings in cons t ruc t ion   cos t s ,   such  as t h e   A l a s k a   o i l  
p i p e l i n e  workpad  (Wellman e t  al . ,  1976) of which 
about 112 km (70 mi) were designed  and  constructed 
as insu la t ed  embankments. 

Simple  and  funct ional  two- and  three-dimen- 
s i o n a l  thermal. analysis  methods,   which would per- 
mit des igne r s   t o   ana lyze  the long-term s t a b i l i t y  
of a l t e r n a t i v e  embankment des igns ,  are n o t   y e t  
r e a d i l y   a v a i l a b l e ,   a l t h o u g h   t h e r e  is cons iderable  
r e s e a r c h   a c t i v i t y   i n  the a r e a  of thermal  modeling. 
The  "modified  Berggren"  calculation method is most 
commonly used  for   s imple,   one-dimensional ,   s ingle-  
year   thermal   p red ic t ions .  

Heat exchange o f  t h e  embankment s u r f a c e  is 
handled by use  of the   s impl i f ied   "n- fac tor"  ap- 
proach i n   d e s i g n   c a l c u l a t i o n s .  T h i s  fac tor ,   which  
i s  the r a t i o  of s u r f a c e   t o   a i r   t e m p e r a t u r e   f r e e z -  
ing or t hawing   i nd ices ,   appea r s   t o   be   qu i t e   u se fu l  
f o r   a n a l y s i s  of paved su r faces  where evapora t ive  
o r  l a t e n t   h e a t  exchange is a minor f ac to r .  N-fac- 
t o r s   € o r  many d i f f e ren t   su r f aces   have   been   de t e r -  
mined (Lunardini,  1978). Surface   a lbedo ,   so la r  
exposure,   and  wind  effects are primary  consldera- 
t i o n s   i n   s e l e c t i o n  of an   appropr ia te   n - fac tor  for  
a given site. The importance of t r a f f i c -gene ra t ed  
wind effects and   sur face   abras ion  on the   n - fac tor  
have  been  demonstrated  (Berg  and  Esch, 1983). 

Embankment s lopes   p resent  a much more d i f f i -  
cu l t   sur face   t empera ture   s imula t ion   problem  than  
l e v e l  paved  surfaces .   Ideal ly  the e f f e c t s  of sun  
and  slope  angles,   wind, snow cover ,   vege ta t ion  
cover,   evapotranspiration,  and  shading by ad jacen t  
trees and  brush  should a l l  be   t aken   in to   account  
i n   s e l e c t i o n  of a proper  n-factor. A f u l l   e n e r g y  
balance  approach  should  perhaps be attempted. 

2 5  
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Hwever ,   e r ro r s  in the assumptions  needed  for  an 
exact energy  balance may becolne cumulative  and 
l e a d   t o  a l a r g e   e r r o r  in the end  result   (Goodrich,  
1982). 

Embankment shape  considerat ions  and their  e f -  
f e c t  on embankment performance on warm permafrost  
have  been  studied by Esch (1978, 1983). L a t e r a l  
berms, te rmed  " thermal   s tab i l iz ing  berms," have 
been   used   ex tens ive ly   in   Alaska   in   recent   years ,  
but   their   long-term  benefi ts   have  not   yet   been 
d e m o n s t r a t e d   t o   j u s t i f y   t h e   c o n s t r u c t i o n   c o s t ,  ex- 
cept  when used as waste-disposal areas. Berm re- 
s u l t   i n  a grea te r   wid th  of t e r r a i n   d i s t u r b a n c e   a n d  
inc reased   s lope  areas that have  higher  average 
sur face   t empera tures   than   undis turbed   fores t   o r  
tundra.   Therefore,  the b e r m '   b e n e f i t  of i n -  
c reased   insu la t ion   va lue   over   permafros t  rmst be 
weighed   aga ins t   the   increased   hea t   in take  of  t h e  
e n t i r e  embankment s t ruc tu re .  For warm permafrost  
areas, s o w  form  of  passive  cooling  system  appears 
necessary,   such  as  air or  l iqu id   convec t ion   p ipes  
o r  two-phase  "heat  pipes," t o   i n c r e a s e   w i n t e r t i m e  
removal of t h e  heat that   accumulates   beneath em- 
banklnent slopes  and is t rapped  by t h e  snow cover. 

movements and  to   br idge smaller thermokars t   p i t s .  
is  c u r r e n t l y  a very  act ive embankment design  and 
r e sea rch  work area in Alaska. By i n s t a l l i n g  mult- 
i p l e   h o r i z o n t a l   l a y e r s  of se lec ted   "engineer ing  
f ab r i c s "   du r ing   cons t ruc t ion ,  a more crack- and 
sag-free embankment may be poss ib le .  The a b i l i t y  
of d i f f e r e n t   f a b r i c s   t o   s p a n   v o i d s  of d i f f e r e n t  
widths  under embankment and  wheel  loadings (Kin- 
ney, 1981) w i l l  be   evaluated by f i e l d  tests in 
1984. To d a t e ,   f a b r i c s   a p p e a r   t o  show t h e  rmst 
promise i n  e l imina t ing   t he   haza rdous   l ong i tud ina l  
embankment c r a c k i n g   t h a t   r e s u l t s  from s ide-s lope  
se t t lements   and  lateral spreading. The use  of 
s t i f f e r   p l a s t i c  mesh o r   s t e e l   r e i n f o r c e m e n t  may 
prove  even more b e n e f i c i a l  as a n  embankment r e in -  
forceuwnt. Design theory  and  calculation  methods 
€or   predict ing  and  analyzing  the  performance of 
f a b r i c   r e i n f o r c e d   s e c t i o n s  rmst st i l l  be  developed 
and tested. Answers rmst a l so   be   deve loped   t o  
quest ions  regarding  the  necessary  extent  of f a b r i c  
lapping  or  sewing  and the importance of pre l imi-  
n a r y   f a b r i c   t e n s i o n i n g   a n d   f a b r i c   s t i f f n e s s  on 
performance. 

I n s u l a t i o n  of  roadway  embankments w i t h  foamed 
p l a s t i c s   t o   p r e v e n t   t h a w i n g  of under ly ing  ice-rich 
p e r m f r o s t   h a s   e s s e n t i a l l y  remained i n   t h e   e x p e r i -  
menta l   des ign   s tage   s ince   the  f irst  i n s t a l l a t i o n s  
i n  1969 (Esch, 1973). H w e v e r ,   s e v e r a l   a i r f i e l d  
insu la t ion   pro jec ts   have   been   successfu l ly  com- 
pleted.   Field  s tudies   have  demonstrated that  
polyurethanes and s u l f u r  foams lack t h e   d u r a b i l i t y  
and   mois ture   res i s tance   for  direct b u r i a l   u s e s  un- 
der  wheel  loadings  and  high  water  tables.   Extrud- 
ed  expanded  polystyrene foam i n s u l a t i o n s ,   i n  con- 
trast, have  generally  proven  very  durable  under 
these condi t ions .  Economic Considerat ions  and 
c o n c e r n s   a b o u t   d i f f e r e n t i a l   s u r f a c e   f r o s t  forma- 
t i o n  on  pavements  over  insulated areas have  both 
a c t e d   t o   r e t a r d   t h e   u s e  of i n su la t ion   excep t   fo r  
cer ta in   remote   a reas   where   g rave l   cos t s   and   o ther  
cons idera t ions   have   d ic ta ted  the use of  foam in-  
sulat ion.   Recent   compet i t ion in the production of 
low-cost ,   h igh-qual i ty   polystyrene foam i n s u l a t i o n  
and  developments in pavement su r faces   t ha t   p rov ide  

Embankment re inforcement ,   to   reduce  s lope 

ice   cont ro l ,   such  as "Verglimit"  and  "Plus-Ride," 
should  encourage  increased  use of embankment i n -  
su l a t ion .  

mafrost  is n o t   s i g n i f i c a n t l y   d i f f e r e n t   f r o m   t h a t  
f o r  roadways in s e a s o n a l   f r o s t  areas. The Alaska 
Department of Transportat ion  has   recent ly   complet-  
ed a major  research  study  of  pavement  structure 
performance  that   evaluated  pavement   fa i lures  by 
f l exura l   f a t igue   and   ru t t i ng   (McHat t i e  e t  al . ,  
1980). The presence of p e r m f r o s t   i n   t h e   s u b g r a d e  
was not  found t o  be a s i g n i f i c a n t   f a c t o r  i n  per- 
formance. This i s  reasonable  in view of t h e   f a c t  
t h a t   v e h i c l e  wheel load  stresses a r e   c a r r i e d  al-  
most e n t i r e l y  by the uppermost l m (3 .3  f t )  of t h e  
embankment, whereas   the  permafrost   table  i s  com- 
monly a t  a depth of 2 t o  4 m beneath the pavement. 
Paveraent s t r u c t u r e s ,   d e f i n e d  as the  load-carrying 
po r t ion  of an embankment, are therefore   a lways  in-  
cluded i n   t h e   " s e a s o n a l   f r o s t "  zone. The only  
s p e c i a l  pavement   design  considerat ion  appl ied  for  
permafrost  areas invo lves   t he   u se  of a shor tened  
design life per iod   for   pavements   tha t  are expected 
t o  b e   d i s t o r t e d   s e v e r e l y  by thaw se t t lements   wi th-  
in a few years  of  new embankment cons t ruc t ion .  
Thaw-set t leent   and  f rost-heaving  problemr  are  
recognized  and  treated  separately  from  pavement 
design  considerat ions.  

Embankment Cons t ruc t ion  

Pavelnent des ign   p rac t i ce   €o r  roadways on per- 

Embanklnents on permafrost  are o n l y   r a r e l y  
constructed  in   winter ,   except   perhaps on t h e  Arc- 
t i c  Slope. The major   ques t ions   to  be reso lved   re -  
l a te  t o   t h e   c o m p a c t i o n   l e v e l s   a t t a i n a b l e   w i t h   f r o -  
zen s o i l s  and  the detrimental e f f e c t s  of reduced 
so i l -dens i ty   l eve l s  and possibly  t rapped snow and 
ice l a y e r s  on long-term  performance.  Coarse- 
g r a i n e d   s o i l s  are more amenable t o  compaction 
while i n  a f rozen  s ta te  and are less i n c l i n e d   t o  
loss of s t r e n g t h  upon  thawing. Spec i f i ca t ions  
that   perndt   placement  of c e r t a i n   f r o z e n   s o i l   a n d  
rock   types   in   win ter   could  be developed. 

Some performance  aspects of win ter   versus  
summer cons t ruc t ion  of i n s u l a t e d  embankments were 
i n v e s t i g a t e d  by cons t ruc t ing  two ad jacen t  test 
sec t ions   nea r   Inuv ik   i n  1972 (Johnston. 1983). 
Observations  through 1978 showed l i t t l e  d i f f e r e n c e  
in performance  due t o   t h e   t i m i n g  of cons t ruc t ion .  
Construction  t iming  specifications  have  been  used 
success fu l ly  i n  Alaska   for   cont ro l l ing   cons t ruc-  
t i o n  of i n su la t ed   road   s ec t ions   and   fo r   excava t ing  
f rozen  soils. Insulat ion  placement  is s p e c i f i e d  
a t   t h e  start of the  thawing  season,   fol lowing  sur-  
face   p repara t ion   and  snow-removal dur ing  the prev- 
ious w i n t e r ,   t o   a s s u r e   t h e   l o w e s t   p o s s i b l e   s u b s u r -  
face  temperature .   Benefi ts  may r e s u l t  from  con- 
s t r u c t i o n   t i m i n g   s p e c i f i c a t i o n s   t h a t   r e q u i r e  a 4 -  
month per iod   for   p re thawing   and   consol ida t ion  of 
i ce - r i ch   pe rmaf ros t   so i l s   be fo re  embankment place- 
ment. These  benefi ts   have  been  analyzed a t  t es t  
s i t e s  (Esch, 1982) bu t   t h i s   app roach  has not   ye t  
been  used on a cons t ruc t ion   p ro j ec t .  

mechanically  placed  layer of f r o z e n   p e a t   i n  1973 
a t  a roadway s i t e  80 km sou theas t  of Fairbanks,  
A laska .   Af t e r   an   i n i t i a l  thaw s t a b i l i z a t i o n   p e r i -  
od. the  performance of t h i s  embankment has  been 
exce l len t ,   and  the thermal   benef i t s  of p e a t   i n  the 

An embankment was cons t ruc ted  on t o p  o f  a 
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ac t ive   l aye r   benea th   t he  roadway have  been  s ignif-  
icant  (McHattie,  1983). The g r e a t   i n c r e a s e   i n  the 
thermal   conduct ivi ty  of t h e   p e a t  upon f r eez ing   has  
r e s u l t e d  in louer average  subsurface  temperatures  
and   preserva t ion  of the   underlying  permafrost .  By 
comparison,  the  permafrost   foundation of t he   ad ja -  
cent  normal roadway sect ion  has   experienced  annu-  
a l ly   increasing  thawing,   set t lements ,   and  degrada-  
t ion .  

permafros t   requi res   p reserv ing   the   sur face   vege ta-  
t i o n  mat t o   s e r v e  as a n   i n s u l a t i o n  layer, a f i l t e r  
medium, and a soi l - re inforcing  layer   during  and 
after  construction.  Machine-mulching  or  shredding 
o f  trees and  brush  with a wheeled  machine,  called 
a "hydro-axe," is commonly used   i n   p re fe rence   t o  
hand-clearing. However, t o   a v o i d   s u r f a c e  damage 
t h i s  machine work rmst be  performed when t h e  . 
ground  surface i s  frozen. 

Maintenance of  Embankments 

S tanda rd   cons t ruc t ion   p rac t i ce  in ice-rich 

E r r o r s   i n  embankment des ign   and   cons t ruc t ion  
becorne t h e   r e s p o n s i b i l i t y  of the maintenance  engl- 
nee r .   S inkho les ,   s ags   i n   g rades ,   l ong i tud ina l  
cracking,   shoulder   rotat ion  and  s lumping,   and  cul-  
ver t   d i s tor t ions   and   b lockages  are commn manifes- 
t a t i o n s  of  embankment i n s t a b i l i t y   c a u s e d  by thaw- 
ing permafrost .  S i n k s ,  sags,   and  shoulder  6lump8 
in paved  road  surfaces are r o u t i n e l y   f i l l e d   w i t h  
a s p h a l t   p a t c h i n g   m a t e r i a l ,   w i t h   r e p a i r s   r e q u i r e d  
s e v e r a l  times a y e a r   i n  the worst  problem areas. 
For r a i l r o a d s ,   t h e   r a i l o  mst be shimrned per iodic-  
a l ly   and   eventua l ly   the  t ies l i f t e d  and b a l l a s t  
added to   main ta in   g rade   where   thaw- ins tab i l i ty   and  
settlement  problems  occur. By comparison,  the 
frequent  regradiggs  perforroed  on w e l l  t r a v e l l e d  
grave l   road   sur faces   normal ly   ob l i te ra te  a l l  sags  
and  cracks. The ex ten t  of permafros t   p roblem on 
grave l   roads  i s  not  normally  apparent. 

E x p e r i e n t a l   i n s t a l l a t i o n s  of two-phase h e a t  
p i p e s   t o   s t a b i l i z e   s i n k h o l e s   i n  embankments  have 
been made in Manitoba  on  the Hudson Bay Rai l road  
(Hayley et al . ,  19831, and in   A laska  on Farmers 
Loop Road near  Fairbanks  and a t  Bethel Airpor t .  
This  new technology m y  prove  very  useful,  as hea t  
p ipes   can   be   i n s t a l l ed  by s l a n t   d r i l l i n g   t o   r e a c h  
beneath areas t h a t  nust remain  open t o   t r a f f i c .  

f o r  embankments on permafrost .   Culver t   ic ing or 
a u f e i s   p r o b l e m  may r e q u i r e   a l m o s t   d a i l y   e f f o r t s  
a t  steam thawing to   main ta in   d ra inage .  Methods i n  
common use   i nc lude  steam discharge  or ho t  water 
cyc l ing   th rough  cu lver t  thaw pipes,  and  temporary 
welder o r  permanent  powerline  connection t o  elec- 
t r ic  thaw wires l o c a t e d   i n s i d e   t h e   c u l v e r t s .  Test 
i n s t a l l a t i o n s  of s o l a r   c o l l e c t o r s   a n d  PUTS have 
been made in Anchorage  and  Fairbanks,  Alaska 
(Zarl ing  and Miller, 1981) t o  thaw cu lve r t s   au to -  
mat ica l ly .  This approach shows promise  only  for 
those  areas where  spr ingt i rne  ice   bui ldup is  t h e  
major  problem.  The cons t ruc t ion  of insulated  sub-  
d r a i n a g e   s y s t e m  t o  in t e rcep t   s eepage  water before  
i t  can  reach  the  surface  and  f reeze  has   done mch 
t o   e l i m i n a t e   i c i n g   p r o b l e m   f o l l o w i n g  new embank- 
ment construct ion  (Livingston  and  Johnson,  1978). 

Maintaining  drainage i s  o f t e n  a major  problem 

RESEARCH  EFFORTS 

Permafrost   area embankment monitoring in 
North Aerica was s t a r t e d   i n  1953, with t h e  in- 
s t rumenta t ion  of f i v e  roadway sec t ions   nea r   E len -  
a l l e n ,  Alaska.  Observations at  these sites con- 
s i s t e d  of continuously  recorded a i r  and  pavement 
temperatures  and  monthly  observations of subsur- 
face   t empera tures   f rom  thermis tor   s t r ings .  The 
s t a b i l i t y  of the ear ly   thermis tors   used  cast some 
doubt on the long-term  subsurface  temperatures,  
and  data   report ing  f rom these sites was minimal. 

FIGURE 1 Experilaental embankment monitoring Site6 on permafros t   in   Nor th   Amrica .  Numbers 
r e f e r  t o  si tes l i s t e d  I n  Table 1. 
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TABLE 1 Experimental embankments on permafrost   in   North America. 

Figure I Perlod 
r e fe rence   mn i to red   S i t e   desc r ip t ion   Pu rpose   Re fe rence  

I 1953-60 

2  1969-83 

3 1972-78 

4 1973-83 

5 1974-76 

6 1975-83 

7 1975-78 

8 1975-83 

9 1978-82 

10 1978-82 

1 1  1981-83 

12 1964-83 

13 1974-79 

14 1969-73 

15 1980-83 

Glenallen  Area,  Alaska 
Paved roadway  embankments 

Chitina.  Alaska 
Insulated  gravel  road 
embankwnt,  polystyrene 
f o m  

Mackenzie key., Inuvik,  
N.W.T, Polystyrene foam 
insu la ted   g rave l   road  
embankment 

Richardson Highway, Alaska 
ac  Canyon Creek.  Peat 
underlay  placed  beneath 
paved road i n   c u t   a r e a  

Dempster  my., N. W.T. 

l a t i on   benea th   g rave l  road 
10 cm foamd  su l fur   insu-  

Parks  My.,   near  Fairbanks 
Alder  Creek  insulated  paved 

experimental  embankment 
road  cuts  and Bonanza Creek 

Yukon River  to  Prudhoe Bay, 
AK Pipeline  Haul Road (Dal- 
t on   hy . )   Grave l   su r f aced  
roadway. 

Alaska Railroad, 50 km w e s t  
of Fairbank6,   insulated 
embankment 

Hudson Bay Railway  near 
Port  Nelson,  Manitoba 

Mackenzie Hyy. near 
Wrigley, N.W.T., g rave l  
surfaced,  aeaeonal  use,   no 
snow removal 

Grave l   t e s t   road   i n   pa l sa  
f i e ld   a long   Grea t  Whale 
hydro  project   access  road 

Goldstream, Moose, and 
Spinach  Creek  Bridge 

near  Fairbanks 
foundation0 i n  permafrost  

Eagle  River  Bridge on 
Dearpeter  Highway, Yukon 
T e r r i t o r y  

KotZebue A i r f i e l d  
Paved and i n s u l a t e d  runway 
over  permafrost, 

Prudhoe Bay a r e a ,   a i r p o r t  
runway and roadway c u l v e r t  

Determine a i r  and s u r f a c e  

i n  normal road embankments. 
temperatures  and  thermal  regime 

Compare 5 and 10 cm th ick  
in su la t ion   l aye r s   w i th   ad jacen t  
normal  embankmants by a i r  and 

regime, and embankment s e t t l e m n t s .  
s u r f a c e  temperatures,  thermal 

S i x   r o a d   t e s t   s i t e s   w i t h  3 
i n su la t ion   t h i cknesses  (5, 9 ,  and 
11.5 cm) and winter  and summer 

ground  temperatures and s e t t l e m n t s .  
construction  were compared by 

Evaluate   benefi ts   of   placing 0.5 - 
0.8 m of pea t  i n  a c t i v e   l a y e r  
beneath  road, by temperatures  and 
se t t lements .  

Evaluate  performance  of foamed 
s u l f u r  as road  insulat ion.  

Compare b e n e f i t s  of i n s u l a t i o n   a t  
1.2 and 3 . 0  m depths,  and analyze 
b e n e f i t s  of t o e  berms, t oe   i n su la -  
t i o n  and  air-cooling  ducts on s lope  
s t a b i l i t y  of 7-m high embankment. 

Evalua te   the   thermal   reg im  benea th  
eelected  normal roadway embanklqent 
s ec t ions   i n   d i scon t inuous  and 
continuous  perrmfrost   areas.  

Monitor  and  evaluate the b e n e f i t s  of 
i n s t a l l i ng   po lys ty rene  foam 

with  a   his tory  of   permafrost  thaw- 
i n a u l a t l o n  i n  a  railway  embankmnt 

settlereant  problems. 

Evalua te   the   benef i t s  of hea t   p ipes  
i n s t e t l e d   t o   r e f r e e z e  and s t a b i l i z e  
permafrost  and  arrest  thaw-settlement 
problems. 

a   t h in  (1.2 m) embankment on warm 
Evaluate  the  thermal  performance of 

by data-logger,   thermal  conductivity 
permafrost ,   including  temperatures 

by probes,   and  sett lements by l e v e l  
surveys. 

Study  probable  performance and 
settlement vs p r e d i c t i o n s   f o r  
road  embankrent  areas  overlying 

aurrounded by thawed  makeg. 
pa lsas ,   a   permafros t   fea ture  

Insu la t ed   and   geo tex t i l e   r e in -  
forced   sec t ions  Were included. 

Examine the  long-term  thermal and 
p h y s i c a l   s t a b i l i t y  of s t r u c t u r e s  
and embankments a t  s t ream  c ross ings  

Analyze  the  thermal  effecta  of  bridge 

bankment f i l l s   i n e u l a t e d   w i t h  10 cm 
founda t ion   p i l e s  and  approach em- 

of polystyrene  insulat ion.  

E v a l u a t e   t h e   t h e r m a l   p e r f o m n c e  of 
an  insulated runway and  an  UninstIlat- 
ed taxiway by use  of a  data   logger  

temperatures. 
t o  maasure s u r f a c e  and  subsurface 

Compare temperatures  around  inaulat-  
ed  and unineulated  road  culverts  and 

Brewer e t   a l . ,  1965 

Errch, 1973 

Johnston, 1983 

McHattie, 1983 
Esch, 1978 

Baymont. 1978 

Esch, 1978,  1963 

Brown and Berg, 1980 

Trueblood, 
unpublished 

Hayley , 198 3 

Goodrich, 1983 

Keyser  and  Laforte, 
1983 

Crory,  1975,  1978 

Johnston, 1980 

Esch  and Rhode, 1976 

Brown, 1983 
Eaton, unpublished 

mni to r ing   benea th   Desdhorae   A i r f i e ld  pavement. - 
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However, da t a  d i d  demons t r a t e   t ha t   fu l l   annua l  
subroadway  refreezing was occurr ing   benea th   these  
paved  roadway s e c t i o n s   i n   s p i t e  of the warm ( -1°C)  
permafrost  temperatures.  Monitoring of these 
s i tes  was d iscont inued  i n  1960. 

f ros t ,   l oca t ed   nea r   Ch i t ina ,   A laska ,  was con- 
s t ruc ted   and   ins t rumented  i n  1969,  and  has  been 
moni tored   cont inua l ly   s ince  t ha t  time, provid ing  
the   longes t   t empera ture   da ta  base f o r   u s e  i n  eval- 
uat ing  thermal   models .   Since  that  time, add i t ion -  
a l  instrumented roadway  and railway embankments 
have  been  constructed  and  monitored i n  Alaska and 
Canada. Details of a l l  s u c h   i n s t a l l a t i o n s   c a n n o t  
be  given  here,   but  Figure 1 and  Table 1 shcw t h e  
l o c a t i o n s   a n d   r e f e r e n c e s   f o r   s i g n i f i c a n t   e x p e r i -  
men ta l   da t a   pe r t inen t  to roads  and  railways  over 
permaf rest. 

Alaska have   been   pa in t ed   wh i t e   t o   masure   t he   e f -  
f e c t s  o f  i nc reased   su r f ace   r e f l ec t ance  or albedo 
in reducing  thaw-settlement  problems.  These sites 
provide a f a i r  da t a   base  f o r  p r e d i c t i n g   t h e   p e r -  
formance  benefi ts  of i n s u l a t e d  embankments  and 
o the r   expe r imen ta l   f ea tu re s   such  as berms, air-  
coo l ing   duc t s ,   and   hea t   p ipes ,   pa r t i cu la r ly   i n  
warm permafrost .   Increased  f ie ld   monitor ing  ef-  
f o r t s  are needed t o   m a s u r e   t h e   t h e r m a l  effects of 
culver ts   on  embankmnt  performance  and  the  surface 
t empera tu re   e f f ec t s  of embankment s lopes   and   s lope  
vege ta t ive   cove r s ,   a s  w e l l  as the   thermal  stabil-  
i t y  of  embankments overlying  colder   permafrost .  

The f irst  insu la ted   road  embankment on perma- 

Recent ly ,   th ree  roadway si tes i n   i n t e r i o r  

RESEARCH  NEEDS 

Because of the   long  thermal ad jus tuen t   pe r iod  
t h a t   o f t e n   r e s u l t s  from new embankment construc- 
t ion   over   permafros t ,  thermal models are needed 
that w i l l  economica l ly   ana lyze   a l te rna t ives   over  a 
period  of 20 years  o r  more. I n   f a c t ,   i n  view of 
the f o r e c a s t s  of a major climatic warming t r e n d  
expec ted   to   occur  in the A r c t i c   a s  a r e s u l t  of t h e  
"greenhouse  effect"  due t o  increasing  a tmospheric  
carbon  dioxide  levels ,   even  longer   per iods  of  
t he rma l   ana lys i s  are indica ted .  In  a r e a s  of d i s -  
cont inuous   permafros t ,   acce le ra t ion  of thawing by 
p recons t ruc t ion  or cons t ruc t ion   ope ra t ions  may be- 
come t h e  best design  approach. 

t h e   t h e r m 1   e f f e c t s  of a l t e r n a t i v e  embankment 
s ide-s lope   sur f  aces and  surf   ace  vegetat ion  covers  
and t o   d e t e r m i n e   t h e   r o l e  o f  snow-cover i n  embank- 
raent performance.  Previous embankment r e sea rch  
s t u d i e s   i n   d i s c o n t i n u o u s  warm permafrost  areas 
have  demonstrated  that   progressive  ta l ik   develop-  
ment beneath  snow-covered embankment s lopes  i s  a 
m a j o r   f a c t o r   i n  embankment d i s t r e s s .  Snow removal 
from  roadway  surfaces, by couparison,  normally re- 
s u l t s   i n   s u f f i c i e n t   s e a s o n a l  cooling t o   a s s u r e  re- 
freezing  beneath  paved  roadways,   even in warm per- 
mafrost  areas. Although  railway embankments  have 
not   been  s imilar ly   instrunented  and  monitored,   ex-  
p e r i e n c e   I n d i c a t e s   t h a t   r a i h a y a ,   b e c a u s e   t h e y  
lack a snow-free  surface,   should  resul t  in perpe t -  
u a l   n e t  warming and  ongoing  thaw-settlement  prob- 
lems i n  warm permafrost.  Experience w i t h  con- 
tinued  maintenance  on  Alaska  Railroad  embankmnts 

Research is needed p a r t i c u l a r l y   t o   q u a n t i f y  

cons t ruc ted  60 yea r s   ago   t ends   t o   ve r i fy  t h i s  ob- 
se rva t ion .  

Embankment drainage  design  considerat ions re- 
la t ing   to   permafros t   have   no t   been   s tud ied  in euf- 
f i c i e n t   d e t a i l .  So= roadway performance  reports 
have   c r i t i c i zed   des igne re   fo r   channe l ing  flows i n -  
t o   c u l v e r t s  where  cross-slope embankment rou te s  
in te rcept   ac t ive- layer   water   d ra inage .  No con- 
s t r u c t i o n  methods  have  been  developed  and  tested 
t h a t  will a s s u r e  water percola t ion   th rough embank- 
ments  without  such  channelization. 

cooling ducts   o r   they  may r e s u l t  i n  n e t  warming, 
depending on seasonal  a i r  and  water flows, snow 
cover,  and so fo r th .  Over a per iod  of   years ,  em- 
banknlent s e t t l emen t s   and   f ros t   heav ing  may d i s t o r t  
o r   d i s p l a c e   c u l v e r t s   a n d  make them non-functional. 
These t h e r m 1   a s p e c t s  of cu lver t   des ign   have  re- 
c e i v e d   e s s e n t i a l l y  no research e f f o r t .  

l a t e d   t o  embankments on permafrost ,   recent ly  de- 
veloped by the U.S. Committee on  Permafrost ,  i s  
t i t l ed   "Permafros t   Research:  An Assessment o f  Fu- 
t u r e  Needs"  (1983).  According t o  th i s  r e p o r t ,   t h e  
h i g h e s t   p r i o r i t y   i n   p e r m a f r o s t  research should be 
given  to  developing  improved  methods of d e t e c t i n g  
permafrost  and  ground ice and t o  mapping of c r i t i -  
cal   permafrost   parameters.  The au tho r   sha res  th is  
view,  because  lack of accurate  kncwledge of sub- 
s u r f a c e   c o n d i t i o n s   p r i o r   t o   c o n s t r u c t i o n  may be 
t h e  mjor problem  facing the embankment designer.  

Drainage  culver ts  may a c t   a s  embankmnt a i r -  

A more d e t a i l e d   l i s t i n g  of research  needs re- 
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DESIGN AND PERFORMANCE OF WATER-RETAINING EMBANKMENTS IN PERMAFROST 
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To d a t e ,   t h e   w a t e r - r e t a i n i n g   s t r u c t u r e s  con- 
s t ruc ted   and   main ta ined  on permafros t   in   Nor th  
America have  been  designed  and  buil t   using a com- 
b ina t ion  of s o i l  mechanics   p r inc ip les   for   unf rozen  
s o i l s  and  unproven  permafrost  theory. In the 
USSR. at least f i v e   s i z e a b l e   h y d r o e l e c t r i c   a n d  wa- 
ter  supply  embankmnt dams as well as s e v e r a l  
amall  water supply embankment dams have  been  con- 
s t r u c t e d  and  maintained on permafrost ,  The l a r g e r  
dams are understood  to  have  performed well, but 
t h e  smaller darns have  been a mix  of successes and 
fa i lures .   (See  Table 1 €or  examples of  problems 
recorded in the literature.) Spec i f i c  cr i ter ia  
are s t i l l  lacking  for   design,   operat ion,   and  post-  
cons t ruc t ion   moni tor ing  of water - re ta in ing  embank- 
ments  founded  on  permafrost. The purpose of t h i s  
p re sen ta t ion  i s  t o   r ev iew the c u r r e n t   p r a c t i c e ,  
po in t   ou t  how i t  is  deficient ,   and  note   what   major  
problems  need  attention. 

CURRENT  PRACTICE 

General   Considerat ions 

I n  c u r r e n t   p r a c t i c e ,  the des igns  of water-re- 
r a i n i n g  embankments on permafrost   can  be  divided 
i n t o  two gene ra l   t ypes ,   f rozen  and  thawed. The 
f rozen   type  o f  embankments  and the i r   founda t ions  
a r e   m a i n t a i n e d   f r o z e n   d u r i n g   t h e   l i f e  o f  t h e  
s t r u c t u r e .  The thawed  type of  embanklnents u sua l ly  
are designed  assuming that  the permafrost  founda- 
t i o n  will thaw  du r ing   e i the r   t he   cons t ruc t ion  or 
the ope ra t ion  of t h e   s t r u c t u r e .   I n  some l o c a t i o n s  
where water is  t o  be r e t a i n e d   i n t e r m i t t e n t l y   f o r  
s h o r t   p e r i o d s  of time, thawed  embankments  have 
been  designed  assuming the permafrost  i s  t o  remain 
f r o z e n   t h r o u g h o u t   t h e   l i f e  o f  t h e  embankment. In 
s e l e c t i n g   t h e   t y p e  of des ign   fo r  a p a r t i c u l a r  
site, many f a c t o r s   t h a t   a r e   p e c u l i a r   t o   c o l d  re- 
gions m e t  be  considered,   including:  

The an t i c ipa t ed   t ype  of s e r v i c e  of the em- 
bankment; i.e. r e t a i n  water cont inuous ly  
o r   o n l y   i n t e r m i t t e n t l y .  
The width,   depth,   temperature,   and chemi- 
cal  composition of the body  of water t o  
be   r e t a ined  by t h e  embankment. 
Regional  and  local climate condi t ions ,  es- 
pecial ly   temperature .  - The temperature of t h e   e x i s t i n g  perma- 
f r o s t .  - The e x t e n t   i n  area and  depth of t h e  perma- 
f ros t. 
The a v a i l a b i l i t y  of the type of earth ma- 
ter ia ls  requi red   for   cons t ruc t ion .  
The a c c e s s i b i l i t y  of the cons t ruc t ion  s i te  
f o r   l o g i s t i c s   i n v o l v i n g  man-made construc- 
t i o n  materials. 

- The consequences t o   l i f e  and  property i n  

The e f f e c t s  of t h e   c o n s t r u c t i o n  and op- 
t h e   e v e n t  of embankment f a i l u r e .  

e r a t i o n  of the embankment  on the   envi -  

The o r i e n t a t i o n  of the downstream  face 
ronment. 

( i . e .   t he   d ry   f ace )  of t h e  embankment 
w i t h   r e s p e c t   t o   s o l a r   r a d i a t i o n .  

* Fros t   ac t ion   on   the   d ry   s lopes   and  crest 
of the embankment. 
The economics of cons t ruc t ing  a s e l e c t e d  
des ign  in the cold  region. 

I n   a d d i t i o n   t o  these rather g e n e r a l   f a c t o r s ,  
each  type of des ign   has   spec ia l   r equ i r emen t s   t ha t  
rmst be t aken   i n to   accoun t   i n  making t h e   f i n a l  se- 
l e c t i o n  of a pa r t i cu la r   des ign .  

Unfrozen Embankment on  Thawing Permafrost  

The des ign   fo r   an   un f rozen  embankment founded 
on thawing  permafrost i s  most s u i t a b l e   f o r  sites 
where the foundation mterials are thaw-stable; 
Le. where the   thawing   s t rengths  of the earth ma- 
terials provide an adequate   fac tor  of s a f e t y  
aga ins t   shea r   f a i lu re ,   and   de fo rma t ions   r e su l t i ng  
from  thawing will no t   endange r   t he   i n t eg r i ty  of 
t h e  embankment. This requirement   usual ly  re- 
stricts t h e   u s e  of t h e  thawing  foundation  design 
t o  sites where pe rmaf ros t   so i l  i s  ice-poor   or  
where reasonably  sound  bedrock  can  serve as t h e  
foundation. A t  sites where only a po r t ion  of t h e  
foundat ion   conta ins   i ce- r ich   permafros t   a t   sha l low 
depths ,  this i ce - r i ch   po r t ion  i s  usua l ly  thawed 
before   p lac ing  the  embankment, o r   t h e   f r o z e n   s o i l  
is excava ted   t o  a predetermined  depth  (Gluskin  and 
Ziskovich, 1973). MacPherson e t  al .  (1970) sug- 
g e s t  a  method  of e s t ima t ing  the depth  of excava- 
t i o n  so that thaw consol ida t ion   can   be  limited t o  
a predetermined amount du r ing   t he   ope ra t ion  of the 
embankment . 
foundation i s  expec ted   to   thaw  dur ing   the  l i f e  of 
the s t r u c t u r e ,  the embankment des ign  i s  similar in 
many r e s p e c t s   t o  that  of a water r e t a i n i n g  embank- 
ment l o c a t e d   i n  a temperate climate. However, 
s p e c i a l   c o n s i d e r a t i o n  i s  g i v e n   t o   c e r t a i n   e l e m e n t s  
of t h e  embankment. One such  element i s  the im- 
pervious  zone, which rmst be  constructed of s e l f -  
h e a l i n g   s o i l s  (Gupta e t  a l . ,  1973) so t h a t   t h i s  
zone  can r e m i n  "impervious"  even i f  cracking  oc-  
curs   dur ing   the   se t t lement  of the   foundat ion.  
S o i l s   t h a t   b e c o w  stiff  and b r i t t l e  when compacted 
i n  the impervious  zone are avoided.  Other  design 
p r o v i s i o n s   t h a t   a r e   o f t e n   i n c l u d e d   t o  accommodate 
t h e   a n t i c i p a t e d   s e t t l e m e n t  are: the   use  o f  f l a t t e r  
embankmnt  s lopes;   overbui lding  the  height  of t h e  
embankment by an  amount e q u a l   t o   t h e   a n t i c i p a t e d  

Where the  permafrost  i s  not  removed  and the  
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set t lement:   and  aer iodica l l v   r e b u i l d i n n   DO^ ~ ' t i ons  
of the embankments that  s e t i l e  below a t o l e r a b l e  
limit (Johnston,  1969;  MacPherson e t   a l . ,  1970). 
Prethawing  followed by p re load ing   t o   conso l ida t e  
the foundation  before  placement of t h e  embankments 
has   a l so   been   sugges ted   as  a means of reducing 
foundation  sett lements  (Gluskin  and  Ziskovich, 
1973). The concept of u t i l i z i n g   s a n d   d r a i n s   i n  a 
thawing   founda t ion   t o   i nc rease   t he   r a t e  of  consol- 
idation  and,  hence,   quickly  improve the shear re- 
s i s t a n c e  and s t a b i l i t y  of embankments has been 
used  successfully  (Johnston,  1965,  1969; MacPher- 
son e t  al . ,  1970) ,   In   add i t ion ,   ana ly t i ca l  meth- 
ods  have  been  developed  for   es t imat ing  the  ra tes  
of thaw and  set t lements  of d ikes  on permafrost  
during  operat ions  using  s imple  heat   conduct ion  and 
hea t   ba lance   equat ions  f o r  a one-dimensional 
t r a n s i e n t   c o n d i t i o n   t h a t   t a k e s   i n t o   a c c o u n t   h e a t  
from  water  seepage (Brown and  Johnston,  1970). 

Grouting has been   used   successfu l ly   in   co ld  
r eg ions   t o   s t ab i l i ze   t hawing   founda t ions   and   t o  
cut  off   seepage. A t  sites where the foundation 
m a t e r i a l  i s  expec ted   t o  be weakened o r  where i n i -  
t i a l   s e e p a g e  i s  expec ted   to   p resent  a problem when 
the ice melts f rom  the   vo ids ,   the   foundat ion   a reas  
have  been  thawed  and  grouted  before  the embank- 
ments were constructed  (Gluskin e t  al., 1974). As 
a n   a l t e r n a t i v e ,   t h e   f i s s u r e s   o r   v o i d s   c a n   b e  
g r o u t e d   i n   s t e p s   d u r i n g  the ope ra t iona l  l i f e  of 
t h e  embankment. I n  this case, the  foundat ion i s  
thawed by the  heat   f rom the impounded r e se rvo i r .  
As the thawing   f ront   p rogresses   in to  the founda- 
t i o n ,   t h e   f i s s u r e s   a n d   v o i d s   a r e   g r o u t e d   p e r i o d i c -  
a l l y  (Demidov, 1973). This method r equ i r e s   ca re -  
f u l  and  continuous  monitoring of the thawing  f ront  
beneath  the  impervious  zone of t h e  embankment. 

are t h e   f i l t e r s  a n d   d r a i n a g e   s y s t e m   f o r  the s a f e  
c o n t r o l  of  seepage  through  and  beneath  the embank- 
a n t .  The des ign  of these   e lements  is similar t o  
t h o s e   f o r  embankments in   nonpermafrost  areas. 
However, s p e c i a l   p r o v i s i o n s  are r equ i r ed   t o   avo id  
plugging the drainage  system  with ice, which  could 
render  i t  u s e l e s s  a t  a time when i t  may be  needed 
most. 

Thawed  Embankment on Permafrost  

Essent ia l   e lements  of any  thawed embankment 

The  use  of a thawed embankment on a nonthaw- 
ing permafrost   foundation i s  u s u a l l y   l i m i t e d   t o  
reg ions  of cold  permafrost   where  the water is t o  
be   r e t a ined  by the  embankmnt  for  a r e l a t i v e l y  
s h o r t   p e r i o d  o f  time each y e a r   o r  less f requent -  
ly. A t  t hese  sites, a r t i f i c i a l   c o o l i n g  of t h e  
foundat ion  may be   requi red   dur ing   cons t ruc t ion  
(Rice and  Simoni,  1966;  Kitze  and  Simoni,  1972) 
and maybe even   dur ing   the   opera t ion   per iod .  As a 
f u r t h e r   p r o v i s i o n   f o r   k e e p i n g  the foundat ion  f ro-  
zen, it is e s s e n t i a l   t h a t  a pos i t ive   seepage   cu t -  
off  be  provided  (Borisov  and  Shamhura,  1959;  Tru- 
pak,  1970). Such a cu to f f  may take  the  form of 
sheet p i l i n g ,  a p l a s t i c  membrane (Belikov e t  a l . ,  
1968), or o t h e r   w a t e r p r o o f   m a t e r i a l s   t h a t   a r e  
s e a l e d   t o  the frozen  foundat ion  and  extend  up  to  
the embankment crest. The most  economical  and  ef- 
f ec t ive   s eepage   cu to f f   o f t en  i s  a zone o f  f rozen  
soi l .   This   zone  can be crea ted   f rom  the   sur faces  
of t h e  embankment s lopes   dur ing   the   win ter   season  
by n a t u r a l   f r e e z i n g  when water 1s not   being re- 

t a  inel d. ,  E :f f e c t  ive  temperature  and  water  seepage 
monitoring  systems are n e c e s s a r y   i n   o p e r a t i n g  t h i s  
type  of water - re ta in ing  embankment i n   o r d e r   t o  de- 
t e c t  thawing that  may o c c u r   t h a t  would i n i t i a t e  a 
seepage  path  through  the embankment o r   i n   t h e  
foundation  beneath it. 

Frozen Embankment Design 

A f rozen  embankment des ign  is u s u a l l y   s u i t -  
a b l e   f o r   s i t e s  where  the  foundat ion becomes  un- 
s t a b l e  upon  thawing t o  a considerable   depth  and 
for   regions  where the permafrost  is continuous. 
The most essent ia l   requi rement  of t h i s   t y p e  of de- 
s ign  is t h a t  the embankment and  foundation be com- 
p l e t e ly   imperv ious   t o   s eepage   s ince  heat from 
seeping  water would even tua l ly  thaw the founda- 
t i on .   I f   l e f t   unchecked ,  the combination of t h e r -  
mal and  mechanical   erosion  (piping)   could  breach 
t h e  embankment. 

Curren t ly ,   f rozen  embankments ope ra t ing   w i th  
permanent   reservoirs  are loca ted  i n  regions  where 
t h e  mean annual  temperature is -8'C or   co lder .  
Even a t  these  temperatures ,  embankments 10 m o r  
more i n  h e i g h t   r e q u i r e   s u p p l e m e n t a l   a r t i f i c i a l  
f r e e z i n g   f o r  a t  least  p a r t  of   each  year   to   ensure 
that  the embankment and  foundation  remain  frozen. 
I n  a d d i t i o n   t o   t h e  climate a t  the s i t e  and   t he  em- 
bankment he igh t ,  the la teral  dimensions  of  an i m -  
pounded reservoir   mrst   be   considered.  With time, 
a deep   reservoi r   deve lops  a t a l i k   b e n e a t h  it  s i m i -  
lar t o   t h a t  produced by a wide lake. The l a r g e r  
t h e   t a l i k ,   t h e   g r e a t e r   t h e   r i s k  of l a t e r a l   t h a w i n g  
under   the  embankment and of i n i t i a t i n g   s e e p a g e  o r  
a t a b i l i t y   d i f f i c u l t i e s .  

bankment design  almost  any  type of e a r t h   m a t e r i a l  
can   be   used   to   cons t ruc t  the embankments, provided 
the pores  of t h e  material are f i l l e d  w i t h  i c e  and 
mass is maintained  f rozen  during the l i f e  of t h e  
structure  (Johnston  and  MacPherson,  1981). It has 
a l s o  been  suggested  that  ice be used as an  imperv- 
ious  core  (Tsytovich,  1973).  Although these sug- 
gest ions  have merit, they   a l so   can   cause   d i f f i cu l -  
ties. A l a r g e   p o r t i o n  of the   ups t ream  sec t ion  of 
a n   e m b a n k r n t   t h a t  is  r e q u i r e d   t o   r e t a i n  a perman- 
en t   r e se rvo i r   and   t he   founda t ion   suppor t ing  i t  
will thaw  from t h e   h e a t  of the reservoir .   There-  
fore ,   the   ups t ream  s lope   can  become u n s t a b l e   i f  
th is  po r t ion  of  t h e  embankment i s  no t   cons t ruc t ed  
of thaw-stable materials and i f  p rovis ions  are no t  
made t o  accommodate the d i f f e r e n t i a l   s e t t l e m e n t  
that   can  occur  between the core  and  the  upstream 
shell. 

founded in   pe rmaf ros t   r equ i r e   spec ia l   cons ide ra -  
t ions w i t h   r e s p e c t   t o   t h e i r   l o c a t i o n  and t o   t h e  
p re se rva t ion  of p e r m f r o s t   ( T s y t o v i c h  e t  a l . ,  
1972;  Gluskin  and  Ziskovich, 1973). When these 
fac i l i t i es   conduct   water   downst ream  near   o r  
through  the embankment, the heat r e l e a s e d   i n t o   t h e  
s t r u c t u r e  by the   f lowing  water can  eventual ly  melt 
the  support ing  permafrost ,   which may r e s u l t  i n  
de t r imen ta l   s e t t l emen t  of t h e   s t r u c t u r e  and 
breaching  of   the  seepage  barr ier .   Table  1 r evea l s  
t h a t  most  of the problems  that   have been assoc ia-  
t ed  with water - re ta in ing  embankments on permafrost  
have  been  re la ted  to   seepage  around  and  beneath 
o u t l e t   s t r u c t u r e s .  To avoid these problems, 

It has been   sugges ted   tha t   for  a f rozen  em- 

Spillways  and water o u t l e t   c o n t r o l   s t r u c t u r e s  



sp i l lways  and o t h e r   o u t l e t   s t r u c t u r e s   u s u a l l y   a r e  
n o t   l o c a t e d   w i t h i n   o r   a d j a c e n t   t o   i c e - r i c h  perma- 
f r o s t   w i t h o u t   s p e c i a l   r e f r i g e r a t i o n   o r   o t h e r  mea- 
s u r e s   t o   p r e s e r v e   t h e   e a r t h  in a f rozen  state.  
Where p o s s i b l e ,   t h e   o u t l e t   f a c i l i t i e s   a r e   l o c a t e d  
a t  a remote s i t e  and  preferably in competent bed- 
rock.  For  small dams the   use  of siphons  and pumps 
have  been  used t o   c o n t r o l   r e s e r v o i r   l e v e l s   ( G l u s -  
k i n  and  Ziskovich, 1973). A chute   sp i l lway ele- 
vated  above  the  embankmnt  surface  (Bogoslovskii 
e t  al . ,  1966) i s  one   poss ib le   so lu t ion ,   bu t  the 
most common p r a c t i c e  is t o   l o c a t e   t h e   s p i l l w a y   i n  
one  of the abutments on bedrock  and t o   u s e   r e f r i g -  
e r a t ion   o r   g rou t   t o   con t ro l   t he   s eepage .  The im- 
por tance  of  a pos i t ive   seepage   cu tof f  must  be em- 
phasized  because of the possible  formation  and  en- 
largement o f  a t a l i k   t h a t   c a n  grow laterally from 
the o u t l e t  works i n t o  and  beneath  the  adjacent  em- 
bankment. As a r e s u l t ,  the e n t i r e   f a c i l i t y   c a n   b e  
endangered i f  it i s  a frozen-type  design. 

Thermal  Analysis 

E s s e n t i a l   t o   t h e   d e s i g n  of water r e t a i n i n g  
embankments on permafrost  is  the de termina t ion  of 
the  thermal   regime  throughout   the l i f e  of the 
s t ruc ture   (Bogos lovski i ,  1958; Teytovich e t  al.. 
1972). A number  of methods  have  been  developed 
and  others  are being  developed  €or  estimating  the 
t h e r m 1  regimes o f  t h e s e  embankments and their  
foundations.  Some of t h e  methods cu r ren t ly  in use 
inc lude  : 

a. 

b. 

C. 

dm 

e. 

One-dimensional  analyses  that are ap- 
p l i e d   a t   c r i t i c a l   l o c a t i o n s   w i t h i n   t h e  
c ross -sec t ions  of t h e  embankment and 
foundation  (Tsytovich e t  al . ,  1972). I n  
areas where water does  not  change  phase, 
simple  heat-conduction  equations are 
used in the   ana lyses .  The Stefan-Boltz- 
mann e q u a t i o n   o r  the Neumann s o l u t i o n   t o  
the   Four i e r   equa t ion  I s  used t o   e s t a b -  
l i s h   t h e   p o s i t i o n  of the f reez ing   and  
thawing  front.  This one-dimensional 
method can  be  used t o   a n a l y z e   t h e   t r a n s -  
i e n t   h e a t  flow condition. 
Hydraul ic   analog  computers   to   analyze 
two-dimensional  simple  heat  flow  condi- 
t i o n s  and t o   e s t a b l i s h  the l o c a t i o n  of 
t he   f r eez ing   o r   t hawing   f ron t   (Tsy tov ich  
e t  al., 1972). 
Numerical  techniques,  such as t h e   f i n i t e  
d i f fe rences   and   f in i te   e lements   methods ,  
t o  analyze heat flow, including  change 
of phase   for  two dimensions  (Bogoslov- 
s k i i ,  1958). 
Physical  models  constructed of s o i l  i n  
the l a b o r a t o r y   t o   v a l i d a t e  the a n a l y t i -  
cal methods as well as t o   s i m u l a t e   t h e  
p ro to types   fo r  heat flaw. 
The th ree-d imens iona l   f in i te   e lement  
method  of ana lys i s ,  which  accounts  for 
t h e   h e a t   t r a n s f e r r e d  by the   seepage  wa- 
ter ;  t h i s  is s t i l l  i n   t h e  development 
s tage .  It is espec ia l ly   u se fu l   €o r   ana -  
l y z i n g   t h e   s p e c i a l   c o n d i t i o n s  a t  dam 
abutments, areas a d j a c e n t   t o  water wt- 
l e t  fac i l i t i es ,  and  short  dams (Bogo- 
s l o v s k i i ,  1970). 

33 

Of these  methods, the one-dimensional  analy- 
s i s  is now used most of ten ,   a l though the two-di- 
mensional  f inite  element  method, which accounts 
f o r   t h e   l a t e n t   h e a t  of fu s ion ,  i s  a l s o   f r e q u e n t l y  
used. 

Meaningful thermal a n a l y s i s   r e q u i r e s  realis- 
t i c  informat ion   for   def in ing   the  thermal proper- 
ties of s o i l ,   t h e   i n i t i a l   t e m p e r a t u r e   d i s t r i b u t i o n  
wi th in   t he   so i l ,   t he   geomet r i ca l   and   t he rma l  
boundary  conditions,   and,  where  appropriate,  in- 
formation  about the amount  of h e a t   c a r r i e d  by t h e  
seepage  water. The a n a l y s i s  mst a l s o   a c c o u n t   f o r  
the change in the thermal p r o p e r t i e s  of the s o i l  
due t o  a change i n  phase (i.e. f rozen   o r   un f rozen  
propert ies)   and  the  change in dens i ty  due t o  con- 
s o l i d a t i o n  of the s o i l  upon  thawing. A t  a given 
si te,  t h e   i n i t i a l   s o i l   t e m p e r a t u r e   d i s t r i b u t i o n  
o f t e n  is determined by i n   s i t u   t e m p e r a t u r e  mea- 
surements. 

ab l e   fo r   s eve ra l   yea r s ,   r ea sonab le  estimates of 
t h e   i n i t i a l   t e m p e r a t u r e   d i s t r i b u t i o n  of undis- 
tu rbed  si tes have  been =de using  heat   balance 
e q u a t i o n s   t h a t  take i n t o   a c c o u n t ,   d i r e c t l y   o r  in- 
d i rec t ly ,   such  heat sources   and  losses  as s o l a r  
r a d i a t i o n ,  a i r  temperature,  wind ve loc i ty ,  evapo- 
t ranspirat ion,   geothermal   gradient ,   and  f lowing 
ground  and  surface water. ‘Ihe upper  boundaries 
for thermal   analyses  are u s u a l l y   t h e   i n t e r f a c e s  of 
the atmosphere  with  the  surfaces  of the embankment 
and the n a t u r a l  ground. Some analyses   cons ider  
t h e   s u r f a c e  of the snow, i f  i t  e x i s t s ,  as t h e  up- 
per  boundary. In such cases, the  depth  and  ther-  
mal p r o p e r t i e s  of the snow are r e q u i r e d   f o r  the 
ana lys i s .  The lower  thermal  boundary  often is 
cons ide red   t o   be   i so the rma l ,   o r  a constant  geo- 
thermal   g rad ien t  i s  assumed t o  e x i s t  a t  t h i s   s u r -  
face.   In   two-dimensional   analyses ,   the  la teral  
boundary s u r f a c e s   a r e   u s u a l l y  assumed t o  be  adia- 
ba t i c .  

Although few d e t a i l s  are publ i shed  on t h e  
t h e r m a l   a n a l y s e s   f o r   a r t i f i c i a l l y   f r e e z i n g  water- 
r e t a i n i n g  embankments on permafrost ,   the   necessary 
informat ion  i s  a v a i l a b l e  on methods  of a n a l y s i s  
deve loped   for   f reez ing   shaf t s ,   tunnels ,   and  walls 
t o   e x c l u d e  water and s o i l  f rom  excavat ions  during 
cons t ruc t ion   in   nonpermafros t  areas (Khakimov, 
1963; Sanger  and  Sayles, 1978). 

the  atmosphere  and earth materials is computed by 
u s i n g   h e a t - t r a n s f e r   c o e f f i c i e n t s   o r   f a c t o r s .  The 
values of t h e   h e a t   c o e f f i c i e n t s   u s e d  a t  the   upper  
boundaries  depend upon the   co lo r   and   t ype  of sur -  
face  exposed t o  the  a tmosphere  and  sun;   that  is, 
whether   the   sur face  is l i g h t  or dark  and  whether 
i t  is covered  with  gravel ,   a tone,  snow, vegeta- 
t i o n ,  o r  o the r   t ypes  of  materials. 

seepage  and  the  convection of water are st i l l  
quite  crude,  but  numerical   methods are  being form- 
u la ted   tha t   should   eventua l ly   improve  this compu- 
t a t i o n  (Brown and  Johnston, 1970). The convection 
of a i r  wi th in  a r o c k f i l l  embankment c a n   t r a n s f e r  
l a r g e  amounts  of hea t   unde r   ce r t a in   cond i t ions  
(Mukhetdinov, 1969; Melnikov  and  Olovln, 1983). 
Methods fo r   ana lyz ing   convec t ion   i n  embankments 
have  been  developed  and are s t i l l  under  develop- 
ment. 

Where accura te   meteoro logica l   da ta  is a v a i l -  

The eff ic iency  with  which  heat   passes   between 

Methods f o r   c a l c u l a t i n g   h e a t   t r a n s f e r  due t o  
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S t a b i l i t y  

In eva lua t ing  the s t a b i l i t y  of a water-re- 
t a i n i n g  embankment on permafrost ,  the func t ions  of 
each zone  within  the embankment  must be  consid- 
ered. Embankments designed  to   remain  f rozen 
throughout their l i f e   c o n s i s t  of an  upstream 
thawed  zone  and a downstream  frozen zone. The up- 
stream zone  serves as a the rma l   i n su la to r  (Bogo- 
s l o v s k i i ,  1958) t o   p r o t e c t   t h e  downstream  frozen 
zone  from the heat of t h e  water be ing   re ta ined  as 
well as to   protect   against   mechanical   erosion  f rom 
moving water or ice. The frozen  downstream  zone 
provides   the  impervious water ba r r i e r   and  resist- 
a n c e   t o   t h e   h o r i z o n t a l   f o r c e s   e x e r t e d  on t h e  em- 
bankment. The thawing  f ront   within  the  upstream 
zone  and i t s  foundat ion  can  be  the seat of  embank- 
ment f a i l u r e  when the   shea r   r e s i s t ance   o f   t he  soil 
decreases  due  to  development of excess   pore water 
pressure.  This excess   pressure  can  occur  when the 
thawing   f ront   advances   fas te r   than  the meltwater 
can  escape. The u p s t r e s m   s h e l l  of t h e  embankment 
i s  e s p e c i a l l y   s u s c e p t i b l e   t o   t h i s   t y p e  of shear o r  
s l i d e   f a i l u r e  when t h e   l e v e l  of t h e  water being 
r e t a i n e d  by the embankment i s  lowered  rapidly.  In 
d e t e r m i n i n g   t h e   s t a b i l i t y  of the   ups t ream  s lope ,  
the   thawing   f ront  i s  i nc luded   i n   t he  tr ial  f a i l u r e  
su r faces .  

The s t a b i l i t y  of unfrozen embankments  on per- 
mafrost  i s  e v a l u a t e d   s i m i l a r l y   t o  embankments i n  
non-permafrost areas, excep t   t ha t   spec ia l   cons id -  
e r a t i o n  i s  g i v e n   t o   t h e  low s h e a r   r e s i s t a n c e   t h a t  
may e x i s t  in the foundat ion  at  the  thawing  inter-  
f a c e  of the permafrost. A p o r t i o n   o r   a l l  of t h i s  
i n t e r f a c e  i s  included as p a r t  of the t r ia l  f a i l u r e  
s u r f a c e s   t h a t   a r e   i n v e s t i g a t e d  in t h e   s t a b i l i t y  
analyses.  The s h e a r i n g   r e s i s t a n c e   a t   t h i s   i n t e r -  
face i s  a major   considerat ion i n  a s s e s s i n g   t h e  re- 
s i s t a n c e   t o   h o r i z o n t a l   f o r c e s .  To Inc rease  the 
s h e a r i n g   r e s i s t a n c e   a t   t h e   t h a w i n g   f r o n t ,   v e r t i c a l  
sand   dra ins   t e rmina t ing  in  an   i n t e rcep t ing   ho r i -  
zontal   drainage  system  have  been  used  successful ly  
(Johnston, 1969; Gupta e t  a l . ,  1973) to a c c e l e r a t e  
t h e   d i s s i p a t i o n  of  excess  pore water pressure .  

Maintaining the Frozen   S t a t e  of 
Water-retaining Embankments 

Techniques  for   maintaining embankments i n  a 
f rozen  s ta te  i n c l u d e   b o t h   n a t u r a l  and a r t i f i c i a l  
cool ing.   Natural   cool ing is usua l ly   used   for  
small embankments wi th   he ights  of 10 m or less 
where the   na tura l   co ld   a tmosphere   f reezes   the   top  
and the  exposed  slopes of t h e  embankment. Tech- 
niques  that   have  been  used or proposed t o  encour- 
age   na tura l   f reez ing   inc lude :   removal   o f  snow 
from t h e  downstream  face, by equipment o r  by con- 
s t r u c t i n g   h o r i z o n t a l  wind "vanes"   t ha t   d i r ec t  the 
wind p a r a l l e l   t o  the s u r f a c e  of t h e  dam and blow- 
ing  snow away from  the  downstream  slope;  placing a 
shelter over  the  downstream  slope t o  keep snow and 
r a i n   o f f   t h e   s u r f a c e   a n d   t o   s h a d e  i t  from  the  sun;  
c r e a t i n g  a t h i c k  snow cover  on the downstream  sur- 
face dur ing   t he   ea r ly   sp r ing   and   p rov id ing   fo r  
w i n t e r   v e n t i l a t i o n  a t  the embankment su r face  by 
cons t ruc t ing   duc t  work beneath the snow and ice on 
t h i s   s u r f a c e ;   p r o t e c t i n g   t h e  downstream t o e  from 
t h e  warming e f f e c t  of t h e   t a i l w a t e r  by us ing  
berms;  and  keeping  the  foundation  frozen  during 

cons t ruc . t i o n  (Bar , isov  an d Sham Ihura. , 1959; Tsvid,  
1961). TsytoAch (1973) has pointed Out t h a t   t h e  
n a t u r a l   c o o l i n g  of soils on t h e  downstream s lope  
of a n  embankment dam w i l l  reach a maximum depth  of 
about 10 m i n  a seve re ly   co ld  climate i f   t h e   s u r -  
f a c e  i s  kept clear of snow. There fo re ,   aux i l i a ry  
cool ing  i s  requi red  if f r e e z i n g  is t o  be accomp- 
l i s h e d  a t  grea te r   depths .  

Frozen earth dams wi th   he igh t s  of  up t o   a b o u t  
25  m have  been hilt in t h e  USSR u s i n g   a r t i f i c i a l  
r e f r i g e r a t i o n .  The re f r igera t ion   sys tems  inc lude :  
the c i r c u l a t i o n  of n a t u r a l   c h i l l e d  a i r ,  t h e   c i r c u -  
l a t i o n  of a r t i f i c i a l l y   c h i l l e d   l i q u i d   b r i n e ,   a n d  
t h e   i n s t a l l a t i o n  of a s e r i e s  of automatic thermal 
devices   such as thermal   pi les .  The cool ing  ele- 
m n t s   i n   e a c h  of t h e s e   s y s t e m s   c o n s i s t   e s s e n t i a l l y  
of v e r t i c a l   p i p e s   i n s t a l l e d   a l o n g  the  axis of the 
embankment.  Each pipe  extends down th rough   t he  
embankment i n t o  the permafrost  foundation. When 
a i r  i s  used as a c o o l a n t ,   e a c h   v e r t i c a l   p i p e  has a 
smaller p i p e   l o c a t e d   c o n c e n t r i c a l l y   i n s i d e  it. 
Air i s  c i r c u l a t e d  down the annulus  between the two 
p i p e s   t o  a po in t   nea r  the bottom of  t he   ou te r   p ipe  
where the a i r  en te r s   t he   i nne r   p ipe ,   and  i s  re- 
turned  up t o  the atmosphere  through  an  exi t  mani- 
fold  (Biyanov  and Makarov, 1978). 'Ihe a i r  i s  al- 
lowed t o  flow  through  the  system  only when i t s  
temperature i s  lower  than some predetermined t e m -  
p e r a t u r e ,   s a y   a b w t  -15°C. Cooling by air  can  be 
u s e d   e f f e c t i v e l y  a t  locat ions  where the mean an- 
nua l  a i r  temperature  does  not  exceed -5'C (Trupak, 
1970). I n  r eg ions  of high  humidi ty ,   rust   and ice 
can form i n s i d e  the f r e e z i n g   p i p e ,   r e s u l t i n g  in 
reduced heat removal  efficiency  and  even  plugging 
the pipes  completely  (Sereda, 1959; Gluskin  and 
Ziskovich, 1973; Biyanov  and  Makarov, 1978). When 
l iqu id   b r ine   sys tems are used,   they  consis t   of  a 
r e f r i g e r a t i o n   u n i t  w i th  a heat exchanger  for  cool- 
ing a h e a t   t r a n s f e r   l i q u i d  or brine,   which i s  cir- 
cu la ted   th rough  the   cool ing   e lements  i n  t h e  em- 
bankment. Calcium c h l o r i d e   s o l u t i o n  has been  used 
as a brine,   and in one   ins tance   the   sys tem had t o  
be  converted  to   an  a i r -cool ing  system when the 
calcium c h l o r i d e   l e a k e d   i n t o  t he  f rozen  so i l  and 
melted it  (Borisov  and  Shamshura, 1959; Tsvetkova, 
1960). The coo l ing   b r ine  rmst not   contain  impuri-  
t ies o r  water that w i l l  d e p o s i t   i n   t h e   p i p e s   a n d  
restrict  the flow of b r i n e   o r   p l u g  the p ipes ,  so 
c o r r o s i o n   i n h i b i t o r s  are i n c o r p o r a t e d   i n t o   t h e  
brine.  In add i t ion ,  the piping  systems are made 
of materials that  resist the a t t a c k  of the c i r cu -  
l a t ing   b r ine   (Bor i sov   and  Shamshura, 1959). Ther- 
mal devices  (e.g. t he rma l   p i l e s )  that  have  been 
u s e d   i n   t h e  USSR to   f reeze   an   imperv ious   zone   in  a 
dam usua l ly  are of the s ingle-phase   g rav i ty   type  
tha t  uses kerosene as a t r a n s f e r   l i q u i d  (Gapeev, 
1967; Biyanov  and  Makarov, 19781, a l though  the  
two-phase thermal dev ice   t ha t   u ses  ammonia as  a 
t r a n s f e r   f l u i d  is  now u s e d   i n   t h e  USSR. In  North 
America, two-phase  thermal p i l e s  are used   t o  a 
l i m i t e d   e x t e n t   t o   m a i n t a i n   r i v e r   l e v e e s  in the 
f r o z e n   s t a t e .  Both the  single-phase  and  the two- 
phase  systems  can  perform  satisfactorily.  

t ha t  are higher   than 25 m are usual ly   designed as 
u n f r o z e n   r o c k f i l l  dams on a thaw-stable  bedrock 
foundation. The temperature of t he   founda t ion  is  
monitored t o   f o l l o w   t h e  movement of the  thawing 
f r o n t   i n   t h e   f o u n d a t i o n ,   a n d   i n  a t  least one i n s t -  
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ance  cement  grout is  p e r i o d i c a l l y   i n j e c t e d   i n t o  
the thawed  zone of  the   foundat ion  as the  thawing 
f ront   advances  i n  depth  (Demldov,  1973). It has  
been  observed  that  a i r  c i r c u l a t i n g   w i t h i n  the 
d m s t r e a m   r o c k f i l l   s e c t i o n  of an  embankment dam 
by na tu ra l   convec t ion  has r e s u l t e d   i n  ice d e p o s i t s  
from  moisture  condensing on t h e  cold  rock  surfaces  
near   the  downstream  surface of the dam i n  i ts  up- 
per   reaches,   and that  the   founda t ion   f r eezes  rath- 
er than  thaws near   the  downstream  toe of t h e  dam 
(Kamenskii, 1973). Prel iminary  s tudies   (hblnikov 
and  Olovin, 1983) i n d i c a t e  that co ld   win ter  a i r  
sinks th rough  the   downst ream  rockf i l l   zone   to   the  
base of t h i s  zone,  where i t  encoun te r s   t he  rela- 
t i v e l y  warm, moist foundation. The a i r  is warmed 
and p i c k s  up  moisture a t  t h i s   p o i n t ,   t h e n  rises 
through the r o c k f i l l  where the   mois ture  is  depos- 
i t e d   o n  the co lde r   rock   su r f aces   l oca t ed   nea r   t he  
s u r f a c e  of t h e   d m s t r e a m   s l o p e .   I n   o n e  case, t h e  
heat removed  from the   foundat ion  by t h i s  convec- 
t i o n  has f rozen  a t  least  p a r t  of t h e   t a l i k  (Melni- 
kov and  Olovin,   1983)  that   existed  beneath the 
r i v e r  bed  before   the dam was  cons t ruc ted .  

Experience i n  Operation  and  Construction 

Experience i n   t h e  USSR and  North  America  has 
demonstrated  that   water-retaining embankments can 
be   cons t ruc ted   and   successfu l ly   opera ted  on p e m -  
f r o s t  i f  appropr ia te   p recaut ions  are taken.   In  
t h e  USSR, a t  least  f i v e   i n t e r m e d i a t e - s i z e  embank- 
ment dams with  heights   ranging  f rom 20 t o  125 m 
(Biyanov,  1973;  Tsytovich e t  al., 1978; Johnson 
and  Sayles,  1980; Johnston  and  MacPherson, 1981) 
are now in   opera t ion   on   permafros t .   Severa l  smal- 
ler embankments have  been  funct ioning  for  many 
years. The o l d e s t  known embankment dam on perma- 
f r o s t  was b u i l t  i n  1792 a t  Petrovsk-Zabaykalskiy 
and   cont inued   in   opera t ion   un t i l  1929 without   in-  
c ident   (Tsvetkova,  1960; Tsytovich, 1973). Many 
of t h e  smaller darns pe r fo rmed   s a t i s f ac to r i ly ;  how- 
ever ,  some have  had  problems,  especially in con- 
t r o l l i n g  the seepage  around  the water o u t l e t   f a -  
ci l i t ies (see Table 1). 

Much experimentat ion  to   develop  techniques 
f o r   c r e a t i n g  and  maintaining  f rozen embankments on 
permafrost   has   been  conducted  in   the USSR. One 
p ionee r   p ro j ec t  i s  a l0-m-high  frozen dam b u i l t  i n  
1942 on the   Dolgaia   River  a t  N o r i l ' s k   t h a t  was in- 
i t i a l l y   c o o l e d  by c i r c u l a t i n g  a calcium c h l o r i d e  
b r i n e   t h r o u g h   v e r t i c a l   f r e e z i n g   p i p e s   i n s t a l l e d  
a long  the center l ine   o f   the  dam. These  pipes ex-  
tended  through  the t a l i k  b e n e a t h   t h e   r i v e r  bed. 
Br ine   l eaks  made it necessary  to   change  the  c i rcu-  
l a t i n g   f l u i d  f rom  b r ine   t o  air .  The dam performed 
s a t i s f a c t o r i l y ;  however,  only a f te r  a n   i c e   s h e e t  
was c rea t ed   on   t he   downs t r eam  s lope   t o   s t ab i l i ze  
the  thermal  regime  (Borisov  and  Shamshura, 1959; 
Tsvetkova, 1960). 

River  near  Mirnyy,  Yakutia, USSR, were b u i l t  on 
permafros t   us ing   innovat ive   methods   for   tha t  
area. The older   one,  a temporary dam b u i l t  i n  
1957, i s  a 6-m-high e a r t h f i l l  dam wi th  a t imber 
c r i b  f i l l e d  with  loam  serving as an impervious 
core  (Lyskanov, 1964). This core  extends down t o  
the  f issured  sedimentary  bedrock.  The sp i l lway 
c o n s i s t s  of a timber  flume w i t h  wooden c r i b  wing 
walls. Temperature  observations  over a 7-yr pe r i -  
od of ope ra t ion  showed t h a t  t h e  foundation  thawed 

TWO water supply dams loca ted  i n  t h e   I r e l y a k h  

t o  a depth  of approximately 50 m due t o  the   f low 
of water through  the  spi l lway  (Johnson  and  Sayles ,  
1980). The average  temperature  of  the  permafrost  
i n   t h i s  area was about -2%. The second dam,  com- 
p l e t e d   i n  1964, is  a 20.7-m-high e a r t h f i l l  embank- 
ment loca ted   about  2 km upstream  from  the  tempor- 
ary dam (Biyanov,  1966; Semenov, 1967;  Smirnov  and 
Vas i l i ev ,  1973). This main Irelyakh  River  dam i s  
founded  on  about 8 m of Quaternary  deposi ts  con- 
s i s t i n g  of f rozen   s andy   g rave l   and   s i l t y   c l ays  
having up t o  60% ice content.  Beneath t h i s  depos- 
i t  lies fractured  dolomitized  l imestone  and marl 
wi th  ice content  up to 10%. The embankment c r o s s  
s e c t i o n   c o n s i s t s  of a l a r g e   s i l t y   c l a y   c e n t r a l  
sec t ion   wi th   zones  o f  sand  beneath  layers  of grav- 
e l  on both  the  upstream  and  downstream slopes. A 
s i l ty   c lay   cu tof f   ex tends   th rough  the   Quaternary  
depos i t s   to   bedrock   a long  the c e n t e r l i n e  of the  
dam. 

Because  thawing of t h e  ice-rich foundat ion  
so i l s  would  cause  unacceptable  sett lements,  a l i n e  
of v e r t i c a l   c o o l i n g   p i p e s  was i n s t a l l e d  a t  1 . 5 3  
spacing  along the a x i s  of t h e  embankment to es tab-  
l i s h  a pos i t ive   seepage   cu tof f .  The cool ing   p ipes  
were designed  to   extend d m  through  the embank- 
ment and  about 3 m in to   the   foundat ion;   however ,  
du r ing   cons t ruc t ion  the permafrost  thawed  an  addi- 
t i o n a l  6 m and t h e   c o o l i n g   p i p e s  were consequently 
ex tended   to   th i s   depth .  

After opera t ing  the c o o l i n g   s y s t e m   t h e   f i r s t  
w in te r ,   t he  dam foundation  and  core became almost 
e n t i r e l y   f r o z e n   a l o n g  a l i n e  of  laerged i c e - s o i l  
cyl inders   that   f roze  around  each  f reezing  pipe.  
Only two unfrozen  sect ions were de tec ted   and   these  
became frozen  during  the  second  winter .  

r e s e r v o i r  in  t h e  t a l i k  beneath  the embankment dur- 
i n g   t h e   i n i t i a l   o p e r a t i o n  of the cooling  system, 
a n   a d d i t i o n a l  row of cool ing   p ipes  was i n s t a l l e d  
along the downstream t o e  of t h e  dam a c r o s s   t h e   o l d  
r i v e r  bed. After t h e   c e n t r a l   i c e - s o i l   c y l i n d e r s  
had  merged, c h i l l i n g  a t  t h e  downstream t o e  was no 
longer   required.   Horizontal   cool ing  pipes  were 
i n s t a l l e d   b e n e a t h   t h e   c o n c r e t e   s p i l l w a y   l o c a t e d  on 
t h e  l e f t  abutment. To p r o t e c t   t h e   a d j a c e n t  em- 
bankment  from  thawing as a r e s u l t  of hea t   f rom  the  
water discharged  over the sp i l lway,  a l i n e  of ver- 
t i ca l  cool ing   p ipes  was i n s t a l l e d   a l o n g  the em- 
bankment s i d e  of the   sp i l lway  d i scharge   chute ,  
which is paved with conc re t e  slabs on a g rave l  
filter. After   about  10 yea r s  of ope ra t ion   w i th  a 
permanent  reservoir,  temperature  measurements i n  
t he   sp i l lway   a r ea  showed tha t   t he   pe rmaf ros t  was 
thawing  beneath  the  spil lway  chute  toward the em- 
bankment. As a r e s u l t ,   n o t   o n l y  was the  thawing 
f ront   advancing   toward   the  dams, bu t   the   concre te  
s l a b s   a l s o  became misaligned  and moved from their  
o r ig ina l   pos i t i ons ,   t hus   i nduc ing   fu r the r   deg rada -  
t i o n  of the permafrost. To a r r e s t   t h i s  thawing, 
a d d i t i o n a l   f r e e z i n g   p i p e s  were i n s t a l l e d  and t h e  
sp i l lway crest was r a i s e d   t o   i n c r e a s e   t h e   p o o l  ca- 
pac i ty   and   thereby   reduce   the  amount  of water d i s -  
charged  during  periods of high  runoff  (Anisimov 
and  Sorokin,  1975). 

The I re lyakh   River  dam has  had a permanent 
pool  behind i t  for over 18 years,   and  although 
degrada t ion  of t he   pe rmaf ros t   i n   t he   sp i l lway  area 
had t o   b e  arrested, the embankroent has performed 
s a t i s f a c t o r i l y  as a r e s u l t  of proper  maintenance. 

To r educe   t he   ve loc i ty  of seepage  from  the 
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It is  i n t e r e s t i n g   t o   n o t e  that no e s p e c i a l l y  
h igh  embankment dams ( i . e . ,   h igher   than   about  50 
m) have  been hilt on permafros t   wi th   f rozen  s o i l s  
as the   water   seepage   bar r ie r .  The l a r g e r  embank- 
ments are founded on incompressible  bedrock in t h e  
USSR (Tsytovich,  1973)  and are designed as thawed 
embankments. One such embankment t h a t   h a s  im-  
pounded a r e s e r v o i r   s i n c e  1969 i s  the dam f o r   t h e  
Vi lyu i   Hydroe lec t r i c   S t a t ion   l oca t ed   on   t he   V i lyu i  
River a t  t h e   t o m  of Chernyshevskiy i n  Yakutia. 
The s i t e  of the dam and r e s e r v o i r  i s  unde r l a in  by 
Palaeozoic  and  Mesozoic  sedimentary  and  volcanic 
rocks.   Intrusive  rocks are from t h e  lower Trias- 
s ic  period. A t  t h e  dam s i te ,  the rock t o  a depth 
of 30 m con ta ins  small f i s s u r e s ,  some of which 
were open,   containing  only  ice .  

-8.2'C and  permafrost  temperatures  vary from -2 t o  
-6'C depending upon t h e   o r i e n t a t i o n  o f  t h e  ground 
s lope   w i th   r e spec t   t o   so l a r   r ad ia t ion .   Pe rmaf ros t  
th ickness   var ies   f rom 200 t o  300 m, but a t a l i k  
ex tends   en t i re ly   th rough the permafrost   beneath 
t h e   r i v e r  bed a t  t h e  dam site. The c r o s s   s e c t i o n  
c o n s i s t s  of a r o c k f i l l   s h e l l  w i th  an   i nc l ined   c l ay  
zone  protected by two-layer f i l t e r s   u p s t r e a m  and 
downstream. A concre te  pad enc los ing  a g rou t ing  
g a l l e r y  forms the base of the  impervious zone. 
I n i t i a l   g r o u t i n g   i n t o  4-m  deep  holes was performed 
t o   r e i n f o r c e   t h e   b l a s t - s h a t t e r e d  rock and t o  re- 
duce  seepage  beneath the concre te  pad. Fur ther  
g rou t ing  of t he   bed rock   f i s su res  is accomplished 
as the ice melts from these f i s s u r e s .  The re- 
quirement for f u r t h e r   g r o u t i n g  i s  i nd ica t ed  by 
temperature  sensors  and  pioezometric  measurements 
(Demidov,  1973). 

dam, ice b u i l t  up i n  the pores of the downstream 
r o c k f i l l  (Melnikov  and  Olovin, 1983). Studies  of 
the c i r c u l a t i o n  of a i r  w i t h i n   t h e   r o c k f i l l   i n d i -  
c a t e d   t h a t   t h e   t a l i k   b e n e a t h   t h e   f o r u e r   r i v e r  bed 
w a s  f reezing.   Moisture  i s  e n t e r i n g   t h e   r o c k f i l l  
pores from convection,  from  precipitation,  and 
from  occasional tailwater backup. The ice formed 
from t h e   t a i l w a t e r  i s  s o l i d  and  remains a t  t h e  
base of t h e  f i l l ,  w h i l e   t h a t   f r o m   p r e c i p i t a t i o n  i s  
d i s t r i b u t e d   i n   t h e   r o c k f i l l   d e p e n d i n g  upon i t s  
tempera ture   d i s t r ibu t ion .  A s  t he   vo ids  in the 
b a c k f i l l  become f i l l e d   w i t h  ice,  a i r  cu r ren t s  are 
damped and  the  f reezing of the t a l i k   c e a s e s  (Meln- 
ikov  and  Olovin,  1983). The embankment dam has  
been   opera t ing   successfu l ly   s ince  i t s  cons t ruc t ion  
i n  1969. 

Other   high  water-retaining embankments  con- 
s t r u c t e d  on bedrock  permafrost in t h e  USSR are 
those  a t  Ust-Khantaysk  and the Kolyma hydroelec- 
t r i c  power s t a t im  (Evdokimov e t  al., 1973;  Glus- 
k i n  et a l . ,  1974; Tsytovich e t  al., 1978). Al- 
though there i s  some Informat ion   descr ib ing   the  
cons t ruc t ion  of t hese  dams (Gluskin  and  Ziskovich, 
1973;  Tsytovlch e t  al . ,  1974;  Gluskin e t  al., 
19741, t h e   d e t a i l s  of their  performance are not 
a v a i l a b l e  in w e s t e r n   l i t e r a t u r e  a t  t h i s  time. It 
i s  assumed that they are performing aa designed. 

s p e c i a l   a t t e n t i o n  i n  t h e  USSR l i t e r a t u r e  are f r o s t  
heaving  and thermal cracking  of  embankmants. 
S ince   f ros t   ac t ion   can   occu r   t o   dep ths  of a few 
meters a t  t h e  crest of an embankment, non-frost- 
suecep t ib l e   so i l s ,   an t i -heav ing   s a l t i ng ,   and   hea t -  

The average   a i r   t empera ture  a t  the s i t e  is  

During   the   cons t ruc t ion   and   opera t ion   of   th i s  

Two spec i f i c   p rob lem  tha t   have   been   g iven  

ing  have  been  suggested  as  measures  to  counteract 
t h i s  problem  (Kronik, 1973; Tsytovich e t  a l . ,  
1978).   Transverse  thermal  cracking of  embankments 
has been  observed  during  and  af ter  the winter  sea- 
son. Cracks i n  one of the i r r i g a t i o n  dams on the 
Suola  River  near  Yakutsk  were  investigated by 
Erechishchev  and  Sheshin  (1973). They found the 
cracks   occur   wi th in  1.5 m of t h e   v e r t i c a l  walls of 
t h e  wooden o u t l e t   s t r u c t u r e .  To p r o t e c t   a g a i n s t  
t h i s   t y p e  of c racking ,  a l a y e r  of g r a v e l  2 m t h i c k  
is  being  used at  t h e  crest of  embankments on per- 
m a f r o s t   i n  the USSR. Grechishchev  suggested em- 
bedding  horizontal  wooden rods   near   the  crest par- 
a l l e l  t o  the a x i s  of the embankment, t o  act as re- 
inforcement   in  the s o i l  and  prevent these cracks.  
A method  of c a l c u l a t i n g   t h e   l o n g i t u d i n a l   t h e r m a l  
deformation o f  embankments has been  developed 
(Grechishchev  and  Sheshin,  1973)  and the ca lcu-  
l a t ed   c r ack   w id ths   a r e   i n  good agreement  with 
t h o s e   o b e e r v e d   i n  the embankmnt  under  investiga- 
t ion. 

I n  Canada, t h e   l i t e r a t u r e   d o e s   n o t   r e c o r d   t h e  
cons t ruc t ion  of an  embankment des igned   as  a f rozen  
s t r u c t u r e  on  permafrost  but i t  does   r evea l   t ha t  
s e v e r a l  small dikes (Johnston  and  MacPherson, 
1981)  and a waste impoundloent (Thornton,  1974) 
were designed  and  constructed as t h e  thawed  type 
of  embankment on permafrost .   In  these des igns ,  
t h e  amount of thaw c o n s o l i d a t i o n   t h a t  will occur 
in the foundation i s  es t imated ,   and   the  embankment 
he igh t  is  i n c r e a s e d   t o  accommodate t h e   a n t i c i p a t e d  
se t t lement .  As a n   a l t e r n a t i v e  t o  overbui ld ing  the  
d ikes ,   t he   des ign   he igh t s   a r e   ma in ta ined  by pe r i -  
od ica l ly   adding  embanklaent material t o   t h e  crest 
of t he   d ikes  as set t lement   progresses .  In some 
ins tances ,   ver t ica l   sand   dra ins   ( Johns ton ,   1969;  
MacPherson e t  a l ,  , 1970) a r e   i n s t a l l e d   i n  the per- 
mafrost   foundat ion  beneath  the  embankmnt  to  re- 
duce  pore  pressures   and  hence  increase  the  shear-  
i n g   r e s i s t a n c e  of t h e  so i l  while  thawing  occurs.  
The d i f f e r e n t i a l   s e t t l e m e n t s   a s s o c i a t e d   w i t h   t h i s  
type  of d e s i g n   c a n   l e a d   t o   t r a n s v e r s e   c r a c k i n g  of 
t h e  embankments. To accommodate the c rack ing ,   t he  
embankments were cons t ruc ted  of s o i l s  that  are 
self-healing  in  nature  (Johnston  and  MacPherson, 
1981). E s s e n t i a l   t o   t h i s   t y p e  of des ign  i s  a con- 
t inuous  observation  program  throughout the l i f e  of 
the s t r u c t u r e .  

Examples of thawed  embankments  founded on 
permafrost  in northern  Manitoba,  Canada, are t h e  
d ikes   a t   Kelsey  (MacDonald,  19661, Kettle (Mac- 
pherson e t  al., 1970) and the Long Spruce  (Keil  e t  
al . ,  1973)   hydroe lec t r ic   genera t ing   s ta t ions .  To 
d a t e ,   t h e s e  embankments appear   to   have  been  per-  
forming as envisioned by the i r   des igne r s .  

t a i n i n g  embankment, f i v e  small embankment dams 
less than  6 m high,  and a few levees  have  been 
cons t ruc ted  on permafrost  in Alaska  and  one i n  
Thule,  Greenland. The small water-supply dams a t  
remote v i l l a g e s  are of the f rozen   t ype  of des ign  
and are wi thout   a r t i f ic ia l   cool ing .   Al though some 
have been i n  o p e r a t i o n   f a r  more than 30   years  
(Davis, 1966; Fulwider,  1973), no serious  problems 
have  been  reported. The l a r g e s t  embankment dam 
founded on p e r m f r o s t   i n  Alaska i s  l oca t ed   nea r  
Livengood on Hess Creek  (Rice  and  Simoni,  1966; 
Kitze  and  Simoni,  1972). This combination hy- 
d r a u l i c   f i l l  a n d   r o l l e d   e a r t h   f i l l   s t r u c t u r e  w a s  

I n  the United  States ,   one 24-m-high water-re- 
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completed in 1946 t o  a maximum height  of 24 m. 
The foundat ion   cons is t s  of s i l t  and ice t o  a depth 
of approximately 6 m over ly ing  a 6 . 5 3  t h i c k  de- 
p o s i t  of a var iab le   mix ture  of f rozen   c l ay ,  s i l t ,  
sand,  gravel,   and  fragments of cher t   rock.  Be- 
nea th  this depos i t   and   over ly ing   the   f rac tured  
chert   bedrock is a 6.S-m l a y e r  of f rozen   coarse  
sands  and  gravels   containing  considerable  ice. 
A f t e r   s t r i p p i n g   t h e  site,  t he   hydrau l i c  fill was 
p laced   d i r ec t ly  on the f rozen  silt. Hor izonta l  
cool ing   p ipes  were i n s t a l l e d   a t   t h e   s u r f a c e  of t h e  
f o u n d a t i o n   t o   p r o v i d e   a r t i f i c i a l   r e f r i g e r a t i o n   t o  
keep  the  foundat ion  f rozen  during  construct ion.  
S t e e l  sheet p i l i n g  embedded in   permafrost   and  pro-  
j e c t e d  2 t o  3 m up i n t o   t h e   h y d r a u l i c   f i l l  w a s  
used t o  improve the   seepage   cu tof f .   S ince   th i s  
dam only   re ta ined   water   dur ing   the   shor t  summer 
mining   per iod   each   year ,   the   reservoi r  was lowered 
every autumn to   t ake   advantage  of win ter   cool ing  
to   preserve  the  permafrost   foundat ion  and  refreeze 
the embankment. This dam pe r fo rmed   s a t i s f ac to r i ly  
from 1946 u n t i l  1958, when t h e  mining opera t ions  
were stopped  for  economic  reasons.  The major op- 
e r a t i n g   d e f i c i e n c y  i n  the system was a water out- 
l e t  tunnel   loca ted   remote ly   f rom  the  dam. It com- 
p l e t e l y   c o l l a p s e d  some time a f t e r   t h e  mining  oper- 
a t i o n  ceased. Then in 1962, t he  overflow  from the 
spr ing  runoff  washed ou t   t he   t imber   sp i l lway   t ha t  
w a s  l oca t ed  on the   r igh t   abutment  of t h e  dam. The 
embankment i t s e l f  remains  intact   today. 

Embankrent Dams on Permafrost:   Recorded  Failures 
and  Problems 

Embankment dams on permafrost   have  been  bui l t  
and  successful ly   operated in Canada, t h e  USSR, and 
Alaska. A number  of f a i l u r e s  have  been  reported 
i n   t h e  USSR and  one i n  Alaska.  Table 1 l ists  15 
embankment dams t h a t   e n c o u n t e r e d   d i f f i c u l t i e s ;  
s o w  of the  problems were co r rec t ed ,  but s e v e r a l  
ended i n   d i s a s t e r .  An examination of the t a b l e  
r evea l s  that  most of t h e   d i f f i c u l t i e s   a r o s e  be- 
c a u s e   i n s u f f i c i e n t   a t t e n t i o n  was  g iven   t o   e s t ab -  
l i s h i n g  and  maintaining a r e l i ab le   f rozen   t he rma l  
regime  and to   con t ro l l i ng   s eepage .  It should be 
no ted   t ha t   o f t en  the thawing  and  seepage in a f ro-  
zen embankment or f o u n d a t i o n   a r e   I n i t i a t e d   a d j a -  
c e n t   t o  the s p i l l w a y   o r   o u t l e t  works. This, of 
course ,   ind ica tes   tha t   inadequate   cool ing  or cut- 
o f f s  were e s t a b l i s h e d  a t  these   po in ts .  Other 
p rob lems   desc r ibed   i n   t he   t ab l e   can  be t r a c e d  
t o  the cons t ruc t ion   procedures   and   the   cont ro l  of 
earth placement. I n  some cases, adequate  thermal 
p r o t e c t i o n  was not  provided  for  the  foundation  and 
ad jacen t  areas dur ing   cons t ruc t ion .  In  o t h e r  ca- 
ses, insuf f ic ien t   compact ion  was a p p l i e d   t o   t h e  
s o i l   p l a c e d  in the f rozen  state. 

Table 1 inc ludes   on ly  a po r t ion  of t h e  prob- 
lems t h a t  have  been  referenced  in  the l i t e r a t u r e .  
Although  several   papers on embanklnent darns on per- 
mafrost   have  been  col lected  and  t ranslated,  i t  is 
r e a s o n a b l e   t o  assume t h a t   t h e r e  are many e i t h e r  
un repor t ed   o r   no t   ava i l ab le   i n   ou r   l imi t ed   b ib l i -  
ography.  However, t h e   d a m  that  are l i s t e d   i n d i -  
cate , t h e   p r o b l e m   t h a t  mst be addressed if safe 
and  economical embankment dams are t o   b e   b u i l t  on 
permafrost .  

RESEARCH REQUIRED 

The design,  construction,  and  maintenance of 
s a f e ,  water r e t a i n i n g  embankments i n   t h e   A r c t i c  
and  sub-Arctic i s  strongly  dependent upon such 
cons ide ra t ions  as s t r u c t u r a l   s t a b i l i t y ,   s e e p a g e  
con t ro l ,  the handl ing  of  materials, e r o s i o n a l  con- 
t r o l ,  and   the   envf ronmenta l   e f fec t   o f   the   iqound-  
ment.  The following is  a l is t  of areas that  need 
f u r t h e r  research: 

a. 

b. 

C. 

de 

e. 

f. 

g. 

h. 

i. 

j. 

k. 

1. 

The  development  of a n a l y t i c a l  methods 
for   determtning  and  predict ing the ther- 
mal regime  within  and  beneath water-re- 
t a i n i n g  embankments on  permafrost when 
ground  water  seepage  occurs  and  where 
three-dimensional heat flow i s  impor- 
t an t .  
The development of e f f e c t i v e  methods f o r  
c o n t r o l l i n g  the thermal  regime  and  seep- 
a g e ,   e s p e c i a l l y  a t  loca t ions   cont iguous  
t o   s p i l l w a y s  and o u t l e t  works f o r  em- 
bankments on permafrost. 
The development of dra inage   sys tems  tha t  
will not  become plugged  wlth ice. 
The a n a l y s i s  of ex is t ing   t echniques   and  
the d e v e l o p e n t  of  new ones   for  con- 
s t ruc t ing   f rozen   and   unf rozen  embankment 
d a m  on permafros t   dur ing   bo th   the  8um- 
mer and  win ter   cons t ruc t ion   seasons  
whi le   main ta in ing  a frozen  foundat ion.  
The development of more accurate  ana- 
l y t i ca l   p rocedures   fo r   de t e rmin ing  the 
s t a b i l i t y  of  embankment and n a t u r a l  and 
cu t   s lopes   i n   pe rmf ros t   du r ing   t hawing .  
The  development of accu ra t e  methods t h a t  
use  e lectromagnet lc ,   geophysical ,   and 
other   types  of   tools   €or   determining  the 
extent   and  depth of permafrost,  massive 
ice inclusions,   and  types of s o i l s  a t  
proposed embankment sites. 
The development of ins t rumenta t ion  for 
monitoring  the  construction  and  perform- 
ance of  embankments on permafroat,  with 
s p e c i a l   a t t e n t i o n   t o   e a r l y   d e t e c t i o n  of 
s eepage   t ha t   occu r s   i n  a "frozen" em- 
bankment or i ts  foundation. 
The de termina t ion  o f  t h e   e f f e c t s  of im-  
poundments on water chemistry  and  pro- 
d u c t i v i t y  i n  reservoi rs   and  streams over 
permafrost. 
The development of b io logica l   p rocedures  
f o r   r e s t o r i n g   r e s e r v o i r   l a n d s c a p e s   i n  
arctic and   suba rc t i c  areas. 
The de termina t ion  of the t o l e rance  of 
cold-dominated  vegetat ion  to   per iodic  
inundation. 
The v a l i d a t i o n  of e x i s t i n g  methods f o r  
p r e d i c t i n g   t h e   h y d r o l o g i c a l   c h a r a c t e r i r -  
tics of catchment basins on  permafrost. 
The development of e f f e c t i v e  methods for 
c o n t r o l l i n g  water and ice e ros ion  of em- 
bankments ,   cuts ,   and  natural   s lopes of 
r e s e r v o i r  walls in permafrost  areas. 
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TABLE 1 Embankment dams on  permafrost:  Problems  with existing dams 

Embankment 
River nalre Location 

Height  Length 
type ( m) ( m) Problem/description  Reference 

Thawing  and  Seepage a t   Sp i l lway   and   Ou t l e t  Works 

Unknown Northern USSR Compact e a r t h  

Hess Creek  Livengood, AK Hydro L compact 
e a r t h   f i l l  

Myla River  Zarechnyy  Region, Compact frozen  sand 
USSR 

Vilyui  River USSR 
(Dam 11) 

Vilyui  River USSR 
(Oam 111) 

Embankment w l c r i b  
cutoff ,   w/sand 
and silt 

21.4 230 Municipal  water  supply dam 
was completed i n  1967. I n  

through embankment a t  sup- 
1970, a  breach  occurred 

~ 8 1  erosion  and  seepage. 
ply  intake  pipes  due t o   t h e r -  

24  488 Completed i n  1946 For  water 
supply i n  mining  operations. 
In  1962 breached  between 
sp i l lway due t n  t h e r m 1  ero- 
s i o n  and seepage. 

- Constructed of  uncompacted 
frozen  sand  during  winter. 
Seepage  through  earth dam 
a n d   j o i n t s  i n  wooden s p t l l -  
way caused  thawing and f a i l -  
ure of dam i n  1954. 

12  300 Constructed 1957-1960 on per- 

e r a t ing   pe r iod ,   l a rge   s eep -  
mafros t .   &i r ing   in i t ia l  op- 

age volume occurred and s p i l l  
way was completely  destroyed 

s t r u c t i o n  i n  1969, leakage way 
i n  First Elood. After  recon- 

through  caverns  in   foundat ion 
observed from t he   r e se rvo i r  

of the  dam and a t   c o n t a c t   w i t h  
the  spillway.  Causes  of  prob- 
lems: ( I )  sp i l lway  too   smal l  

s t r u c t u r e s  not   located far 
for   f lood ,  ( 2 )  i ce- re ta in ing  

enough  upstream from d m ,  ( 3 )  
poor  spil lway  construction, ( 4 )  
f i s s u r e s   i n   f o u n d a t i o n s  not 
s e a l e d ,  (5 )  poorly  compacted 
runoff.  

- Clay-ice  core   constructed  in  
winter  with  frozen  clay  and 

way; contact  between i t  and 
water.   Seepage  along  spil l-  

t h e  embanknest r e s u l t e d  i n  
degradation  of  frozen  core,  
which  soon  became non- 
func t iona l .  

Embankment wi th  3 
core 

Thermal Regime of Embankment and  Foundation  not  Maintained 

Dolgaia River N o r i l s t ,  USSR Ref r ige ra t ed   ea r th  10 130 
a  "clay-concrete"  (probably 
Constructed i n  1942 with  

cement-s tabi l lzed  c lay)   core  
with two rows of f r e e z i n g  
p i p e s   p a r a l l e l  to  dam axie.  
"he core  was to   reduce  

period.  Calcium  chloride 
seepage  during  the  f reezing 

the   f r eez ing   p ipes ,  was not 
br ine ,   c i rcu la ted   th rough 

sphere.   Furthermore,   the 
coo led   su f f i c i en t ly  by atmo- 

h r ine   l eaked   i n to   t he  dam, 
causing  melting of embank- 
ment. Snow d e p o s i t s  lmped- 
ed  freezing  from  the  dom- 
scream  face.  Disaster was 
aver ted  by conver t ing   the '  
c o o l i n g   b r i n e   t o   a t r  and run- 
ning t h e   c i r c u l a t i a   s y s t e m  
only when a i r   t empera tu res  
were colder  than  the  ground. 
Only a f t e r  an   i ce   shee t  was 
c r e a t e d  on t h e  downstream f a c e  

wln ter  was thermal regirm s t a -  
by water a p p l i c a t i o n 8  i n  t h e  

bil lzed  throughout  the  year.  

Sredniy 
El'gen  River Basin, USSR 

Kolyma River   Earth 7 .4  300 B u i l t  i n  1944. Large  defor- 
mations and  cracks  occurred 
along dam due to   seepage and 
thawing.  Seepage  developed 

Anisimov 6 Sorokin,  
1975 

Rice 6 Simoni, 1966 

Lyskanov, 1964 

Biyanov, 1966 

Biyanov, 1965 

Tsvetkova, 1960,  
Borisov & Shamhura,  
1959 

Tsvetkova. 1960 
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TABLE I ( c o n t ' d )  Embanmknenc  dams on permafrost:  Problems  with  existing dams 

Height  Length Embankment 
River name Location type ( m) ( m) Problemldescription  Reference 

Nyaundzha 
River 

Amoear RiVeK 

Kvadratnyy 

Stake 89  
(Picket  Creek) 

Kolyma Basin, 
USSR 

E a r t h   f i l l  8 
wlcore 

Near Mogocha 
on the Amr 
Railroad. 

Norilsk,  USSR 

Norilsk,  USSR 

Crib-core 4 
RO&-eaKth fill  

Compact e a r t h  fill  6 

Conpact e a r t h   f i l l  5.5 

where  t imber  pil ing was used 

ure  an upstream  blanket was 
a s  a cutof f .  To prevent   fa i l -  

CcmSCKUCted. 

In 1952, i n i t i a l   a t t e m p t s  
mbde t o   c o n s t r u c t  dam i n  
the   win ter  t o  ob ta in   a   f ro -  
zen  embankloent, but  thawing 
in the  summr r e q u i r e d   a r t i -  

accomplished by i n s t a l l i n g  
f i c i a l   c o o l i n g .  This was 

"freeze"  pipe in t h e  embank- 
ment and c i r c u l a t i n g   c o l d   a i r  
down the  pipes.  'Rle abut- 
ments  were  not  protected by 

a t   t h e s e   l o c a t l o n s ,  and  the 
freeze  pipes,   thawing  occurred 

seepage  ensued. (Th is  a r t i c l e ,  

a s t e r .  ) 
i n  1957, implied  impending  dis- 

Fa i led  due t o  seepage  and 
thawing  through body of t h e  
embankuent. (Apparently 
hilt i n  1910-1916.) 

Dam used  for   cool ing  water  
s u p p l y   f o r   e l e c t r i c  power 
s ta t ion.   Destroyed  within 
I y r   a f t e r   c o n s t r u c t i o n  
by thawing of foundations 
and  abutment Soils. 

Destroyed  within 2 yr a f t e r  
cons t ruc t ion  when seepage 
through  the  unfrozen s o i l  
thawed the f r o z e n   s o i l .  

Tsvetkova, 1960 

Tsvetkova,  1960 

Borisov & 
Shamahura, 1959 

Tevetkova, 1960 

Pravaya  Northern USSR 
Magdagacha 
River 

Tsvetkova. 1960; 
Saverenskii ,  1950 

Inadequate   Construct ion  Procedures  

Compact ea r th   w i th  1 . 3  - F a i l e d   a f t e r  2 yr of  opera- 
concrete  diaphragm  tion.  Large  deformation of 

dam r e s u l t e d  in cracks  in 
the  diaphragm a i l  a long  the 
embankrent dam and a t   t h e  
j u n c t i o n  of t h e  weir. F i n a l  
f a i lu re   occu r red   du r ing  heavy 
thunder  storm when leakage 
appeared a t   t h e   c r e s t .   F a i l -  
ure  occurred  over a 6 5 3  
length.  

9.5 - B u i l t  In 1792. I n  attempting  Tsvetkova. 1960 

of the  137-yr-old dam, proper 
t o   r e p a i r   t h e  wooden spil lway 

measures  were  not  taken  to  pre- 
s e rve   t he   f rozen  embankuent. 
The dam had t o  be  completely 
r e b u i l t  i n  1945. 

Mykyrt River  City of Petrovsk-  Earth 
Ubaykalsk iy ,  USSR 

Bol'shay  Skovorodino, USSR Ear th  silt and 9.6 530 
gravel   with  c lay 

B u i l t  in 1932. Ihe  clay-ice  Tsvetkova, 1960 
core  became semi-liquid  and 

c o r e   t h e   s t a b i l t t y  of t h e  d m  was 

was appl ied  t o  the   s lopes ,  
threatened. In 1934 b a l l a s t  

wooden p i l i n g  was dr iven ,  
s o i l   b e h i n d   t h e   p i l i n g  was 
rep laced  by more impervious 
rmter ia l .   and   a  wood g a l l e r y  
was consr rucced   to   ca tch   the  
seepage. Deep thawing of 
foundation s o i l  and  bedrock 
in 1936 did  not   cause aerious 
problems. 

Never River 

Vilyui  River USSR 
(Dam  V) 

Random e a r t h   f i l l  16.8 
with  t imber 

332 Constructed o n  ice-sa tura ted  BiyanOV, 1965 
clayey si l t  and d i s i n t e g r a t e d  
rock  overlying  f issured  c lay-  
limestone. In the springs  of  

downstream  of  the dam. Seepage 
1965 and 1966 boi l s   appeared  

was caused by thawing of 
i c e  in rock   f i s su res   du r ing  
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DESIGN AND CONSTRUCTION OF DEEP  FOUNDATIONS IN PERMAFROST: NORTH AMERICAN PRACTICE 

B. Ladanyi 

Ecole  Polytechnique 
Montreal, Canada 

In t h e   l a s t  20 years ,   the   des ign   and  con- 
s t r u c t i o n  of  deep  foundations i n  permaf ros t   i n  
North America have  seen  quite  remarkable  develop- 
ments,  due t o  a combination  of  performance  obser- 
v a t i o n s ,   f i e l d   t e s t i n g ,   a n d   t h e o r e t i c a l  work. In 
p a r t i c u l a r ,   d u r i n g   t h i s   p e r i o d ,  a g r e a t  number  of 
f u l l - s c a l e   p i l e  tests were performed i n  Alaska  and 
no r the rn  Canada. These tests h e l p e d   g r e a t l y   t o  
c l a r i f y  the behavior of di f fe ren t   types   o f   deep  
foundations  in  permafrost  under  load  and  tempera- 
t u r e  change. Most of t h e  work was done in the 
areas of p i l e   i n s t a l l a t i o n  methods, the  behavior 
of p i l e s  and  anchors  under  axial   compression  and 
tens ion   loads ,   and  the de termina t ion  of ad f reeze  
s t rength   o f   var ious   types  of p i l e s .  AB a r e s u l t ,  
we now have a r e l a t i v e l y  good i dea  of  how a p i l e ,  
i n s t a l l e d  by a given  method, will behave  under  an 
a x i  a1 load. 

Neve r the l e s s ,   t he re   a r e  s t i l l  several   prob-  
lems i n   r e l a t i o n   t o  deep  foundat ions whose solu- 
t i o n  w i l l  r equi re   fur ther   exper imenta l   and   theo-  
re t ical  work i n  the coming years. It is t h e r e f o r e  
u s e f u l  t o  rev iew  the   research  areas that  have  been 
covered in the   North h r i c a n   l i t e r a t u r e  on deep 
founda t ions   i n   pe rmaf ros t   ove r   t he  las t  20 years ,  
t o  see where i t  may be   necessa ry   and   j u s t i f i ed   t o  
concen t r a t e   fu tu re  research e f f o r t s .  

v i e w  was subd iv ided   i n to   f i ve   sub jec t   g roups ,  each 
covering  one  large  research area. These are: 

For a f a s t e r   su rvey  of information,   the  re- 

A. P i l e   i n s t a l l a t i o n  methods 
B. Pi le  behavior  under  load 
C. Improvement o f  p i l e   b e a r i n g   c a p a c i t y  
D. Design  methods f o r   p i l e s   i n   p e r m a f r o s t  
E. S t a t e -o f - the -a r t   r ev iews ,   l i t e r a tu re   su r -  

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

groups,   each  deal ing with a p a r t i c u l a r   s u b j e c t   o r  
a n   i n v e s t i g a t e d   e f f e c t  on pi le   behavior .  

The subgroups  contain a list of a l l  reviewed 
b ib l iographica l   re fe rences   dea l ing   wi th   the   sub-  
ject  matter. These r e f e r e n c e s ,   l i s t e d  a t  the  end 
of t h e   r e p o r t ,  are subdiv ided   in to   f ive   g roups :  

1. P i l e s  and  deep  footings (Ref. P l  t o  P48). 
2. Deep anchors (Ref. A N 1  t o  A N 8 ) .  
3. Adfreeze bond (Ref. AD1 to AD1 1). 
4 .  Fros t   heave   e f fec ts   on   p i les   (Ref .  FHl t o  

5. Foundat ion  mater ia ls  (MAT1 t o  MAT3). 
Under each  subheading,   there  are only some 

br i e f   s t a t emen t s  on t h e  s ta te  of  knowledge on t h e  
sub jec t ,   wh i l e   t he  areas of  needed research are 
l i s t e d  a t  the  end  of the paper. 

a l l  publ i shed   re ferences ,   th i s   does  not w a n   t h a t  
there are no inevi tab le   omiss ions ,   such   as  unpub- 
l i s h e d   i n t e r n a l   r e p o r t s  and r e p o r t s  o f  a proprie- 

FH6). 

While a g r e a t   e f f o r t   h a s  been made t o   i n c l u d e  

t a r y   n a t u r e .  It i s  hoped that  t h i s   v a l u a b l e  
format ion ,   espec ia l ly  on the  performance of 
v e r t i c a l   s u p p o r t  members of the  Alyeska  pipe 
w i l l  become a v a i l a b l e  in the near   fu ture .  

1 in- 
t h e  
l i n e ,  

LITERATURE REVIEW 

A. P i l e  I n s t a l l a t i o n  Methods 

Al.  Freezeback of s l u r r y   a r o u n d   p i l e s ,   t h e o r y  
and observat ions  (P3,  P32,  P33) 

The thermal  problem has been  solved  theoret-  
i c a l l y ,  and t h e   p r e d i c t i o n s   a p p e a r   t o  agree 
wi th   f i e ld   obse rva t ions .  The mechanical 
problem of f reezeback  pressures   needs some 
f u r t h e r  work,  but i t  is known that  
( a )  'he p r e s s u r e s   d i s s i p a t e   q u i c k l y  in warm 

permafrost;  
(b) They have a p o s i t i v e   e f f e c t   o n   p i l e   c a -  

p a c i t y  i n  d e n s e   f r i c t i o n a l   f r o z e n  s o i l ,  
but it is s a f e   t o   n e g l e c t  them i n  de- 
s i g n  ; 

when e v a l u a t i n g   r e s u l t s  of  p i l e  tests. 
(c)  The p res su res  are impor tan t   to   cons ider  

A2. Exper ience   wi th   d r iv ing   p i les   in   permafros t  
- s o i l s  (P20,  P22,  P25,  P26,  P27,  P38,  P43, 
P44,  P46) 

(a) S t e e l   p i l e s ,   i n c l u d i n g  H-shape, r e in -  
forced  web, and  sheet ,   can  be  dr iven i n  
most f rozen   so i l s   ( excep t   f rozen   g rave l s  
and  cobbles)   with Impact, v ib ra to ry ,  or 
son ic  hammers; 

(b)  When extremely  hard  dr iving i s  encoun- 
tered,   an  impact hemmer and cast-steel 
p i l e   d r i v i n g   t i p s  are necessary; 

(c )   P i le   d r iv ing   us ing   thermal ly   modi f ied  
p r e d r i l l e d   p i l o t   h o l e s  i s  f i n d i n g   i n -  
c r e a s i n g   u s e   i n   p r a c t i c e ;  

s l i g h t l y  smaller ho le s  is  possible   and 
g i v e s   h i g h   p i l e   c a p a c i t i e s .  The method 
becomes d i f f i c u l t  in cold  permafrost  
s o i l s .  

( d l  I n  p l a s t i c - f r o z e n   s o i l s ,   d r i v i n g  i n  

A3. Comparison  of  driven  and  slurried  piles  (P4, 
P14) 

Stee l   H-pi les  when driven  have 3 t o  4 times 
higher   capac i ty   and  much smaller se t t l emen t  
than when i n s t a l l e d  in s lu r r i ed   ho le s .  

A4.  Exper i ence   w i th   d i f f e ren t   t ypes  of b a c k f i l l  
s l u r r i e s  (P2,  P46) 
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In orde r  of i nc reas ing   ad f reeze   s t r eng th  of 
s l u r r i e s  is: c lay ,  s i l t ,  sand,  sand-vibrat- 
ed,  cement  grout. 

Exper ience   wi th   cas t - in-p lace   p i les   in  perma- 
f r o s t  (P32,  AN1 t o  AN5, MAT31 

Cement-fondu-sand-water (1:l:llZ) grout  
used i n  Thompson and Gillam tests 
r e s u l t e d   i n  a cor ruga ted ,   i ce- f ree  
i n t e r f a c e   w i t h  the s o i l .  
A gypsum-based  cerpent g r w t   p r o v i d e s  ear- 
l y   s t r e n g t h   a t  low temperatures,   but 
f o r m  a l aye r  of s a l i n e   u n f r o z e n   s o i l  a t  
t h e   p i l e   i n t e r f a c e ,   r e d u c i n g   a d f r e e z e  
bond. 

P i l e   Behav io r  Under  Load 

Compression tests on p i l e s  (P2,  P4,  P5, P10, 
P28, P40,  P45,  P46) 

The load-sett lement  curve  and  pile  capa- 
c i t y  depend  on t h e  rate of loading. 
There is  disagreement on t h e   y i e l d  o r  
f a i l u r e   c r i t e r i o n   f o r   p i l e  tests. 
Dr iven   p i l e s   ca r ry  more and sett le less 
t h a n   t h o s e   i n s t a l l e d   i n   s l u r r i e d   b o r e -  
holes.  
There i s  no s t anda rd  method of t e s t i n g .  
No des ign  method g ives   t he  optimum L/d 
r a t i o   f o r  a p i l e .  
For   long  pi les ,   only a small p o r t i o n  of 
t h e   l o a d  i s  c a r r i e d  by the end  bearing 
a t  serv ice   loads .  The po r t ion   i nc reases  
wi th  time. 
At tenuat ing   c reep  i s  usual ly   observed a t  
law stresses (set t lements) ,   and  s teady-  
s t a t e   c r e e p   a t   h i g h  stresses (pos t - f a i l -  
u re   s e t t l emen t s ) .  
For p i l e s  in ice, s teady-s ta te   c reep   can  
be   a t ta ined  a t  a l l  loads.  
In s l u r r i e d   p i l e s ,  end con tac t  is not  
assured   wi thout   d r iv ing  the p i l e .  

Tension tests on p i l e s  ( A M ,  AN1 t o  AN51 

( a )   Fa i lu re  was o b s e r v e d   i n   t e n s i o n   t e s t s ;  
there was no d i s t i n c t   f a i l u r e   i n  com- 
press ion  tests with  end-bearing. 

( b )  Break of t h e  bond occur6 a t  a g iven   d i s -  
placement,  probably  depending on t h e  
roughness of the p i l e   s u r f a c e .  

( c )  When t h e  bond is i n t a c t ,  there i s  a pow- 
er-law relat ionship  between  creep rate 
and stress. 

Behavior of anchors   and   anchor   sys tem (P13, 
P33, AN1 t o  AN7) 

The response  to   the  load  depends on the 
anchor   t ype   and   t he   i n s t a l l a t ion  laethod. 
Deep plate   anchors   need more d isp lace-  
ments f o r   m o b i l i z i n g   t h e   s o i l   r e s i s t a n c e  
than  rod  anchors ,   but  may have  higher 
u l t ima te   s a fe ty   f ac to r s   because   t hey  re- 
l y  on the   weight  of the s o i l  cone 
l i f t e d .  

Adfreeze bond ( e f f e c t s   o f   s o i l   t y p e ,   p i l e  ma- 
te r ia l ,  temperature,  rate of loading,   shear  
displacement) (P2, P33, P34,  P40,  P41,  P44) 

(a) Tables  and  graphs of short-   and  long- 
term  values  are a v a i l a b l e   f o r   d i f f e r e n t  
types  of s o i l s  and p i l e  materials. 

( s a l i n e )   s o i l  forms o n   t h e   p i l e   i n t e r -  
f ace   du r ing   r e f r eez ing .  

con ten t  but decrease6  again a f te r  t h e  
s o i l  is  supe r   s a tu ra t ed  with ice. 

stress re l a t ionsh ip .  

i n  a b r i t t l e  manner, f a l l i n g   t o  a much 
lower  residual  value.  

(b) Sometimes a l a y e r  of ice or unfrozen 

( c )  The adf reeze  bond inc reases   w i th  ice 

(d) Bond c reep  i s  governed by a power law of 

(e) The bond breaks a t  a given  displacement,  

S t r e s s   d i s t r i b u t i o n   a l o n R  the p i l e  and  load 
t r a n s f e r   t o   t h e   p i l e   p o i n t  (P2, P32, P40, 
P41,  AD11) 

( a )   S t r e s s   d i s t r ibu t ion   depends  on i n s t a l l a -  
t i o n  method, p i l e   t ype ,   l oad   l eve l ,   and  
time. 

(b)  For a g iven   l oad ,   t he  bond stresses, in- 
i t i a l l y   d e c r e a s i n g  with depth ,  become 
more uniform  with time, and more load is 
t r a n s f e r r e d  t o  t he  end. 

( c )  A t  a se t t l emen t  of 5-1OX of t h e   p i l e   d i -  
ameter, 2 5 4 0 %  of t h e   t o t a l   l o a d  may be 
c a r r i e d  by t h e  base. A t  s e rv i ce   l oads ,  
the point-bear ing  load may be   negl ig i -  
ble. 

( d )   F o r   d r i v e n   p i l e s ,   t h e   l o a d   t r a n s f e r   t o  
the p i le   po in t   depends  on t h e   s e t t l e m e n t  
rate under   service  loads.  

bond f a i lu re ,   depend ing  on the s o i l  and 
p i l e  roughness. 

( f )  Dynamic l o a d s   l e a d   t o  bond reduct ion  and 
an   i nc rease  i n  l o a d   t r a n s f e r  t o  t h e  
poin t .  

(e)   There is  a limit of displacement   for  

Theor ies  of stress r e d i s t r i b u t i o n   f o r  com- 
p r e s s i b l e   p i l e s   d u e   t o   s o i l   c r e e p  (P19, P32) 

Under a cons tan t   load ,  la teral  stress i s  re- 
d i s t r i b u t e d   a l o n g  a compress ib le   p i le  i n  the  
f i r s t  24 hours ,   wi th  a tendency t o  make the  
d i s t r i b u t i o n  mre uni form  and   to   t ransfer  
more l o a d   t o  the base. P i l e   c r eep   cu rves  may 
no t   be   r ep resen ta t ive   w i th in   t ha t   pe r iod .  

E f f e c t  of s e a s o n a l   s o i l   t e m p e r a t u r e   v a r i a t i o n  
on p i l e   s e t t l e m e n t  (P17) 

Seasona l   va r i a t ion  of the  end-bearing  load 
occurs  due t o  freezing  and  thawing of t h e  ac- 
t i ve   l aye r   and  the t empera tu re   va r i a t ion  o f  
permafrost   wi thin the embedded p i l e   s t r e n g t h .  

E f f e c t  o f  slow l oad   cyc l ing  on p e n e t r a t i o n  
rate (P30) 

The pene t r a t ion  rate becomes p r a c t i c a l l y   i n -  
dependent of the l o a d i n g   h i s t o r y   a f t e r   t h e  
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B9. 

p e n e t r a t i o n   r e s i s t a n c e  is fu l ly   mob i l i zed  
(i.e., t o t a l   s e t t l emen t   exceeds   abou t  10% of 
p i l e  diameter). 

S c a l e   e f f e c t s   i n   p i l e   l o a d i n g  tests (P18, 
P32,  P42) 

Resul t s   ob ta ined  with p i l e s  of d i f f e r e n t   d i -  
ameters are comparable a t  the same s t r a i n  
rate, but  not a t  t h e  same pene t r a t ion  rate. 

B10. F ros t -heave   e f f ec t s  on p i l e s  (FH1 t o  FH6) 

F r o s t   u p l i f t  stresses measured on v e r t i -  
cal embedded columns  vary  mostly  between 
50 and  100  kPa,  with  short-term  peaks  up 
t o  200 kPa.  They are h i g h e s t   f o r  s teel  
columns,  followed by concrete   and wood. 
F r o s t   u p l i f t  stresses a r e   p r o p o r t i o n a l  
t o   t h e   h e a v e  rate. 
Peak va lues  of u p l i f t  stresses occur 
d u r i n g   t h e   e a r l y   f r e e z i n g   p e r i o d ,  when 
heaving rates are high, but maximum up- 
l i f t   f o r c e s   o f t e n   o c c u r   n e a r   t h e  t i r  of 
maximum f r o s t   p e n e t r a t i o n ,   l a t e  in t h e  
winter  season. 
For steel columns, u p l i f t  stresses tend  
t o  dec rease   w i th   i nc reas ing   p i l e  diam- 
eter. 
Frost-heave  forces   increase  with  pi le  
i n c l i n a t i o n   i n   t h e   a c t i v e   l a y e r .  

B11. L a t e r a l   l o a d i n a  tests on  pi les   (P8,   P9,  P16) 
By p u t t i n g   t h e   r e s u l t s  of tests i n   t h e  
form of a power law of time and  load, a 
time-dependent  modulus of lateral s o i l  
reac t ion   and  a p-y curve  can  be  deduced 
from the tests. 
The pressuremeter test data  have  been 
used  with good success   t o   p red ic t   t heo -  
r e t i c a l l y  the behav io r   o f   l a t e ra l ly  
loaded   p i l e s  in permafrost. 
Most published test r e s u l t s   r e f e r   t o  
stage-loaded tests with  24 h per   s tage .  
Behavior  under  long-term  sustained  loads 
and  cycl ic   loads  needs  fur ther   s tudy.  

C. 

c1. 

c2. 

Improveuent  of P i le   Bear ing   Capac i ty  

Thermopiles (Pi', P12,  P17,  P21,  P46) 

To select the best   system, a c a r e f u l   s t u d y  of 
ground  and  temperature  conditions  should  be 
made. With an   appropr i a t e   sys t em,   exce l l en t  
r e su l t s   can   be   ob ta ined .  

New p i l e   d e s i g n s  or i n s t a l l a t i o n  methods f o r  
i nc reased   ad f reeze  bond and/or   end-bearing 
(P12,  P20,  P21,  P22,  P27,  P39,  P40,  P44,  P45, 

Use of   corrugated  and  hel ix- type  pi les  
considerably  increases  the bond s t r e n g t h  
(50-150%). The same was found f o r  
grooved  and  tapered  concrete   pi les  in 
s lu r r i ed   ho le s .  
Use of lugs  around a p i l e   c o n s i d e r a b l y  
inc reases  i t s  bear ing   capac i ty .  

c3. 

D. 

D l .  

D2 

E. 

Both  end-bearing  and  adfreeze bond are 
h i g h e r   i f   p i l e s   a r e   d r i v e n   i n t o   p a r t i a l -  
l y  s lur ry- f i l l ed   overs ized   boreholes .  
Driving i n   s l i g h t l y  smaller holes ,   wi th-  
out s l u r r y ,   a l s o   g i v e s  nuch  higher bond 
s t rength ,   bu t  i t  i s  l i m i t e d   t o   r e l a t i v e -  
l y  warm p l a s t i c   f r o z e n  soi ls .  Thermally 
mod i f i ed   p re -d r i l l ed   p i lo t   ho le s  f ac i l i -  
t a t e   d r iv ing   w i thou t   dec reas ing   ad f reeze  
s t r eng th .  

De te r io ra t ion  of p i l e  materials i n  permafros t  
(M4T1, MATZ) 

(a) S t e e l   p i l e s :  no cor ros ion  was de tec t ed  
a f t e r  6-1 1 years  o f  exposure t o   a c t i v e  
l aye r   cond i t ions  a t  t h r e e  si tes in Alas- 
ka. 

(b)   Timber   pi les :   fungus  a t tack was de tec t -  
ed.  Improved treatment  procedures 
should  be  applied. 

Desixn  Methods f o r   P i l e s  in Permafrost  

Design  methods  based on laboratory-determined 
parameters (P13, P15, P16,  P19,  P23,  P30, 
P31,  P32,  P33,  P34,  P36,  P37,  P41,  P44) 

Although  based  on small s t r a i n  assump- 
t i o n s ,   t h e   t h e o r i e s  for c reep   s e t t l emen t  
of p i l e s   u n d e r   a x i a l   a n d  la teral  loads 
seem t o   g i v e   r e a s o n a b l e   p r e d i c t i o n s   f o r  
short-   and medium-term loads. More in-  
format ion 'and   compar ison   wi th   f ie ld   da ta  
i s  needed f o r  long-term  behavior  of 
p i l e s   u n d e r   s t a t i c   a n d  dynamic  loads. 
End-bearing  support i s  n e g l i g i b l e   f o r  
p i l e s   i n  a l l  types  of homogeneous f rozen  
soils at serv ice   loads .  
It i s  s u g g e s t e d   t h a t   p i l e   d e s i g n  i n  i c e -  
-rich s o i l s  is  governed  mainly by set- 
t l e m n t ,   w h i l e   i n   i c e - p o o r   s o i l s   t h e   d e -  
sign s h o u l d   s a t i s f y   b o t h   s e t t l e m e n t  and 
s t r e n g t h  criteria. 
It i s  a l s o   s u g g e s t e d   t o   n e g l e c t   i n  de- 
s ign   so i l s   wi th   t empera tures   above  -1'C. 

Desim methods  based on f i e l d  tes t  r e s u l t s  
(P9, P16,  P18,  P42,  P46) 

I f   p r o p e r l y   g e n e r a l i z e d ,   t h e   r e s u l t s  o f  
f u l l - s c a l e  tests on a x i a l l y  and l a t e r a l -  
l y   l o a d e d   p i l e s   c a n   b e   u s e d   d i r e c t l y   f o r  
t h e   d e s i g n  of o t h e r   p i l e s   u n d e r  similar 
condi t ions.   Nevertheless ,   extrapolat ing 
such test r e s u l t s   t o   t h e   v e r y   l o n g  term 
r e m a i n s   u n c e r t a i n   u n t i l   f u r t h e r   v e r i f i -  
cation. 
Well-controlled s ta t ic  cone   pene t ra t ion  
tests can   be   i n t e rp re t ed  as small-diam- 
eter p i l e  tests. The i r   r e su l t s   can   be  
used   fo r  the des ign   o f   d r iven   p i l e s ,  ei- 
ther d i r ec t ly   t h rough  a s t r a i n  rate 
s c a l i n g  l a w ,  o r   i n d i r e c t l y   a f t e r   d e t e r -  
mining  the  f rozen  soi l   creep  parameters .  

State-of-the-art   Reviews,  Literature  Surveys,  
and  General  Design Recomroendations (Pl, P3, 
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P6, P7, P11, P23, P24, P25, P31,  P32,  P33, 
P34,  P35, P36, P37,  P38,  P40,  P41,  P43, P 4 4 ,  
P48) 

Severa l   exce l len t   s ta te -of - the-ar t   rev iews  of 
experience with p i l e s  in permafrost  have  been 
p u b l i s h e d   i n  the las t  20 years,   and a com- 
p le te   coverage  of cu r ren t  or recommended de- 
s ign  procedures  was descr ibed  in spec ia l   vo l -  
umes (P31,  P33,  P37).  Certain  papers  and 
volumes a l s o   c o n t a i n  recommended des ign  pa- 
rameters f o r   p i l e s   i n   t y p i c a l   p e r m a f r o s t  
s o i l s   ( P 6 ,  P23,  P31,  P32,  P33,  P34,  P37,  P41, 
P44). 

RESEARCH REQUIRED 

A. On P i l e   I n s t a l l a t i o n  Methods 

(1) Driven   p i les  

Further   development   and  tes t ing i s  needed of 
vibra tory   and   sonic  hammers, toge the r   w i th  
thermal ly  treated, p re -d r i l l ed   p i lo t   ho le s .  

( 2 )  D r i l l - d r i v e n   p i l e s  ( i n  smaller bore- 
ho le s )  

In   p las t ic - f rozen  80118, c y l i n d r i c a l   p i l e s  
d r i v e n   i n   s l i g h t l y  smaller p re -d r i l l ed   ho le s  
have shown increased   adf reeze   s t rengths .  
D ias ipa t ion  of the  mobil ized la teral  normal 
stress due t o   f r o z e n   s o i l   r e l a x a t i o n   s h o u l d  
be   s tud ied .   Dr iv ing   t ape red   p i l e s   i n   t ape red  
p re -d r i l l ed   ho le s  seem promising  and  should 
b e   t r i e d  in  t h e   f i e l d .  

(3)   S lur ry-dr iven   p i les  

Dr iv ing  of p i l e s   i n   l a r g e r   h o l e s ,   p a r t i a l l y  
f i l l e d   w i t h   s a n d - s l u r r y ,  was found t o   g i v e  
h igh   p i l e   capac i t i e s .  The method should be 
f u r t h e r   i n v e s t i g a t e d   t o   f i n d   t h e  optimum de- 
s i g n  and i n s t a l l a t i o n  method fo r   such   p i l e s  
and t o   e v a l u a t e  their long-term  performance. 

( 4 )   S l u r r i e d   p i l e s   ( i n   l a r g e r   b o r e h o l e s )  

Freezeback  pressure  and i t s  d i s s i p a t i o n  
should   be   s tud ied   fur ther .  If a p o r t i o n  of 
this   pressure  can  be  preserved  permanent ly ,  
the bea r ing   capac i ty  of a p i l e   i n   g r a n u l a r  
s lur ry   could   be   cons iderably   increased .  The 
behavior of co r ruga ted   and   t ape red   p i l e s   i n  
s lur ry- f i l l ed   boreholes   should   be   s tud ied .  

(5) C a s t - i n p l a c e  piles 

P i l e s   shou ld  be made i n  such a manner that 
the conc re t e  is compacted in   t he   ho le   t o   p ro -  
duce a good end-bearing  mobilization  and a 
cor ruga ted  la teral  s u r f a c e   f o r  a b e t t e r  
bond. A method similar t o   t h a t  used i n  mak- 
i ng   F rank i   p i l e s  seems promising. 

B. On P i l e  Behavior Under  Load 

(1) There is a need t o   e s t a b l i s h  a s tandard  

t e s t i n g  method, e s p e c i a l l y  with regard  t o  
t h e   l e n g t h  of t h e   l o a d i n g   s t a g e s ,   t h e  
loading   sequence ,   and   the   c r i te r ion  of 
y i e l d i n g   o r   f a i l u r e .   P o s s i b i l i t i e s   f o r  
long-term  extrapolat ion of test r e s u l t s  
should  be  explored. 

( 2 )  Most p i l e s  in permafrost  have a very  high 
L/d r a t i o .  For that  reason,  even  driven 
p i l e s   ca r ry   ve ry  l i t t l e  l o a d   i n  end-bear- 
ing. The por t ion  of the l o a d   c a r r i e d  by 
the  end-bearing i s  a func t ion  of t h e   p i l e  
compress ib i l i t y ,  the p i l e   i n s t a l l a t i o n  
method, the a s p e c t   r a t i o   L / d ,  and the 
t o t a l   s e t t l e m e n t   o f   t h e   p i l e .  The des ign  
method should be able t o   g i v e   a n  optimum 
L i d   r a t i o   f o r  which  both  rhe  adfreeze 
bond and the end-bearing are proper ly  
u t i l i z e d  a t  a n   a c c e p t a b l e   s e t t l e m e n t   o r  
s e t t l emen t  rate o f  t h e   p i l e .  

long-term e f f e c t s  on the   behavior  of a 
p i l e  under   se rv ice   loads  of the seasona l  
t e m p e r a t u r e   v a r i a t i o n   i n   t h e   p o r t i o n  of 
p e r m f r o s t   i n  which t h e   p i l e  i s  embedded. 

(4 )  Very l i t t l e  informat ion  i s  a v a i l a b l e  on 
the  long-term  behavior of l a t e r a l l y   l o a d -  
ed p i les .   Addi t iona l   in format ion  i s  
needed  on t h e   r e d i s t r i b u t i o n  of lateral  
r eac t ion   w i th  time and  on t h e   b e s t  method 
€or  i t s  predic t ion .  The behavior  of  such 
p i l e s   unde r  cyclic loads  is a l s o  needed. 

groups   in   permafros t   loaded   ver t ica l ly .  
Since the g roup   ac t ion  may be   a f fec ted  by 
t h e  rate of p e n e t r a t i o n   i n   f r o z e n   s o i l s  
much more t h a n   i n   u n f r o z e n   s o i l s ,   t h i s  
e f f ec t   shou ld   be   i nves t iga t ed .  

( 3 )  Ebre  information i s  needed  about the 

(5 )  There i s  l i t t l e  in fo rma t ion   on   p i l e  

C. On Improvement of Pi le   Bear ing   Capac i ty  

(1) S t r a i F h t - s h a f t e d   p i l e s  

Bes ides   t he   so i l   t ype ,  ice content,   and temp- 
e r a t u r e ,   t h e  bond also  depends on the p i l e  
material and  the  roughness  of the shaft. Ad- 
f r e e z e  bond on a s m o t h   s h a f t  i s  r e g u l a r l y  
uuch smaller than  the shear s t r e n g t h  of f ro -  
zen ao i l ,   and   becows  s t i l l  smaller i f   t h e  
s h a f t  is covered with a t h i n   l a y e r  of ice. 
In add i t ion ,  tes t  r e s u l t s   s h a d  t h a t  a f t e r   t h e  
bond f a i l s  a l a r g e   p o r t i o n  of t h e  bond 
s t r e n g t h  i s  permanen t ly   l o s t ,   because   t he  ad- 
hesion bond falls  in a br i t t l e  manner. It i s  
not  clear whether the broken bond heals with 
time. To improve p i l e  performance, which de- 
pends m i n l y  on t h e  bond, t h e   u s e  of s p e c i a l  
types  of p i l e s ,  as described  below, i s  sug- 
gested.  

(2 )  Cor ruga ted   p i l e s  

With a su r face  so rough that Eai lu re  will b e  
fo rced   t o   occu r   w i th in  the  f rozen  soi l  mass 
and  no t   a long   the   p i le -so i l   in te r face .  

(3) Tapered   p i l e s  

By their  d i s p l a c e m e n t s ,   t a p e r e d   p i l e s   a s s u r e  
a good con tac t  with the s o i l  and a cons tan t  
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normal pres su re  on the shaft, fu rn i sh ing  
a c o n s t a n t   f r i c t i o n a l   p o r t i o n  of t h e   t o t -  
a l  bond r e s i s t a n c e   i f  the p i l e  is rough 
and  surrounded by a f r i c t i o n a l   f r o z e n  P4. 
s o i l .  Because  they are supported by che 
su r round ing   so i l  mass, s u c h   p i l e s  are ex- 
p e c t e d   t o  show a n   e s s e n t i a l l y   p l a s t i c  re- 
sponse   wi thout   loss  of s t r eng th .  P5. 

ented  toward  f inding ways t o  i n c r e a s e   t h e  
bond s t rength   and  make i t s  response less 
b r i t t l e   a f t e r   f a i l u r e .  

t i o n   d e v i c e s   f o r   p i l e s .  P6. 

(4) I n   g e n e r a l ,  the research  should be o r i -  

( 5 )  More R&D i s  needed on f r o s t   u p l i f t   r e d u c -  

D. General  Design  and  Performance 

( I )  A number of  methods for   foundat ion   des ign  
i n  permafrost  have  been  proposed,  but the 
s y s t e m a t i c   v e r i f i c a t i o n  of t h e i r   p r e d l c -  
t ions   aga ins t   the   per formance  of founda- 
t ions   under   cont ro l led   condi t ions  is 
sti l l  scarce. In add i t ion ,  i t  is not   ye t  
clear how t o   d e t e r m i n e   r e l e v a n t   f r o z e n  
s o i l   p a r a m e t e r s   t h a t   p r o p e r l y   r e p r e s e n t  
long-term soi l   behavior   without   perform- 
ing  very  long-term  creep tests. 

(2 )  Pi le   des ign   under   cyc l ic   and  dynamic 
loads  needs  further  improvement. 

(3 )   Ex t r apo la t ion  of fu l l - s ca l e   l oad ing  tes t  
r e s u l t s   t o  long-term  performance  should 
be inves t iga t ed .  

(4) S t a t i c  cone  and  push-in  pressuremeter de- 
v i ces  are p romis ing   fo r   ge t t i ng  the basic 
information  needed for p i l e   d e s i g n  in 
offshore  permafrost .  They can become 
p r a c t i c a l l y   u s e f u l   o n l y   i f   t h e y  are used 
more f r equen t ly  and their p red ic t ions  are 
compared  with  actual  pile  performance. 
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INTRODUCTION 

E. Penner 

The s e l e c t i o n  of panel members from t h e  USA 
and  Canada was based on t h e i r   i n v o l v e u e n t   i n  
f r o s t - a c t i o n - r e l a t e d   a c t i v i t i e s .  S.E. Grechish- 
chev  of the USSR and Chen Xiaobai of  t h e   P e o p l e ' s  
Republic o f  China were a s k e d   t o   d e s c r i b e   b r i e f l y  
t h e  f ros t - ac t ion   r e sea rch  i n  p r o g r e s s   i n   t h e i r  
count r ies .   Unfor tuna te ly ,   the  USSR r e p r e s e n t a t i v e  
was not able t o   a t t e n d  the conference,   but a sum- 
mary of h i s  paper w a s  presented at  the panel ses- 
sion by the  panel  chairman. 

Miller p resen t s  a q u a l i t a t i v e   r a t i o n a l i z a t i o n  
for a process o f  thermal ly   induced   re lega t ion ,  a 
basic ing red ien t  of h i s  " r i g i d  ice model" of f r o s t  
heaving.  While t h a t  model p u r p o r t s   t o   e x p l a i n  
well-known c h a r a c t e r i s t i c s  o f  t he   p rocess ,   i nc lud -  
i n g   t h e   r o l e  o f  overburden  pressure,  i t s  use   fo r  
engineering  purposes  depends upon inpu t   func t ions  
t h a t  are n o t   e a s i l y  measured wi th  the necessary  
accuracy a t  this time. So far, t h e  model has  been 
formula ted   on ly   for   a i r - f ree ,   so lu te - f ree  incom- 
p r e s s i b l e   s o i l s .  He mentions  (unpublished) re- 
s u l t s  of a s i m i l i t u d e   a n a l y s i s  of t h i s  model  which 
imply t h a t   s i t e - s p e c i f i c  problems  could be scale 
modeled us ing  a geotechnica l   cen t r i fuge .  

Berg  reviews the numerical  models  available 
in the l i t e r a t u r e   i n   h i s   p r e s e n t a t i o n ,  with par- 
t i c u l a r  emphasis on t h e   d i f f i c u l t i e s   e n c o u n t e r e d .  
His review i s  par t icu lar ly   meaningfu l   because   o f  
h is  considerable   experience in modelling  with  ap- 
p l i ed   eng inee r ing   app l i ca t ions  in mind. 

frozen  zones, a subject   he  has s tudied   over  many 
years.  The p r e s e n t a t i o n   s t a t e s   b o t h   t h e o r e t i c a l  
and  experimental   support  of h i s  approach   to  the 
subjec t .  It a l so   p rov ides   an   ove ra l l   eva lua t ion  

Williams dea l s   w i th   mo i s tu re   mig ra t ion   i n  

of cu r ren t  knowledge on t he   sub jec t .  
The USSR and  People's  Republic of China  pan- 

elists cover   cur ren t   research  i n  t h e i r   r e s p e c t i v e  
countr ies .   Grechishchev  presents  h i s  current  con- 
cep t  o f  the  thennorheology of c ryogen ic   so i l s ,  
d rawing   a t ten t ion  in p a r t i c u l a r   t o   t h e   i n s e p a r -  
a b i l i t y  of heat, moisture,  stress and s t r a i n  
values,   and  the  phase  composition of pore  moisture  
in   f rozen ,   f r eez ing ,   and   t hawing   so i l s .  He states 
that thermophysical  and  mechanical  problem  cannot 
be resolved  independent ly ,   and  gives   equat ions t o  
desc r ibe  the i n t e r r e l a t i o n s h i p .  Chen Xiaobai  cov- 
ers cur ren t   f ros t -ac t ion   deve lopments   in   the  PRC, 
s t r e s s i n g   e n g i n e e r i n g   s o l u t i o n s   t o  the f ros t   heave  
problem. While d i f f e r e n t   i n   d e t a i l ,   t h e   a p p r o a c h  
i s  not   un l ike   tha t   fo l lowed i n  s easona l ly   f rozen  
and  permafrost   regions  in  North America. Both 
con t r ibu t ions  will draw much a t t e n t i o n ,   p a r t i c u -  
l a r l y  from t hose   conce rned   w i th   so lu t ions   t o   f ro s t  
ac t ion   p rob lem i n  s o i l s .  

The high  annual   cost  of f r o s t  damage t o  en- 
g ineer ing  structures as a r e s u l t  of the f r e e z i n g  
o f  foundat ion  soils does  not   appear  t o  have 
brought  about a concerted,   coordinated  program o f  
r e sea rch  in  any of the fou r   coun t r i e s   r ep resen ted  
on the  panel.  It i s  clear from t h e   l i t e r a t u r e  
that  impor tan t   s tud ies  are be ing   ca r r i ed   ou t ,   bu t  
a n a t i o n a l   f o c i  on the problem  appears   to   be miss- 
ing. At presen t  the r e sea rch  on f r o s t   a c t i o n   i n  
Canada and the US4 i s  i n i t i a t e d   p r i m a r i l y  by in- 
t e r e s t ed   i nd iv idua l s .   Whi l e   t h i s   ce r t a in ly  re- 
s u l t s   i n  some e x c e l l e n t  work, much more could  be 
achieved i f  t h e r e  were an  organized  approach. In 
both  the  appl ied  aspects   and  numerical   model l ing 
s tudies ,   benef i t s   f rom a systematic   approach would 
accrue. The fac i l i t i es  and the e f f o r t  expended 
would,  however,  have t o  be g r e a t l y   i n c r e a s e d   t o  
have a real  influence.  This may develop as t h e  
cos t a  of annual damage increase .  
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THE PRINCIPLES OF THERMORHEOLOGY OF CRYOGENIC SOILS 

S.E .  Grechishchev" 

All-Union  Research I n s t i t u t e  o f  Hydrogeology  and  Engineering  Geology 
Moscow. USSR 

In t h i s  paper t h e  term "cryogenic   soi ls ' '  i s  
i n t r o d u c e d   a s  a s h o r t e r  term fo r   f rozen ,   f r eez ing ,  
and  thawing  soils.   Usually,   thermorheology  refers 
t o  a s e c t i o n   i n  the mechanics of sol id   deformable 
media t h a t   r e p r e s e n t s   t h e   s t u d y  of an  interconnec-  
t i o n   i n  time between  mechanical stresses, s t r a i n s ,  
and  temperature. However, i t  is necessary t o  
broaden  the  concept  of  thermorheology when i t  i s  
app l i ed   t o   c ryogen ic   so i l s ,   because  any mechanical 
and thermal impact on these s o i l s   a f f e c t s   t h e  
phase  composition of pore  moisture in a complex 
way, namely,  changes i n  the  phase  composition  of 
pore  water l e a d   t o   v a r i a t i o n s   i n   t e m p e r a t u r e  and 
mechanical stresses o r   s t r a i n s .  Thus, the   phrase  
thermorheology  of   c ryogenic   so i l s   re fe rs   to  the 
s tudy  of t h e   i n t e r c o n n e c t i o n   a n d   i n t e r a c t i o n   i n  
time between  mechanical stresses and s t r a i n s ,  tem- 
perature,   and  the  phase  composition of pore mois- 
t u r e  i n  frozen,   f reezing,   and  thawing  soi ls .  This 
phrase was f i r s t  proposed by Grechishchev (1969). 

The thermorheology of c ryogenic   so i l s   in -  
c ludes  a cons ide ra t ion  of the mechanical  processes 
i n   s o i l s   u n d e r   t h e   i m p a c t  of temperature  changes, 
bo th   wi th in   the   range  below 8'C ( t h e r m a l   s t r a i n s ,  
effects  of an  external   oyerburden  and  unfrozen 
moisture   content)   and  with  the  temperature   passing 
through O'C (heaving  and  moisture  migration wi th  
f reez ing ,   thermal   se t t lement   and   consol ida t ion  
w i t h  thawing).   With  this  approach, a combined in- 
v e s t i g a t i o n  of the  thermodynamic,  thermophysical, 
physicochemical,  and  mechanical  aspects of t he  
c ryogenic   p rocesses   in   so i l s   appears   necessary .  

The study  of   physical   regular i t ies   and the 
development of physico-mathematical  theories  of 
cryogenic   processes  has been  intensive  over  the 
l a s t  20 years.  Physico-mathematical  models  based 
on Luikov's   equat ions of heat-mass t r a n s f e r  have 
at ta ined  the  widest   development   in   geocryology.  
Being   theore t ica l ly   e labora ted   to   match   the   condi -  
t i o n s  of   phase   t rans i t ions  in porous media repre- 
sen ted  by s o i l s ,   t h e y  were considered  to   be  per-  
s p e c t i v e   f o r  the i n v e s t i g a t i o n  and the d e s c r i p t i o n  
of cryogenic  processes.   Theoretical   and  experi-  
mental works in this  field  have  been  performed by 
Martynov,  Tyutyunov,  Chlstotinov,  Feldman,  Ershov, 
Zhestkova,  Takagi,  and many o the r   Sov ie t  and  for- 
e i g n   s p e c i a l i s t s .  The  main r e s u l t s  and  the  cha- 
r a c t e r i s t i c   f e a t u r e  of t h i s  t r end   i nvo lve   t he  es- 
tab l i shment  of a f u n c t i o n a l   i n t e r r e l a t i o n s h i p  of a 
thermal f i e l d   a n d  a mois ture   conten t   f ie ld .  Ba- 
s i c a l l y ,  i t  invo lves   t he   s tudy  of t he   p rocesses  
r e l a t e d  t o  moisture   migrat ion  under   the  inf luence 
of thermal   g rad ien ts ;   namely ,   changes   in   so i l  tem- 
pe ra tu re  with moisture  migration movement. 

s tudying  cryogenic   processes   has   obvious merits, 
Although the given  thermophysical  trend o f  

*Not present :  summary presented  by E. Penner. 

i t  a l s o  has a number  of impor t an t   l imi t a t ions ,  
which  recently  have become  more and more ev ident  
as new exper imenta l   da ta   a re   accumula ted .   F i r s t ,  
t he   t heo ry  of heat-mass t r a n s f e r  in porous  media, 
developed by Luikov  and h i s   d i s c i p l e s   f o r   p o s i t i v e  
temperatures,  was less e f f e c t i v e  when a p p l i e d   t o  
s u b f r e e z i n g   s o i l s   d u e   t o   a n   u n c e r t a i n   i n t e r a c t i o n  
a t   i n n e r   i n t e r p h a s e   b o u n d a r i e s  where the phase 
t r a n s i t i o n s  of  pore  moisture  occur. Numerous a t -  
tempts t o  avoid t h i s  d i f f i c u l t y  by formally  def in-  
i ng   such   an   i n t e rac t ion   have   l ed   t o   phys i ca l ly  im- 
probab le   r e su l t s .  The most  obvious is shown by 
Feldman in the  example of a boundary  condition of 
the f i r s t  type   fo r   desc r ib ing   mo i s tu re  movement. 
Its use   can   lead   to   such  a phys i ca l ly   s ense l e s s  
concept as a negative  moisture  content.   Second, 
the theory of heat-mass t r ans fe r   does   no t   i nc lude  
the  mechanical phenomena that  occur in s o i l s   u n d e r  
t h e   e f f e c t s  of moisture   migrat ion  and  temperature  
changes.  Finally, i t  is the mechanical  process o f  
so i l   de fo rma t ion   t ha t   causes   va r ious   c ryogen ic  
s t r u c t u r e s   t o  form in s o i l s ;  these in t u r n   d e t e r -  
mine the occurrence o f  cryogenic phenomena i n  
macrovolurnes  of s o i l s .  

A mechanical   t rend  has   developed  in  the 
theory  of cryogenic   processes   independent   of   the  
thermophysical one. Bas ica l ly  i t  consists of 
s tudying  a s t r e s sed - s t r a ined  s ta te  of so i l s ;  tem- 
p e r a t u r e  and  moisture  content are inves t iga t ed  as 
the   independent   s ta te   parameters .   This   approach 
is f r u i t f u l   f o r  a ce r t a in   r ange  of engineer ing  
problems. The f i r s t  fundamen ta l   r e su l t s  I n  t h i s  
a r e a  were obtained by Tsytovich,  one of the  found- 
e r s  of geocryology, who i n v e s t i g a t e d   t h e  mechani- 
cal  c h a r a c t e r i s t i c s  of  f rozen  soi ls  a s  well a s  the 
process of t h e i r   s e t t l e m e n t  when thawing  and form- 
u la t ed  the main p r i n c i p l e s  of the  mechanics o f  
f r o z e n   s o i l ,  A s i g n i f i c a n t   c o n t r i b u t i o n   t o  t h i s  
approach  has  been made by Vyalov, who descr ibed  
t h e   p r i n c i p l e s  of so i l   r heo logy  a t  nega t ive  tem- 
peratures.  Important  studies  have  been  performed 
by Voi tkovski i ,  Zaretskii, Ter-Martirosyan,  Orlov, 
Puzakov,  Anderson,  Andersland,  Ladanyi, Morgen- 
s tern,   Chamberlain,   Sayles ,   and  others .  

While  mentioning the impor t an t   ro l e  and the 
value of i n v e s t i g a t i o n s  in mechanics of f rozen  
s o i l s   f o r  the development  of  the  theory  of  cryo- 
genic   p rocesses ,  i t  s h o u l d   b e   s t a t e d   t h a t  a l a r g e  
p a r t  of these processes   cannot   be  descr ibed  within 
the framework of a mechanical  trend  alone. In the  
case  of the mechanica l   approach ,   the   s t ress -s t ra in  
f i e ld   depends  on temperature  and  moisture  content 
only i n  a paramet r ic  way, but  temperature  and 
moisture   content   themselves   are   s t ress-dependent .  

and the   mechanica l   approaches   to   the   cons t ruc t ion  
of physico-mathematical  models o f  cryogenic  proc- 
esses has t aken   p l ace   i n   deve lop ing   t he   p r inc ip l e s  
of the   theory  of these   p rocesses  so far. General- 

A ce r t a in   b reak  between the  thermophysical 
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l y ,  however ,   an   in te r re la t ionship  i s  evident  be- 
tween the s t r e s s - s t r a in   f i e lds ,   t empera tu re ,   and  
moi s tu re   con ten t   i n   so i l s   a t   nega t ive   t empera -  
tures.   Vyalov  noted  that   mechanical stresses 
might  impact  the  content  and  migration o f  unfrozen 
m o i s t u r e   i n   f r o z e n   s o i l s .  The most  generalized 
form of the  dependence  of  unfrozen  moisture con- 
t e n t  on environmental   effects   ( temperature ,   load-  
i n g ,   e t c . )  is given by Tsytovich  (1973) i n   h i s  
well-known p r i n c i p l e s  of f rozen   so i l   mechanics :  
the e q u i l i b r i u m   s t a t e  of  unfrozen  moisture  and 
moisture  migration when the   ex te rna l   pa rame te r s  
change.  Important  studies in t h i s   f i e l d  have  been 
performed  recently by Ershov. 

The study  of thermal s t r a i n s   i n   f r o z e n  sandy 
a n d   c l a y e y   s o i l s ,   s t a r t e d  by Fedosov, who was t h e  
f irst  t o   d i s c o v e r  that c l a y e y   s o i l s , i n s t e a d  of ex- 
panding,  shrank  while  freezing,  and by Votyakov, 
who exper imenta l ly   es tab l i shed  a time l a g  of ther -  
mal s t r a i n s   a f t e r  a temperature  change,  has  played 
a s i g n i f i c a n t   r o l e  in developing the experimental  
p r i n c i p l e s  of the  thermorheology of cryogenic 
s o i l s .  The l ag  phenomenon of thermal s t r a i n s  oc- 
c u r r i n g   a f t e r   t h e   t e m p e r a t u r e   c h a n g e   i n  soils has  
been a l so   es tab l i shed   exper imenta l ly .   This   g roup  
of phenomena has been called "time a f t e r - e f f e c t  of 
t h e r m a l   s t r a i n s  and stresses" (Votyakov  and  Grech- 
ishchev,  1969).   Further  study of t h e r m a l   s t r a i n s  
and stresses i n   f r o z e n   s o i l s   h a s  been   car r ied  on 
by Votyakov,  Grechishchev,  Shusherina,  Sheshin, 
Rachevskii,  Simagina,  and  others. 

The r e s u l t s   o f   i n v e s t i g a t i o n s  on unfrozen 
moi s tu re ,   t ex tu re ,   and   s t a t e  of  pore ice obtained 
by Soviet   sc ient is ts   (Nersesova,   Tsytovich,   Andri-  
anov, Bozhenova, Shumskii,  Shvetsov,  Saveliev, 
Dostovalov, Ananyan, Vtyurin,   Pchelintsev,  and 
o t h e r s )   a s   w e l l  as by f o r e i g n   s c i e n t i s t s   ( J u m i k i s ,  
Yong, Anderson,  Williams,  Penner, Miller, and  oth- 
ers) a r e  of grea t   impor tance   to  the development of 
the  thermorheology o f  cryogenic   so i l s .  

The s t u d i e s  of moisture   migrat ion  and  f rost  
h e a v i n g   s t a r t e d  by Taber, Beskow, Goldstein,  and 
o t h e r s   a r e   e s p e c i a l l y   s i g n i f i c a n t   f o r   d e v e l o p i n g  
t h e   p r i n c i p l e s  of  thermorheology  of  cryogenic 
s o i l s .   I n v e s t i g a t i o n s   i n   t h i s   f i e l d   h a v e  become 
numerous  and  they a re   convent iona l ly   charac te r ized  
by two approaches:  the  thermophysical  approach 
including  thermodynamics  (Ananyan,  Shvetsov,  Chis- 
totinov,  Ivanov,  Ershov,  Merzlyakov,  Winterkorn, 
Miller, Williams, Penner,  Anderson,  Hoekstra,  and 
o thers )   and  the mechanical  approach  (Sumgin, Tsy- 
tovich,  Fedosov,  Pchelintsev,  Puzakov,  Goldstein, 
Orlov,  and  others).  

of t he   s tud ie s   men t ioned ,   t he   bas i c   p rob lem of 
f r o z e n   s o i l   p h y s i c s   r e l a t i n g   t o  the cond i t ions  of 
i c e   c r y s t a l  grtrwth  and  unfrozen  moisture  migration 
in s o i l s  a t  negat ive  temperatures   have  not   yet  
been  solved.  Current  ideas of the motive  forces  
of moisture   migrat ion are rather cont rad ic tory .  
Correlat ions  between  physical  phenomena in f rozen  
s o i l s  and the  mechanical  stresses and s t r a i n s  oc- 
c u r r i n g   i n   s o i l s   r e m a i n  vague. This problem is 
complicated by the use  of i r r e v e r s i b l e  thermody- 
namics  and  thermodynamic p o t e n t i a l s   f o r   d e s c r i b i n g  
moisture   migrat ion.  A t r a n s i t i o n  from  these po- 
t e n t i a l s   t o  stremses l e a d s   t o  a phys ica l ly  complex 
conception,  such as "negat ive  pore  pressure  (suc-  

Regardless  of  the number and the   h igh   l eve l  

t i o n ) , "  which i s  bound t o  amount to   thousands  of 
atmospheres  below the i d e a l  vacuum. 

Experiments t o   v e r i f y  a new theo ry   t ha t  would 
expla in  many thermorheological phenomena i n  cryo- 
genic   so i l s   have  started recent ly .  It is based on 
t h e   s t u d y  of the  physicochemical,  thermodynamic, 
and  mechanical  aspects of i n t e r p h a s e   i n t e r a c t i o n  
a t  the  boundary  of  phase  transit ions  between fro- 
zen and unfrozen  zones. The fo l lowing   express ions  
determining the cor re la t ions   be tween mass flow, 
f r eez ing  rate, and  temperature a t   t h e  boundary o f  
phase   t r ans i t i ons  were developed by the au thor  
from t h e o r e t i c a l   s t u d y  of the  k i n e t i c s  of phase 
i n t e r a c t i o n   i n   t h e ' v i c i n i t y  of t h e   p h a s e   t r a n s i -  
t i o n  boundary  (Grechishchev, 1978, 1979): 

C 2  (qw - E q s  + v ~ )  - LATEIT0 ( V i  - Vw)P ( 2 )  

where  qw,  qs - e f f e c t i v e   r a t e s  of  flow  of  pore 
moisture   and  mineral   par t ic les   of  s o i l  ske le ton;  
Vi,  Vw - spec i f i c   phase  volumes  of ice and wa- 
ter;  VE - advance rate of   phase   t rans i t ion  
(freezing  or   thawing)   boundary;  ek -- t h e  normal 
s t r e s s   i n  the s o i l   s k e l e t o n ,  pn - e f f e c t i v e  stress 
normal to   the   f reez ing   boundary ;  5 - p r e s s u r e   i n  
t h e   s o i l   s k e l e t o n  and  pore  water  pressure; L - 
l a t e n t   h e a t  of water f r eez ing ;  To = 273'K, ATE - 
Ts-Tt; TE - temperature a t  phase  change  t ransi t ion 
boundary, K; C1, C p  - e m p i r i c a l   c o e f f i c i e n t s  
charac te r iz ing   bo th  the p h a s e   t r a n s i t i o n   k i n e t i c s  
and  the  permeabi l i ty   of   the   phase  t ransi t ion  zone,  
and  decreasing wi th  a n   i n c r e a s e   i n  ATc; E - 
poros i ty .  

cepted, when der iving  expressions  (1)   and ( 2 ) :  
( a )   d i spe r sed   so i l   he t e roporos i ty   p rov ides  a d i f -  
fe rence   over  time o f  m o i s t u r e   f r e e z i n g  in pores of 
var ious   s izes ;   (b)   occur rences  of f i n e  and  coarse 
pores  hydraulically  connected  and  the  pores in 
which  the walls ( represented  by the su r faces  o f  
minera l   par t ic les   and  ice c r y s t a l s )   i n t e r a c t  
through a water f i l m  are r e f e r r e d   t o  as f i n e  
p o r e s ;   ( c )   f o r c e   i n t e r a c t i o n  in f ine   po res   occu r s  
th rough  the  f i l m ,  fo l lowing  the mechanism of d i s -  
jo in ing   pressure   de te rmined  by Deryagin;  (d) un- 
f rozen   zone   s t r a ins  are s u b j e c t e d   t o  the theory  of 
soil c o n s o l i d a t i o n ;   ( e )   f u l l  stress components i n  
d i spe r sed   so i l   c an   be   r ep resen ted  by the sum of 
e f f e c t i v e  stresses i n   t h e   m i n e r a l   s k e l e t o n  of s o i l  
and the pore  pressure,  i.e. Terzaghi ' s   equa t ion  

The following  physical  backgrounds are ac- 

where I, k - d i r e c t i o n  of  t h e  axis, 6ik - Krone- 
ker de l t a .  

p h a s e   t r a n s i t i o n s   i n   f i n e   p o r e s   a n d   e x p r e s s i o n  ( 2 )  
t h a t  in coarse  ones.  As t o   t h e   q u a n t i t y ,  the pro- 
posed  expressions show tha t   mois ture   f low i s  
formed  (qw 2 0,  when f r e e z i n g ) ,   t h e  movement of 
s o i l   s k e l e t o n   t a k e s   p l a c e  (qw < 0,  when f r eez -  
i n g ) ,   o r   b o t h  of them occur a t  the phase   t rans i -  
t ion   ( i . e .  ice and  unfrozen  moisture)  boundary  and 
under the impact of the l a t t e r   ( t e r m   w i t h  T). Op- 

Expression (1) c h a r a c t e r i z e s   t h e   k i n e t i c s  of 
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posed t o   t h i s  movement are a n   e f f e c t i v e   p r e s s u r e  
i n   t h e  s o i l  s k e l e t o n   ( w i t h   c o e f f i c i e n t  V i  = 1.09 
cm3 g”) and  the   pore   mois ture   ressure  (wi th  co- 
e f f i c i e n t  V i  - Vu = 0.09 cm3 g-’), which a r e  
c o n s i d e r e d   t o   b e   p o s i t i v e  when compressing.  Pro- 
vided that cond i t ion  (1) for the   occur rence  of mi- 
gra t ion   f l ow qw is n o t   s a t i s f i e d  (e.g. when 
p res su re   g rad ien t   i n   un f rozen   zone  is i n s u f f i c i e n t  
for   moisture   f low  formation w i t h  f reezing,   neces-  
s a r y   f o r   a n   i n c r e a s e   i n   t h e  ice band wi th   t he   g iv -  
en  ATE), f r eez ing   occu r s   a long   t he   coa r se   po res  
a t  rate V c ,  as determined by express ion  (2 ) .  

ology  of  cryogenic S O i h  can be cons t ruc ted   us ing  
express ions  (1) and (2) .  For  example, f o r   t h e  
f i rs t  approximation a phase  t ransi t ion  zone  can  be 
regarded as a l i n e a r   f r i c t i o n  boundary  between 
frozen  and  unfrozen  zones,   and  expressions (1) and 
( 2 )  can  be  taken for the boundary  conditions a t  
this   boundary,   remembering  that   according  to   Flor-  
in-Gersevanov’s   equat ion 

A f u l l  system of equat ions  for the  thermorhe- 

4w - €98 = -kc grad PC ( 4 )  

where kF; - e f f e c t i v e   c o e f f i c i e n t  of permeabi l i ty  
(analogue of Darcy ‘s r a t i o  o f  an  imagined  boundary 
of f r eez ing  6). 

Thus, a complete  system of equat ions  of ther- 
morheology of c r y o g e n i c   s o i l s   n u s t   c o n s i s t  of t h e  
thermoconduct ivi ty   equat ions  and  equat ions of t h e  
mechanics  of  deformed media for   unfrozen  and  f ro-  
zen  zones of s o i l .  These equat ions  have  turned 
o u t   t o   b e   f u l l y  combined with  each  other   through 
environments   (a)   through  (d)   a t  the f r eez ing  
(thawing)  boundary.  Hence, t h e   d i s t r i b u t i o n  of 
heat ,   moisture ,  stress va lues ,   and   s t r a ins  i n  cry- 
ogenic soils happen to   be   c lose ly   connec ted .  This 
accounts   for   the   fac t   tha t   thermophys ica l   and  me- 
chanical   problems  cannot   be  solved  separately i n  
t h i s  case. 

The proposed  theory  predicts  that  temperature 
and   pressure  in pore  moisture a t  a f r eez ing  bound- 
ary  depend  completely upon t h e   f r e e z i n g   c o n d i t i o n s  
( i . e .  the   temperature  of the  outer   boundaries   and 
t h e   e x t e r n a l   o v e r b u r d e n ) ,   p e m a b i l i t y ,   a n d   c o w  
p r e s s i b i l i t y  of s o i l s  i n   a n   u n f r o z e n  zone.  There- 
f o r e ,   t h e y   v a r y   c o n s t a n t l y   i n  the process of 
f reez ing .  When cons ider ing  the problem  theoretic- 
a l ly ,   they  cannot   be  given  in   advance  and  they  are  

determined  only as a r e s u l t  of the s o l u t i o n  of t h e  
whole  problem. T h i s  conclusion i s  born  out by t h e  
experimental   data,   according  to  which  the  tempera- 
t u r e  of f r e e z i n g   s o i l  i s  approximately  proportion- 
a l   t o  the temperature of the cold  environment i n  
which a s o i l  sample i s  frozen. 

In conclusion, we can  enumerate a number of 
known phenomena tha t   can   be   exp la ined   w i th  the 
he lp  of t he   p roposed   t heo ry   i n  a n a t u r a l  way. 
They inc lude :   the   d i screpancy  in phase   equ i l ib r i -  
um p res su re  when freezing  and  thawing;  t ime-lag 
e f f e c t  of thermal s t r a i n s  and stresses; h y s t e r e s i s  
of unfrozen  moisture  and of vo lumet r i c   s t r a ins  re- 
l a t e d   t o  i t  with  cycl ic   f reezing-thawing;   discrep-  
ancy  of thermal. s t r a i n s   p a r a l l e l  and  perpendicular 
t o   t he   i so the rms ;   occu r rence  of optimum cool ing  
rates   (causing  extreme stress v a l u e s ) ;   f r o z e n   s o i l  
v o l u m e t r i c   s t r a i n s   i n  time a t  constant  tempera- 
tu re ;   d i screpancy  of heaving  values,  with s o i l  
freezing  from the surface  and  from  the  bottom,  and 
so fo r th .  The theory  a lso  answers   the  fundamental  
ques t ion  of why heaving  does  not  occur in sands 
and  unsaturated  clays.  

F u r t h e r   s t u d i e s   i n   t h e   f i e l d  of t h e  thermo 
rheology of cryogenic soils must  address mechanism 
of  formation  and  growth of ice bands, which is one 
of the b a s i c   p r o b l e m   i n   t h e   t h e o r y  of c ryo l i rho -  
genesis.  
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INTRODUCTION 

Up t o  now, because  frost   heave  and Ice segre- 
g a t i o n   a r e  s t i l l  important   problem i n  c i v i l   e n g i -  
nee r ing   cons t ruc t ion  i n  northeast   and  northwest  
China,   the mechanism of  f ros t   heave  and water m i -  
g r a t i o n  and how t o   p r o t e c t   s t r u c t u r e s  from f r o s t  
damage have   been   s tud ied   in   the  las t  few  years. 

There has  been good progress  in t h e   f r o s t -  
s u s c e p t i b i l i t y   c r i t e r i o n  of coarse-gra ined   so i l s ;  
the e f f e c t  of pene t r a t ion  rate, surcharge  stress, 
and  depth t o  groundwater on f ros t   heave ;  the b a s i c  
c h a r a c t e r i s t i c s  of tangential ,   normal,   and  hori-  
zon ta l   f ro s t   heave   fo rces ;  the e f f e c t  of a l lowable  
deformation of foundation  and  rheology of f rozen  
s o i l  on heaving  force,  the v a r i a t i o n  of normal 
heaving  force  under   var ious  foundat ion areas, and 
the app l i ca t ion   va lue  of the three heaving  forc- 
es. In  the l a s t  two years ,   the   energy   theory   for  
unsa tura ted  soil has   been   used   to   es tab l i sh  a mod- 
e l  of water  migration  and ice seg rega t ion  i n  soil 
during  f reezing,   and  research  experiments  are be- 
ing performed  both i n   t h e   l a b o r a t o r y   a n d  in the 
f i e l d .  

c i v i l   e n g i n e e r i n g  and  road  construction i n  perma- 
f r o s t  and   seasonal ly   f rozen   reg ions ,   t&pecia l ly  
f o r   h y d r a u l i c   s t r u c t u r e s ,   w h i c h   u s u a l l y   s u f f e r  
f r o s t  damage. In  recent   years ,  many i n v e s t i g a t o r s  
have  s tudied the cryogenic   process ,   f rost   heave,  
and t h e   f r o s t   h e a v e   f o r c e ,   w i t h   s p e c i a l   a t t e n t i o n  
g iven   t o   f i e ld   obse rva t ions .  The author  has  pre- 
pared a general   review of the problem i n  t h i s  pa- 
per. 

Frost   heave i s  one of the main  problems for 

ACTION OF FROST HEAVE 

Because  of the   needs  of engineer ing   cons t ruc-  
t i o n ,   t h e  main f a c t o r s   a f f e c t i n g   f r o s t - h e a v e  pro- 
cesses, such as p a r t i c l e   s i z e ,   f r o s t   p e n e t r a t i o n  
r a t e ,   e f f e c t i v e   s u r c h a r g e  stress, and  groundwater 
table,  have  been  investigated.  It is well known 
t h a t ,  i n  sa tura ted   sand  or grave l ,  water migra t ion  
is  mainly in r e sponse   t o  a p res su re   g rad ien t .  
However, f o r   c l a y e y   s o i l ,  it r e s u l t s  from the 
g rad ien t  of s o i l  water po ten t i a l .  The current   de-  
velopments are descr ibed  below. 

Par t ic le   S ize   and   Grading  

According t o  the c u r r e n t   f r o s t   s u s c e p t i b i l i t y  
cr i ter ia  for r a i lway   cons t ruc t ion ,  a frozen  coarse-  
gra ined  soi l  i n  which the content  of s i l t - c l a y e y  
p a r t i c l e s  is Less than 15% of the to t a l   we igh t   does  
not  consolidate  during  thawing. It is t h e   a u t h o r ' s  
experience,   however,   that   because  permafrost  was 
formed  over a geological   per iod,   the .   thawing set- 
t lement   coef f ic ien t  of a f rozen   g rave l ,  whose  con- 
t e n t  of s i l t - c l a y e y   p a r t i c l e s  is less than  2.5%  of 
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t h e   t o t a l   w e i g h t ,  i s  more than 12%. In  an  open 
system (Chen e t  a l .  19SZ), i f  a saturated  sandy 
g rave l  wi th  uniform  grading  contains more than 6% 
s i l t r c l a y e y   p a r t i c l e s ,  i ts  h e a v e   r a t i o  w i l l  exceed 
1%; i f  the s i l t - c l a y e y   p a r t i c l e   c o n t e n t  is more 
than  8-lo%, then  i ts  h e a v e   r a t i o  w i l l  be more than  
2%. If t h e  sand or   g rave l   has  a non-uniform  grad- 
ing,   corresponding  with  above  heave  ra t io ,  the 
s i l t - c l a y e y   p a r t i c l e   c o n t e n t  i s  3-4% and 6-7% of 
t o t a l ,   r e s p e c t i v e l y ,  Wang (1983)   ind ica ted   tha t  
If a coa r se -g ra ined   so i l   con ta ins  5% s i l t - c l a y e y  
p a r t i c l e s  in open system, its average  heave  ra t io  
i s  1.8%. 

I n   t h e   c u r r e n t  "Norm of  Base and  Foundation 
Design f o r   I n d u s t r i a l  and Civ i l   Engineer ing  Con- 
s t ruc t ion"   (1975) ,   f ine   sand  I s  i n c l u d e d   i n   t h e  
non- or weakly f r o s t - s u s c e p t i b l e   s o i l   c a t e g o r y .  
According t o  Wang's (1983) r e s u l t s ,  however, the 
above c r i t e r i o n  is  not  complete. Compared wi th  
the   con ten t  of 0.05-0.005 mm (X,) and 0.1-0.25 mm 
(X,), Wang Zhengqiu (1980) i n d i c a t e d   t h a t   t h e   s i z e  
less than  0.005 mm (XI) i s  t h e  most important  fac- 
t o r   i n f l u e n c i n g  the heave r a t i o  n of f ine   sand .  
'Ihe re lat ionship  can  be  expressed by 

n - 4.48 + 0.62X1 + 0.07X2 - 0.04X1, 

i n  which t h e   c o n t e n t  of 0.05-0.1 mm p a r t i c l e s  (X,) 
does   no t   a f fec t  the heave   ra t io .  

m e   r e s u l t s  of f i e l d   o b s e r v a t i o n s  by t h e  Low- 
Temperature   Construct ion  Inst i tute ,   Hei longj iang 
Province,  show t h a t  when a clayey soil con ta ins  
more than 50% c l a y   p a r t i c l e s  by weight,  Its perme- 
a b i l i t y  i s  very low and i t  migh t   be   c l a s s i f i ed   ae  
a weakly f r o s t - s u a c e p t i b l e   s o i l .  

Pene t r a t ion  Rate 

The r e s u l t s  of Chen et  al. (1981) show that  
the pene t r a t ion  rate s t rong ly   a f f ec t s   t he   heave  
r a t i o .  When t h e   p e n e t r a t i o n   r a t e  is less than   the  
f i r s t   c r i t i c a l  limit V f l ,  t h e   r a t i o  of f r o s t  
heave I-, is very   l a rge  and ice l e n s e s  are s t rong ly  
segregated. After t h e   p e n e t r a t i o n  rate exceeds 
the  second cr i t ical  limit V f 2 ,  however, there is 
almost no water migrat ion  during  f reezing,   and on- 
ly   i n - s i tu   po re  water f reezes .  The r e l a t i o n  might 
be expressed as follows: 

when Vfk Vf2,  then 11 = = const. ;  i .e.  no ice 
segrega t ion;  

when V f 2  2 Vf 2 V f l ,  

then  n if n' = lo + An [ ( 1 / 6  - l / G ) / ( l / f i  

- 1 / 4 q 3 ] ~ ;  i.e. a l i t t l e  ice segrega t ion;  
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when Vf v f l  I 

then II = no + As + C ( l / s v f  - l/q1); i.e. a l o t  
of ice segrega t ion .  

E f fec t ive   Su rcha rge   S t r e s s  

As s h m  by t h e  thermodynamic  equation,  the 
f r eez ing   po in t  of s o i l  decreases   wi th   an   increaoe  
of overburden  pressure  or   pore   water   potent ia l .  
Chen e t  a l ,  (1983) showed t h a t   t h e   r e l a t i o n  be- 
tween f reez ing   po in t   d rop  AT and e f f e c t i v e   s u r -  
charge stress p f o r   s a t u r a t e d   l o e s s  is AT - 0.07 
p. It was i n d i c a t e d   t h a t   t h e   i n c r e a s e  of e f f ec -  
t i v e   s u r c h a r g e   s t r e s s  would prevent  water  from 
flowing  toward  the  frost   front,   which  might  be 
shown ( f o r   s a t u r a t e d   l o e s s )  by 

ln(5,/ 5uol = -aP 

where 5, is s p e c i f i c   v o l u m e t r i c   s u c t i o n  water, 
when  p = 0 ,  5 = two. 

surcharge  stress t h e   f r o s t   h e a v e   r a t i o  TI decreases  
exponent ia l ly  (Chen e t   a l , ,  1983), i . e .  

Because o f  t h e  above r e l a t ionsh ip ,   unde r  a 

n = rl0 exp(-bp) . 
Observat ions  for   c layey loam o b t a i n e d   i n   t h e   f i e l d  
by t h e  Low-Temperature C o n s t r u c t i o n   I n s t i t u t e ,  
Hei longj iang   Province ,   a re   the  same as the   au th-  
or's. Xu (1981a) h a s   s t u d i e d   t h e   c h a r a c t e r i s t i c s  
of f r o s t  heave in overconsol ida ted ,   consol ida ted ,  
and  subconeolidated soil. 

Chen e t  a l .  (1983) c a r r i e d   o u t  a f ros t   heave  
test  of s a t u r a t i o n  Loess  under  loading  and ob- 
t a ined  i t s  shut-off  pressure o f  about 4.6 kg/cm2. 

Groundwater  Table- 

In t h e  "Norm of Base and  Foundation  Design .." (19751, t h e  c r i t i ca l  limit of the  ground- 
water t a b l e  is 1.5 m. However. i n   p r a c t i c e ,   t h e  
c a p i l l a r y   h e i g h t  of var ious  soils is q u i t e   d i f f e r -  
en t .  

provided some f i e l d   r e s u l t s  on f ros t   heave   under  
va r ious   g roundwate r   t ab l e   cond i t ions   i n   s easona l  
f r o s t   r e g i o n s .   F o r   c o a r s e   s a n d ,   f i n e   s a n d ,   l i g h t  
loam,  and  heavy  loam, i f   t h e   d i s t a n c e  from  the wa- 
t e r  t a b l e   t o   t h e   f r o s t   f r o n t  i s  more than  4 0 ,  60, 
120, and 160 cm,  respect ively,   f roat   heave  might  
not   occur  o r  i t  will be  very weak.  The d i s t ance  
i s  very close t o   t h e   c r i t i c a l   c a p i l l a r y   h e i g h t   o f  
t hese  soi ls .  

Wang Xiyao (1980,  1982) and Kong (1983) have 

Af ter   ana lyz ing   the   observed   da ta ,  Zhu (1983) 
expressed   the   re la t ion   be tween  the   f ros t -heave  ra- 
t i o  n and  groundwater t a b l e  H, f o r  heavy s i l t  
loam by the  following  formula: 

TI 6 4 . 4  - 29.6 H, (N - 20, r = 0.846) 

Analysis   of   experimental   and  f ie ld   data  by  Chen e t  
a l a  (1982) h a s   g i v e n   r e s u l t s   t h a t   a r e  close t o   t h e  
above. 

FROST-HEAVE  FORCE 

In recent   years ,  many inves t iga tors   have   g iv-  
en more a t t e n t i o n   t o   d o i n g   f i e l d   o b s e r v a t i o n s  on 
tangent ia l ,   normal ,   and  horizontal   f rost-heaving 
forces .  

Tangent ia l   Frost-heave  Force 

Chen and Wu (1978) presented  a summary of t h e  
main r e s u l t s  of t h i s   s u b j e c t   b e f o r e   t h e  mid"70s. 
Based on observa t ions  on t h e  Qinghai-Xizang  Pla- 
t eau ,  Tong (1982a,b)  provided i t s  d i s t r i b u t i o n  
wi th   depth .   Af te r   ana lyz ing   observed   da ta   on   the  
Qinghai-Xizang  Plateau, Ding Jinkang (1983) i nd i -  
ca ted   tha t .   under   the  same c o n d i t i o n s ,   i f   t h e   t a n -  
gent ia l   f ros t -heave   force   for   concre te   foundat ion  
i s  taken as u n i t y ,   t h e   f o r c e   f o r   s t e e l ,   s t o n e ,   a n d  
wood foundations  would be 1.66,  1.29, and 1.06, 
r e spec t ive ly .  Assuming t h a t  a foundation i s  made 
of conc re t e   and   t he   d i s t r ibu t ion  of the  heaving 
fo rce   a long  i t s  depth  i s  uniform, Ding sug e s t e d  
tha t   fo r   coa r se -g ra ined  s o i l  T = 0.5 kg/cm i , and 
fo r   c l ayey  soil T = 0.8 kg/cm2. After  summarizing 
observa t ions   f rom  the   Qi l ian   Mounta ins ,  Chen 
(1976) divided  the  development  process of t he  
heav ing   fo rce   i n to  slow i nc rease ,   i n t ens ive  in- 
crease,   and relaxation; fo r  coarse-grained soil 
t h e  las t  s tep   usua l ly   does   no t   occur .  Xiao and He 
(1981) and Cui and Zhou (1983) d id  a l o t  of f i e l d  
observa t ion  work from 1976 t o  1978. They found 
t h a t   t h e  maximum t o t a l  tangent ia l   heave   force  was 
almost  always  measured a t   t h e   p e r m a f r o s t   t a b l e ,  
and   fo r   c l ayey  loam t h e  maximum fo rce  was usua l ly  
a t  a water conten t  of about 50% by weight. 

and the  Fourth  Engineer ing  Construct ion  and Assem- 
b ly  Company of Hei longj iang  Province  have  invest i -  
ga ted   the   f ros t -heave   force  in seasonal ly   f rozen  
r eg ions   s ince  1972. They found t h a t   t h e   d i s r r i b u -  
t i o n  of t angen t i a l   heav ing   fo rce   w i th   dep th  i s  
s i m i l a r   t o   t h a t  of f r o s t  heave. The idea  of a n  
ave rage   t angen t i a l   heav ing   fo rce   w i th   dep th  i s  not 
su i t ab le   fo r   des ign ing   sha l low  founda t ions   bu r i ed  
wi th in  a s e a s o n a l   f r o s t   l a y e r .  

During  freezing, i f  a foundation i s  allowed 
t o  move and is subjec ted  t o  hea t ing ,   the   fo l lowing  
f a c t o r s  nust be  considered when determining  tan- 
gent ia l   heaving   force :   foundat ion   depth ,   a l lowable  
d isp lacement ,   foundat ion   mater ia l ,   and   the   e f fec t  
of  heating. 

The Low-Temperature C o n s t r u c t i o n   I n s t i t u t e  

Normal Frost-heave  Force 

It i s  necessary  to   check a s t r u c t u r e   f o r  
heave s t a b i l i t y ,   i f  i ts  foundation  depth is n o t  
g r e a t e r   t h a n   t h e   a c t i v e   l a y e r   t h i c k n e s s ,   e s p e c i a l -  
l y  f o r  a h y d r a u l i c   s t r u c t u r e   w i t h  a mat founda- 
t ion .  Based on a l o t  of exper imenta l   resu l t s ,  
Chen e t  al .  (1977, 1980a) have  provided a formula 
fo r   desc r ib ing   t he   r e l a t ion   be tween  normal heaving 
f o r c e  ui and  foundation area Fi (x  lo2 cm2) :  

oi = a. + a / F i  + b/F f 
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Guan e t  a l .  (1981a)  have  completed a f i e l d   s t u d y  
with a maximum foundat ion  area  of  400 x 400 cm. 
Using  the  above formu a,   they  got  a normal heaving 
fo rce  uo = 1.75  kg/cm . A f t e r   c o l l e c t i n g   t h e  
r e s u l t s   a t  home and  abroad, Tong (1982b)  gave a 
r e l a t i o n  between t h e  normal  force  and  foundation 
area F as   fo l lows:  

1 

u = B F-a 

where B and a a r e   c o n s t a n t s .  

s e r v a t i o n   d a t a   c o l l e c t e d   f r o m   1 9 7 3   t o  1978. Pro- 
v i d e d   t h a t   t h e   d i s t r i b u t i o n  of normal frost-heave 
force   wi th   depth  i s  v e r y   s i m i l a r   t o   t h a t  of f r o s t  
heave,  and  the  heaving  force u is  p r o p o r t i o n a l   t o  
t h e   f r e e   h e a v e  of  ground  surface Ah, i .e.  

Guo and Han (1982)   ana lyzed   t he i r   f i e ld  ob- 

u = kAh 

where k i s  t h e   c o e f f i c i e n t  of the  f rost-heave 
force.  k was found to   va ry   w i th   so i l   t ypes   and  
f reez ing   condi t ions .  In 1982, Guo and Han pre- 
s e n t e d   t h e   v a r i a t i o n  of t h e   f o r c e  a t  d i f f e r e n t  
foundation  depths.  

(1981)   ana lyzed   the i r   observed   resu l t s  in r e l a t i o n  
to   founda t ion   d i ame te r s  of 10,  20, 40 ,  and 80 cm, 
and  provided a re la t ionship   be tween free heave 
Ahhi of  ground  surface and t o t a l  normal  heaving 
f o r c e  Pi as follows: 

The Low-Temperature C o n s t r u c t i o n   I n s t i t u t e  

Pi = I * ah, 
They a l s o  showed t h a t   t h e   t o t a l   h e a v i n g   f o r c e  N 
depends  on  diameter Di expressed as 

N = 0.283Di 6.631 

After  assuming that the  deformation of t h e  mat 
foundat ion  is zero,  Li  and  Dai  (1981)  provided a 
formula   for   ca lcu la t ing   the   normal   force   us ing  
e las t ic  theory. Xu e t  a l .  (1981b)  suggested  that  
i f  a l i t t l e  deformation S of a foundation i s  al- 
lowable,   then  the  heaving  force u decreases  expo- 
n e n t i a l l y ,  i.e. 

s = ae-b u 

Zhou (1983)   suggested  that   the   force u decreases  
wi th   t he   i nc rease  of foundat ion  area  Fi   and ex- 
pressed  it  as follows: 

ui = uo i a / F i  b 

Horizontal   Frost-heave  Force 

In 1966, Chen e t  al .  measured  the  horizontal  
heaving   force   aga ins t  a s h a f t  wall and t h e   s i d e  
s u r f a c e  of a foundation  and  found  the maximum t o  
be  2.8  kg/cm2 i n   t h e   Q i l i a n  Mountains.  Shen Zhon- 
gyan e t  al .  t e a t e d   h o r i z o n t a l   f o r c e s   a g a i n s t  a re- 
t a i n i n g  wall i n  1972. From 1977 t o  1979, Ding 
Jinkang e t  al. b u i l t  an L-shaped  model r e t a i n i n g  
w a l l   f o r   f i e l d   o b s e r v a t i o n .  They measured  the 
displacement   and  horizontal   heaving  forces .  It 
was found t h a t   t h e  maximum force   occur red  a t  t h e  

middle of t h e   w a l l   o r  a l i t t l e  below f o r   f i n e -  
gra ined  s o i l ,  and a t   t h e   b a s e  of t h e  wall f o r  
coarse  soil. They suggested a c a l c u l a t i o n  scheme 
for permafrost   regions  with a value  of 1-1.5  and 
0.5-1 kg/cm2 for   f ine-grained s o i l  and   coa r se   so i l  
r e spec t ive ly .  

Guan et al.  (1981b)  observed a developing 
process   of   horlzontal   forces   against  a  2.8-m-high 
retaining  wal l .   Because a f ros t   c rack   occur red  a t  
the   top   sur face   be tween  the  wall and s o i l ,   t h e  
heaving  force was i n d i c a t e d   t o   b e   a t   h e   b a s e   o f  
t he   wa l l   w i th  a maximum of 1.25 kglcm . Under 
shallow  ground-water  table,  Yu M c i  e t  a l .   b u i l t  a 
test r e t a i n i n g   w a l l   f i l l e d   w i t h  w e t  s o i l   w i t h   o v e r  
40% moisture by weig9t. The maximum of  2.1, 
1.63,  and  1.12  kg/cm occurred a t  the  top,   middle ,  
and the   base   r e spec t ive ly .  

Countermeasures for   Fros t -heave  

'i 

In China i t  i s  common t o   p r e v e n t   f r o s t  damage 
t o  a foundation by us ing   ava i l ab le   t ypes  o f  foun- 
da t ions .   r ep lac ing   c l ayey   so i l   w i th   g rave l ,   pav ing  
in su la to r   p ro t ec to r s ,   and  so fo r th .   Af t e r   t e s t ing  
and  applying  these for  f i v e   c y c l e s ,  Ding e t  al. 
(1982)  provided a comprehensive  treatment  using 
used o i l  and a su r face   ac t ive   p repa ra t ion   w i th  a 
p o s i t i v e  ion. With the   he lp  of t he   t r ea tmen t ,   t he  
tangent ia l   f ros t -heave   force   a round  the   foundat ion  
was reduced t o  about 5% of t h e   o r i g i n a l   v a l u e .  

Water Migration  and Ice Segrega t ion  

In t h e   e a r l y  '60'8, because of  highway  con- 
s t r u c t i o n   i n   c o l d   r e g i o n s ,  Rau Hongyen e t  a l .  
(1965)  suggested a method f o r   c a l c u l a t i n g  water 
accumulation i n  the  subgrade  during  f reezing.  
Chen e t  al .   have  done some experiments on water 
migration in the   seasonal   thaw-f reez ing   layer  in 
the   permafros t   reg ions  of the  Qil ian  Mountains  
s ince  1965,   and  have  a lso  given more a t t e n t i o n   t o  
the  cont inued  growth  of   ice   lenses  a t  t h e  perma- 
f r o s t   t a b l e .  

t r i b u t i o n   i n   t h e   s e a s o n a l l y   a c t i v e   l a y e r  and t h e  
permafrost in the   qi l ian  Mountains   and  the  Qing-  
hai-Xizang  Plateau by us ing  a neutron  moisture  me- 
ter made by Lanzhou Univers i ty .  The r e s u l t s  show 
t h a t   t h e  water migra t ion   occur red   no t   on ly   in   the  
a c t i v e   l a y e r ,   b u t   a l s o   i n   p e r m a f r o s t .  They a l s o  
recommended t h a t   t h i s  rnethod could  be  used  for   de-  
termining  the  freeze-thaw  boundary. The Northwest 
In s t i t u t e  of t h e  Academy of Railway  Sciences meas- 
ured   the  dynamic equi l ibr ium of w a t e r   i n   s o i l  dur- 
i ng   f r eez ing  on the  Qinghai-Xizang  Plateau  with 
Lanzhou Univers i ty   (1976) .   Thei r   resu l t s  show 
t h a t   t h e  water conten t ,   no t  only under  the  thawing 
boundary i n   t h e   a c t i v e   l a y e r  but also i n  perma- 
f r o s t ,   u s u a l l y   i n c r e a s e s   i n  w a r m  seasons. The ef -  
f e c t  may extend more than  1.4 m i n t o   t h e  perma- 
f r o s t ,  

Studies  have  proceeded  €or  the  following rea- 
sons: l )  because   as   the   ac t ive   l ayer   above  perma- 
frost f reezes ,   water   migrates  i n  t h e   f r o s t   f r o n t  
and  changes  into ice; 2 )   t h e r e  is a non-equi l ibr i -  
um migration of unfrozen  water i n  soil; 3) t h e r e  
I s  t h e  phenomenon of ma te r i a l   expu l s ion  in ice 
lens   formation;   and 4 )  because   o f   the   depos i t ion  
of ground on the  surface,   massive ice grows  year 

Wang Ping e t  al.  (1982)  measured water r ed i s -  



58  

by year.  Cheng (1983)  provided a view on t h e   f o t -  
mation  of  massive  ground i c e  produced by rhythmic 
ice segregation. 

p ingo   tha t   occur red  in t h e   s p r i n g   i n   p e r m a f r o s t   i n  
t h e  Da Xian Mountains.  With the   he lp  of t h e  
theory  of  moisture movement i n   s a t u r a t e d   s a n d  un- 
der   p ressure   g rad ien t ,   they   sugges ted  a success fu l  
way t o   p r o t e c t  a ra i lway  f rom  frost  damage.  Chen 
e t  a l .  (1979b,  1980a,b)  have  finished more tests 
on t h e   c h a r a c t e r i s t i c s  of s a tu ra t ed   g rave l   du r ing  
freezing,   and  have  presented  the  re la t ion  between 
pore  water p res su re ,   an   i nc rease   o r   dec rease  i n  
t h e   g r a d i e n t  of water   p ressure ,   and   the   f ros t  pen- 
e t r a t i o n  rate. A t  t he  same time, they  suggested a 
s a t i s f a c t o r y  method of us ing  a gravel   bed  to   pro-  
t e c t   s t r u c t u r e s  from damage. 

In   r ecen t   yea r s ,  many inves t iga to r s   have  
s t u d i e d   t h e   d i s t r i b u t i o n  of ice lenses   wi th   depth  
i n   t h e   f i e l d .   S i n c e  1980,   using  the  theory of wa- 
t e r   m i g r a t i o n   i n   u n s a t u r a t e d   s o i l ,  Chen and o t h e r s  
have   s t a r t ed   t o   de t e rmine   hydrau l i c   conduc t iv i ty ,  
d i f f u s i v i t y ,  and s o i l   w a t e r   c h a r a c t e r i s t i c   c u r v e s  
a t  2' and 2 5 " C ,  and  measured   the   red is t r ibu t ion  of 
wa te r   po ten t i a l   w i th   dep th   benea th   t he   f ros t  
f ron t .  They poin t  out t h a t   t h e r e  i s  a n   i n t e n s i v e  
changing  zone  of s o i l   w a t e r   p o t e n t i a l   o r  water 
conten t   wi th  a range of 20-30 cm. Since  1981, Zhu 
e t  al. (1983)   have   es tab l i shed   an   observa t ion   s ta -  
t i o n  f o r  determining water migrat ion  during  f reez-  
i ng  in t h e  Zhang Y i  seasonal ly   f rozen  regions.  
Using the   t heo ry  of water   migra t ion   in   unsa tura ted  
s o i l ,  Zhang and Zhu (1983)  provided some formulas 
f o r   c a l c u l a t i n g   t h e  water migrat ion  during  f reez-  
ing  from  deep  and  shallow  ground-water  tables. 

r ium,  frost-heave  and  state-changing  equations,  
and  analogous test c r i t e r i a ,  Ding Dewen (1983) 
p re sen ted   fo rmulas   fo r   de t e rmin ing   t he   c r i t i ca l  
dep th   and   t o t a l   t h i ckness  of i c e   l e n s e s .  With t h e  
he lp  of  t h e  thermodynamic  method, Gao and  Ding 
(1980) provided a means o f  eva lua t ing   t he  amount 
of f ros t   heave   in   the   base   course .   Us ing   the  same 
method, Gao and Guo (1983)  have  derived a formula 
f o r  evaluat ing  f rost   heave  under   loading.  

This  review i s  only  a g e n e r a l   o u t l i n e  of t h e  
cu r ren t   r e sea rch   i n to   f ros t -heave   p rocesses  i n  
s o i l   i n  China. We w i l l  c o n t i n u e   t o   s t u d y   t h e  me- 
chanisms  of  frost   heave  and  ice  segregation in de- 
t a i l  in t h e   s e a r c h   f o r   v i a b l e   c o u n t e r m e a s u r e s   f a r  
f r o s t  damage in   co ld   r eg ions .  

Zhou  Youwu, Chen e t  a l .  (1964)  found a new 

Using  thermo-equilibrium,  moisture-equilib- 
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on before  a general   audience 
seems t o  be  an  appropriate   occasion t o  o f f e r  a 
q u a l i t a t i v e   e x p l a n a t i o n  of one   d i s t inguish ing   fea-  
t u r e  of one of the  proposed  models of f ros t   heave  
in so i l s .  

e l  of f r o s t  heave   explo i t s   the   assumpt ion   tha t  as 
w a t e r   i n   s o i l   f r e e z e s ,   i c e  forms a s  a continuous,  
i n h e r e n t l y   r i g i d   p h a s e   t h a t   i n c l u d e s   n o t   o n l y  ice 
lenses   but   pore  ice  between the   l enses   and ,   spec i -  
f i c a l l y  i n  t he  case o f  what has   been  cal led  secon-  
dary   f ros t   heave ,  ice  in pores on t he  warm s i d e  of 
t h e  warmest i c e  lens. While the  assumptions of 
con t inu i ty   and   i nhe ren t   r i g id i ty   do   no t   appea r  t o  
be  controversial ,   they  have  nei ther   been accom- 
modated  nor  exploited in models  based on explana- 
t i ons   t ha t   beg in   w i th   i deas   abou t  ways i n  which a 
temperature  gradient  might  induce movement of a 
l i q u i d   p h a s e   r e l a t i v e   t o  s o i l  g ra ins .  

c l u s i o n   t h a t  a tempera ture   g rad ien t   t ends   to   in -  
duce movements of ice and s o i l  g r a i n s   w i t h   r e s p e c t  
t o  one   another .   Spec i f ica l ly ,  i t  i s  concluded 
t h a t  when i s o l a t e d   g r a i n s  o r  c l u s t e r s  of g r a i n s  
are embedded in i c e   t h a t   c a n n o t   i t s e l f  move, impo- 
s i t i o n  of a tempera ture   g rad ien t   induces   the  
g r a i n s   t o   m i g r a t e  up t h a t   g r a d i e n t  by a process  
tha t   has   been   ca l led   thermal ly   induced   rege la-  
t ion.  If tha t   conc lus ion  is  cor rec t ,   t hen  New- 
t on ' s   Th i rd  Law i m p l i e s   t h a t   i f  ice l a r g e l y   f i l l s  
i n t e r s t i c e s  between a mass of g r a i n s   t h a t   c a n n o t  
move, t h e   i c e  w i l l  move  down the  temperature  grad- 
i e n t   i f   s u c h  movement i s  feas ib le ,   thereby   caus ing  
f ros t   heave .  

t h a t   t h e r e  mst be  an  adsorbed  f i lm of mobile  wat- 
er t h a t   h o l d s  a growing i c e   l e n s   a t  a d i s t a n c e  
from  adjacent s o i l  g r a i n s ,  few  have  questioned 
that  idea.   Acceptance is equiva len t  t o  accept ing  
t h e   p r o p o s i t i o n   t h a t   f o r  some r eason ,   l i qu id  water 
i s  more s t r o n g l y   a t t r a c t e d  by a g ra in   su r f ace   t han  
i s  ice; t h e r e  mst be  an  "adsorpt ion  force,"  real  
o r   v i r t u a l ,   t h a t  i s  f e l t  more s t rong ly  by l i q u i d  
water than  by ice .  This i s  ev iden t ly  a body fo rce  
t h a t  acts a c r o s s   d i s t a n c e s   t h a t   a r e   a p p r e c i a b l y  
l a r g e r   t h a n   t h e   l e n g t h s  of chemical  bonds  that  
would  immobilize  the  molecules. 

It may b e   h e l p f u l   t o   c a l l   t o  mind another  
"g ra in , "  namely ear th ,   which  has  a g r e a t e r   a f f i n -  
i t y   f o r   l i q u i d   w a t e r   t h a n   f o r   a n   e q u a l  volume  of 
i ce  a t  t h e  same e leva t ion .  Thus, as t h e  ocean 
f r e e z e s ,   t h e  ice  formed i s  "held a t  a d i s t a n c e  by 
an   adsorbed   f i lm of mobile water." In t h e  case of 
t h e   e a r t h   g r a i n ,   t h e  attribute of l i q u l d  water 
t h a t   g i v e s  rise t o  p r e f e r e n t i a l   a d s o r p t i o n  i s  t h e  
mass concent ra t ion   (dens i ty)  of t he   l i qu id   phase ,  
which i s  g r e a t e r   t h a n   t h a t  of ice, and the  mechan- 
i s m  of a t t r a c t i o n  i s  g r a v i t a t i o n ,  I n  t h e  case of 

What has  cone t o   b e   c a l l e d   t h e   r i g i d  ice  mod- 

E s s e n t i a l   t o   t h e   r i g i d   i c e  model i s  t h e  con- 

S ince   the  time when Taber (1930) concluded 

g r a i n   s u r f a c e s ,   v a r i o u s   a t t r i b u t e s  of t he   su r -  
faces ,   l iqu id   water ,   and  ice  can be  suggested as 
o p e r a t i v e   f a c t o r s   i n   v a r i o u s  mechanisms; t h a t  mat- 
ter  w i l l  be  set as ide   for   another   occas ion .  

so rp t ion  of l i q u i d  water, two a r e   i m p o r t a n t   t o  a 
qua l i t a t ive   unde r s t and ing  of the   p rocess  of therm- 
a l l y   i n d u c e d   r e g e l a t i o n .  The f i r s t  i s  t h a t   i f   t h e  
i n t e n s i t y  of t h e   f o r c e   f i e l d   f e l t  by l i qu id   wa te r  
diminishes   rapidly  with  dis tance  f rom a g r a i n   s u r -  
f ace ,   and   i f   t he  amount  of l i q u i d  l a  not enough t o  
" f i l l "   t h e   p o t e n t i a l   f o r c e   f i e l d ,   t h e n ,  in t h e  
case of a symmetr ical   grain,   mechanical   equi l ibr i -  
um cannot   be   ach ieved   un t i l   the   geographic   cen ters  
of  volumes o f  grain  and water, respec t ive ly .   co in-  
cide.  This may be  accomplished by movelnent of 
e i t h e r   g r a i n  or  water w i t h   r e s p e c t   t o   t h e   o t h e r ,  
o r  both. 

conf igu ra t ion  of a n   i n t e r f a c e  between water and 
some a l i e n   s u b s t a n c e  ( ice ,  a i r ,  o r   a n o t h e r   g r a i n ) ,  
I f   t h e   a l i e n   s u b s t a n c e  i s  less s t r o n g l y   a t t r a c t e d  
than   l iqu id ,   then   whenever   the   a l ien   subs tance  
d i s p l a c e s   l i q u i d  water from t h e   f o r c e   f i e l d ,   t h e  
g ra in   and   t he   a l i en   subs t ance  w i l l  a p p e a r   t o   r e p e l  
each  other .  T h i s  will b e   t r u e   i f  movement would 
r e s u l t   i n  more c o m p l e t e   f i l l i n g  of   "adsorpt ion 
space" close t o   t h e   g r a i n   s u r f a c e  by l i q u i d  wa- 
ter. In t he   ca se  of e a r t h  and i t s  ocean ,   t h i s  
"d i s jo in ing   fo rce"  i s  cal led  the  buoyant   force  ex-  
perienced by any a l i e n  body t h a t   d i s p l a c e s   w a t e r  
from  the  "adsorbed  film." 

adsorp t ion  of l i q u i d  water r e l a t i v e   t o   i c e  i s  t h e  
conclus ion   tha t  when  some of t h e  water surrounding 
a g r a i n  i s  induced t o  f r e e z e ,   t h e   e q u i l i b r i u m  
th ickness  of t h e   r e s i d u a l   u n f r o z e n   l i q u i d   f i l m  de- 
creases  as the  temperature  is lowered  below O°C. 
This conclus ion   can   be   jus t i f ied  by cons ider ing  
t h e   i n f l u e n c e  o f  temperature on t h e   c o n d i t i o n e   f o r  
equilibrium  between water and ice a t  a n   i n t e r f a c e ,  
i nc lud ing   t he  ro l e  o f   t h e   s p e c i f i c   s u r f a c e   f r e e  
energy  (surface  tension)   of   the   interface  and  the 
in f luence  of t h e   f o r c e   f i e l d  on t h e   f r e e   e n e r g i e s  
of water and  ice. 

ness  and  temperature i s  accepted,  and  if   Khere i s  
a macroscopic  thermal  gradient i n  ice con ta in ing  
an occluded  grain,   one would expec t   t he   f i lm   t o   be  
t h i c k e r   o n   t h e  warn s i d e  of t h e   g r a i n   t h a n  on t h e  
co ld   s ide .  While such  asymmetry i s  compatible 
wi th   cond i t ions   fo r   phase   equ i l ib r ium a t  t h e   f i l m /  
i c e   i n t e r f a c e ,  it i s  incompat ib le   wi th   the  sym- 
metry that rep resen t s   t he   cond i t ion   fo r   mechan ica l  
equi l ibr ium of a grain  surrounded by adsorbed wat- 
er. The anomaly i s  reso lved  by continuous move- 
ment  of t h e   g r a i n   r e l a t i v e   t o   t h e   r i g i d  ice, t h e  
process   tha t   has   been   ca l led   thermal ly   induced  re- 

Among the  corwequences  of  preferential   ad- 

This f i r s t   c o n c l u s i o n   i m p l i e s   t h a t   g i v e n  any 

The second  consequence of t h e   p r e f e r e n t i a l  

I f   t h e   c o n c l u s i o n   w i t h   r e s p e c t   t o   f i l m   t h i c k -  
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gela t ion .  Movement will be in a d i r e c t i o n  that  
t e n d s   t o   r e s t o r e  symmetry even  though as 
tends  to   be  cont inuously  maintained by melt Tt ng ry and 
f r eez ing   t ak ing   p l ace   concur ren t ly  on oppos i te  
s i d e s  of the   g ra in .  

The rate a t  which  thermally  induced  regela-,  
t i o n  takes p lace  is governed i n  p a r t  by the rate 
a t  which t h e   h e a t  that  i s  r e q u i r e d   t o  m l t  ice on 
t h e  warm s i d e  and t o   r e f r e e z e  i t  on the c o l d   s i d e  
diffuses   toward  and away f rom  those   in te r faces ,  
l o c a l l y   e x t r a c t i n g  and r e t u r n i n g   s e n s i b l e   h e a t   t o  
the mainstream  of the f lux  of s e n s i b l e  heat in- 
duced by the   ove ra l l   t he rma l   g rad ien t .  The proc- 
ess therefore   depends ,  in p a r t ,  on the   thermal  
c o n d u c t i v i t i e s  of the   subs tances   th rough which 
hea t  is d i f fus ing   and  on the   geometr ies  of t h e  
pathways of diffusion.  These w i l l  not  change mch 
as  temperature  changes.  The rate of  migration  al-  
so depends,  however, on v i s c o u s   r e s i s t a n c e   t o  the 
flaw of water   around  the  grain,   and  this  w i l l  be 
highly  dependent on f i lm  th ickness .   F i lm  th ick-  
ness i s  inve r se ly   r e l a t ed   t o   t empera tu re .  Thus, 
one  would  expect   that   for  a given  thermal   gradi-  
en t ,   migra t ion   ve loc i ty  would inc rease  as a g r a i n  
t r a v e l s  up a temperature  gradient  toward the O°C 
isotherm. 

A pre l iminary   a t tempt   to   de tec t   thermal ly   in -  
duced  migration of i s o l a t e d   g r a i n s  produced  scanty 
resu l t s   (Woeks t ra   and  Miller, 1967). An appara tus  
was espec ia l ly   des igned   for   p ro longed   t racking  of 
i nd iv idua l   g ra ins   and  was h igh ly   success fu l  (Em- 
kens  and Miller, 1973). 

scopic  icelwater i n t e r f a c e  a t  t h e  O°C surface, 
asymloetrical f i l l i n g  of adsorp t ion   space  by water 
increases  dramatically;   migration  should  end  with 
a s p u r t  in v e l o c i t y   t h a t   d r i v e s  the g r a i n  com- 
p l e t e l y  beyond t h e  0% su r face ,  where the fo rce  
f i e ld   can   be   fu l ly   occup ied  by l i q u i d  water. 

en ted .   Imgine ,   for   example ,   tha t   g ra ins   have  
been  poured i n t o  a v e s s e l   p a r t i a l l y   f i l l e d   w i t h  
water. When the g r a i n s   h a v e   s e t t l e d   t o   t h e   b o t -  
tom, l eav ing  a shallow pond of superna tan t  water 
on top ,   f reez ing   can   be   in i t ia ted  by coo l ing   t he  
s u r f a c e  of t h e  pond. As t h e   f r e e z i n g   f r o n t  de- 
scends,  ice  beg ins   t o   r ep lace   wa te r   w i th in  the ad- 
s o r p t i o n   f o r c e   f i e l d s  of the  uppermost  grains  and, 
as a n   a l i e n  body, that  i c e   b e g i n s   t o  fee l  a repul- 
s ive   force .   (Oppos i te   vo ids   be tween  the   g ra ins ,  
the in te r face   begins   to   deve lop   convexi ty ,   an  im-  
po r t an t  matter tha t   can   be  treated in terns of t h e  
s u r f a c e   t e n s i o n  of t h e   i c e l w a t e r   i n t e r f a c e .  A l -  
though  sur face   t ens ion   e f fec ts   have   an   impor tan t  
r o l e  in the r i g i d  ice model,  they will not  be d i s -  
cussed  here . )   Cont inued  extract ion  of  heat will 
r e s u l t   i n   c o n t i n u e d   f r o s t   h e a v e   i n  the mode t h a t  
has   been  cal led  "pr imary  f rost   heave" i n  which  the 
ice/watet i n t e r f a c e   d o e s   n o t   i n t r u d e   i n t o   p o r e s  
beyond the f i r s t   l a y e r  of  grains.   Primary  heave 
can  only  be  sustained i f  the water p r e s s u r e   i n   t h e  
pores a t  t h e   b a s e  of the ice l e n s   d o e s   n o t   f a l l  
t o o   f a r  below the   p re s su re   i nduced   i n   t he  ice a t  
the   base  of the l e n s  by the weight  of  overburden. 
Primary  heave i s  reminiscent of t h e   f i n a l   s t a g e  of 
expuls ion  of i s o l a t e d   g r a i n s  moving through  s ta-  
t i ona ry  ice. In primary  heave,  however, I t  is t h e  
g r a i n s  that  r ema in   s t a t iona ry   wh i l e   t he  ice 
moves. This is  a paraphrase  of  the mechanism of 

As a moving gra in   passes   th rough  the  macro- 

Menta l ly ,   the   p rocess   descr ibed   can   be   reor i -  

f r o s t  heave  envisioned by most s c i e n t i s t s   i n  West- 
ern Europe  and  North  America  from the   days  of  Tab- 
er (1930)  through  Everett   (1961)  and beyond. 

In due course i t  was r e a l i z e d   t h a t  i f  ice  i n -  
truded  into  pores  below  the  uppermost t ier  of 
gra ins ,   heave  would no t   necessa r i ly   cease ,  as had 
been  generally  supposed.  Instead  of  being  an  "an- 
chor"   to   be  dragged  through  s ta t ionary  pores   below 
an  ice l e n s  by pressure- induced  regelat ion,  ice i n  
th i s   " f rozen   f r inge"  would be   d r iven  down the 
thermal   gradient  by thermally  induced  regelat ion.  
Thrust  developed i n  t h i s  process   can  lead t o  t h e  
i n i t i a t i o n  o f  a new ice l e n s   w i t h i n   t h e   f r o z e n  
f r inge .  The l e n s   r e p r e s e n t s  ice d r iven  by therm- 
a l l y   i n d u c e d   r e g e l a t i o n   i n  warmer pores,  ice which 
then  carries with i t  g r a i n s  that migrate   too slow- 
l y  i n  t h e   c o l d e r  ice t o  remain i n  contac t  w i t h  
t h e i r  warmer neighbors.  This i s  what one would 
e x p e c t   i f   a l l   i c e  were a cont inuous   r ig id  body, 
c o n s t r a i n e d   t o  move a t  uniform  velocity  whatever 
t he   l oca l   t empera tu re  may be. Tha t   ve loc i ty  w i l l  
be the s a w  as t h e   v e l o c i t y  of i c e   i n   t h e   i c e   l e n s  
i t s e l f ,  i.e., e q u a l   t o   t h e   o b s e r v e d   r a t e  of f r o s t  
heave. T h i s  i s  a powerfu l   conc lus ion   tha t  made i t  
poss ib l e   t o   fo rmula t e  a mathematical model  of sec- 
ondary  f rost   heave in t e r m  of  otherwise  well- 
known macroscopic   equat ions   bu t   l imi ted ,   for   the  
time be ing ,   t o   a i r - f r ee ,   co l lo id - f r ee ,   non-co l lo i -  
da l   so i l s   (Mi l l e r ,   1978) .  

for   generat ing  computer   s imulat ions of heave  over 
time for   var ious  boundary  condi t ions  have  been  de-  
veloped  (O'Nei l l   and  Mil ler ,  1982) and are s t i l l  
being Improved.  Such e x e r c i s e s   r e q u i r e   f o u r   i n p u t  
f u n c t i o n s   c h a r a c t e r i s t i c  of t h e   s o i l  in ques t ion  
but so f a r ,   a c q u i s i t i o n  of r e l i a b l e   d a t a   f o r  a 
p r i o r i   s i m u l a t i o n s  seems t o  be q u i t e   d i f f i c u l t .  
Hence, i t  may be some time before  it is known  whe- 
ther the r e s u l t s  of  computer  simulations will com- 
pare  well wi th  the r e s u l t s  o f  corresponding  exper- 
imental   measurements   of   f rost   heave  for  a given  
s o i l .   Q u a l i t a t i v e l y ,   r e s u l t s   a p p e a r   t o   b e   v e r y  
encouraging (O'Neill and Miller, 1984).  

Gi lp in   (1980)   pa raphrased   t he   r i g id  ice model 
(Miller, 1978) f o r  a case  in which  pore i c e  w i t h  
f r o z e n   f r i n g e  is e v i d e n t l y   t a k e n   t o   b e   r i g i d   s i n c e  
the model uses  a concept  of lens i n i t i a t i o n  ( M i l -  
l e r ,  1977) t h a t  would b e  va l id   on ly  i f  t h a t   i c e  
d i d  indeed   sus ta in   "noniso t ropic  stresses." G i l -  
p i n   a s s e r t s ,  however, that t h i s   i c e  i s  s t a t i o n a r y  
whereas   l ens   i ce  is  obviously moving, a v e l o c i t y  
d iscont inui ty   p resumably   ra t iona l ized  by h i s   s t a t -  
ed assumpt ion   tha t  the ice   does   no t   suppor t  non- 
i s o t r o p i c   s t r e s s e s   a t   s c a l e s  of time and  space 
r e l e v a n t   t o   t h e  mechanism  of f ros t   heaving .  De- 
s p i t e   t h i s   i n c o n s i s t e n c y ,   h i s  model genera tes  s i m -  
u l a t i o n s  of   heaving   tha t   qua l i ta t ive ly   resemble  
those  generated by t h e   r i g i d  ice model i n  which 
movement of  pore ice is  dr iven  by thermally in- 
duced  regulation. 

i n g   i n  the construction  industry,   Pokrovsky  and 
Fyodorov (1968) po in t ed   ou t   t ha t ,  in pr inc ip l e ,  
s imultaneous  processes   involving  viscous  f low  and 
thermal   diffusion  could  be  modeled  in  a geotechni- 
ca l   cen t r i fuge .   A l though   t hey   spec i f i ca l ly  men- 
t ioned  processes  involving  freezing  and  thawing, 
they  did  not   ment ion  f rost   heaving.  A similitude 
analysis   (Mil ler ,   1984)   of   processes  of f r o s t  

Given   these   equat ions ,   s t ra tegy   and   tac t ics  

F i n a l l y ,   i n   t h e i r  book on cen t r i fuge  model- 
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heaving  based on t h e   r i g i d  ice model a s  well as a 
"cap i l l a ry   s ink"  mechanism of freezing-induced re- 
d i s t r i b u t i o n  of water i n   m o i s t   s o i l s   s u g g e s t e d  
t ha t ,  of var ious  schemes f o r   s c a l e  modeling  of 
such   processes ,   cen t r i fuge  modeling is  the most 
promising  whether or n o t   s o i l s  are a i r - f r ee .   so l -  
ute-free,   or   col loid-free.   In   North  America,   the  
f irst  attempt t o  test t h i s  conclus ion  was spon- 
sored  by Northwest  Alaska  Pipeline,  Inc.  but it 
has not  been carried t o  completion. A new a t tempt  
i s  now under way a t  the C a l i f o r n i a   I n s t i t u t e  of 
Technology. 
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MOISTURE MIGRATION IN FROZEN SOILS 
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A decade o r  two ago i t  was widely  assumed 
t h a t   f r o s t  heave  occurred  because of t h e  accumula- 
t i o n  o f  water a t  the  boundary  between  freezing  and 
unfrozen so i l .  The idea  that water might move 
wi th in   t he   f rozen  material appeared a cont rad ic-  
t i o n  in terms, although  vapour  moveent  with  ac- 
c u m u l a t i o n   o f   i c e   c r y s t a l s   i n   c o l d e r   p a r t s   o f  un- 
s a t u r a t e d   s o i l  seemed probable.  Hoekstra (1966) 
r e p o r t e d   r e d i s t r i b u t i o n  of   mois ture   in  a f rozen  
u n s a t u r a t e d   s o i l   s u b j e c t   t o  a temperature   gradient  
in excess   o f   tha t   to   be   expec ted  due t o  vapour 
movement. Cary and  Mayland  (1972)  observed  mois- 
t u r e  and sa l t  r e d i s t r i b u t i o n   i n   f r o z e n   u n s a t u r a t e d  
s o i l s   o v e r   s e v e r a l  weeks  and e x p l a i n e d   t h i s   a s  be- 
ing due t o  mobile  unfrozen water f i lms.  Jam and 
Norum (1974)  found l i t t l e  moisture m i g r a t i o n   i n  
frozen  sand  and  ascribed this t o  lack of unfrozen 
water in  such  mater ia l .  Mageau and  Morgenstern 
(1980)   reported  laboratory  observat ions  of   sub-  
s t a n t i a l   m o i s t u r e  movement i n   s a t u r a t e d  si l ts  be- 
tween 0" and -2'C. The experiments of Radd and 
Oertle (1973) w i t h  s a t u r a t e d   s o i l s   i n d i c a t e d   t h a t  
f rost-heave  pressure was r e l a t e d   t o   t h e  tempera- 
t u r e  of growing ice lenses,  and  Goodrich  and Pen- 
ner 's   (1980)  experiments  confirmed  this.  

s a t u r a t e d   f r o z e n   s o i l   t o   f r e e z e   o n  a growing 
lens.  They a l so   suppor t  the a p p l i c a b i l i t y  of a 
f r eez ing   t empera tu re /p re s su re   r e l a t ionsh ip   based  
on the Clausius-Clapeyron  equation. The r e l a t i o n -  
sh ip   t akes   account  of t h e   d i f f e r e n c e   i n   p r e s s u r e  
between  the ice and  water i n   f r e e z i n g   s o i l .  The 
d i s t r i b u t i o n   o f  stresses i n   f r o z e n  ground i s  c o w  
plex  and i t  is  evident  that the p res su re  of the 
ice i n   l e n s e s  (which  equals   the  heaving  pressure)  
is o t h e r   t h a n   t h e  water pressure  (which  const i -  
t u t e s   t he   f r eez ing   " suc t ion" ) .  The r e l a t i o n s h i p  
i s  discussed  by  many authors  (notably  Edlefson  and 
Anderson,  1943); Koopmans and Miller (1966) and 
Williams  (1964)  used it  to   exp la in   un f rozen  water 
in f rozen   so i l .   Usua l ly   t he   equa t ion  i s  g i v e n   i n  
the  form 

These r e s u l t s  imply that  water  passes  through 

dT TVw 
dPw II 
- E -  

where 

dT - f reezing  temperature ,  O°C 
dPw - pres su re   ( suc t ion  of  water) 

T = absolute   temperature  

R = l a t e n t   h e a t  of fu s ion  of  water 
Vw = s p e c i f i c  volume  of water 

I n  t h i s  form, the e q u a t i o n   r e q u i r e s   t h e  as- 
sumption t h a t   t h e   p r e s s u r e  of t h e  ice i s  atmo- 
spheric.  It te l ls  u s   t h a t   t h e   l o w e r   t h e   p r e s s u r e  

64 

of the w a t e r   i n  the f r o z e n   s o i l  (i.e. t h e   g r e a t e r  
t h e   s u c t i o n ) ,  the lower  the  temperature.  More 
widely  appl icable  is the  form: 

(dPwVw - dPiVi) T 
dT = 

R 

where dPi i s  t h e   p r e s s u r e  of the ice .  These re- 
la t ionships   demonst ra te  the g rad ien t  of p o t e n t i a l  
that occurs   a long a grad ien t  of t empera tu re   i n  
f rozen  s o i l .  Thus,  water  could be expec ted   t o  
flow t o   c o l d e r   f r o z e n   s o i l  a t  a ra te  depending on 
t he   pe rmeab i l i t y  of the f rozen  material, The 
e q u a t i o n s   a l s o   f a c i l i t a t e   a n a l y s i s   o f   m i g r a t i o n s  
of moisture  due t o   a p p l i e d  stresses. Vyalov 
(1959)  demonstrated the  disappearance  of ice  l ens -  
e s  from a zone  of  high stress with  enlargement  of 
l e n s e s   o u t s i d e  the zone. 

Burt  and  Williams  (1976)  devised a permeame- 
ter f o r   i s o t h e r m a l   f r o z e n   s o i l s ,   a p p l y i n g   p r e s s u r e  
to   cause   water  movement i n  and  out  of  samples a t  
temperatures down t o  -0.5OC and i n  one case t o  
- 5 O C .  Between O°C and  about - O . S 0 C ,  t h e  perme- 
a b i l i t y   c o e f f i c i e n t s   f a l l ,  a t  f i r s t   r a   i d l y ,  from 
those  of unfrozen so i l s ,  t o   abou t  IO-'' or 
m s-'. Below -0.5'C the c o e f f i c i e n t s   d e c r e a s e  
only  slowly. It i s  gene ra l ly   ag reed   t ha t   ad j acen t  
t o  the boundary  of t h e   f r o z e n   s o i l   ( t h e   " f r o s t  
l i n e " )   t h e r e  w i l l  be a "frozen  fringe"  (Penner  and 
Walton,  1978) - and  perhaps a -0.1 t o  -0.3'C zone 
of   high  unfrozen  water   content   interspersed  with 
i c e ,  which  includes  growing ice  lenses   fed   wi th  
water from adjacent   unfrozen soi l .  This is  k n m  
as secondary  heaving  (Mil ler ,   1972) ,   and  the term 
i s  o f t en   u sed   gene ra l ly   t o  refer t o  heave  within 
f rozen  6 0 i L  Values   o f   hydraul ic   conduct iv i ty   for  
the f rozen   f r inge   have   been   der ived   in   var ious  
ways  by several   authors   (Horiguchi   and  Mil ler ,  
1980; Loch,  1980)  and a r e   f a i r l y  alike,  although 
gene ra l ly  not prec ise   enough  for   accura te   p red ic-  
t i o n  of mois ture   t ransfer .  

the ice wi th in   f rozen  soi ls .  h r t  and Williams 
(1976)  found that comple te ,   t ransverse   l ayers   o f  
i c e   d i d  not block f l w   a s  was expected  and there- 
f o r e  p re sumab ly   pa r t i c ipa t ed   i n  it. Miller (1970) 
has   demonstrated  the movement of Ice as a r ege la -  
t i on   p rocess  w i t h  a c c r e t i o n  of ice  t o  the one   s ide  
of an i c e   l a y e r   a n d   m e l t i n g  on the o ther .  The 
g rad ien t s  of po ten t ia l   should   be   the   same,but  whe- 
the r   bo th   i ce   and  water are moving i s  important 
f o r  the p e r m e a b i l i t y   c o e f f i c i e n t .  It is of t en   a s -  
sumed that  the p e r m e a b i l i t y   c o e f f i c i e n t  i s  c lose ly  
dependent  upon t h e  amount  of unfrozen water, a l -  
though the   expe r imen ta l   ev idence   fo r   t h i s  is un- 
ce r t a in .  

L i t t l e  is known f rom  laboratory  experiments  

An i n t r i g u i n g   q u e s t i o n  is t h a t  of movement of 
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about  water  migration  and  secondary  heaving a t  
temperatures  of -1" o r  -2°C. Ratkje e t  al .  (1982) 
c a l c u l a t e   p e r m e a b i l i t i e s  down t o  -3OoC, these be- 
ing  about  two o rde r s  o f  magnitude  lower  than  for 
-0.6"C. 

The ultimate  magnitude of heave  and  of  heav- 
i n g   p r e s s u r e s   ( g r e a t e r   a t  lower temperatures)  and 
t h e  phenomenon  of cont inuing  heave  without   fur ther  
f ros t   pene t r a t ion   (Go to  and  Takahashi, 1982) are 
obviously  related  to  water  migration  and ice ac- 
cumulat ion  within  the  f rozen soil. 

Heaving  caused by the accumulation of ice 
w i t h i n   f r o z e n   s o i l   o c c u r s   s l o w l y ,   b u t  i t  can  have 
g r e a t   p r a c t i c a l   s i g n i f i c a n c e  where  temperature 
g rad ien t s   pe r s i s t   fo r   l ong   pe r iods .   P ipe l ines   and  
o ther   s t ruc tures   caus ing   long- te rm  f reez ing  may 
experience  displacements,   and  very  high  heaving 
p res su re  may develop. Over geo log ica l  time per i -  
ods t h e r e  may be much r e l o c a t i o n  of i c e  in perma- 
f ros t   (Har l an ,  1974). Pred ic t ion  of r a t e s  i s  d i f -  
f i c u l t .  The c o n v e n t i o n a l   g r a i n   s i z e   c r i t e r i a   f o r  
p r e d i c t i n g   s e n s i t i v i t y   t o   f r o s t   h e a v e   a p p e a r   t o   b e  
of l i t t l e  u s e   f o r   s e c o n d a r y   f r o s t  heave. 

Theore t i ca l   ana lyses  of secondary  heave  ra tes  
have  been made, f o r  example, by Harlan (1973) and 
Miller e t  a l .  (1975). A procedure  involving  lab- 
o ra to ry   f r eez ing  tests and a ca l cu la t ion   p rocedure  
based on the   concept  of water  migration  through 
the   f rozen   f r inge   has   been   proposed  by Konrad  and 
Morgenstern (1981). 

water migration) i n  a l ready  f rozen  ground  suggest ,  
i n  comparison  with  laboratory  studies,   remarkably 
l a rge   va lues   (Pa rmz ina ,  1978). Mackay (1983) re- 
p o r t e d   s t r a i n  rates in   a l ready   f rozen   ground 
e q u i v a l e n t   t o  7% yr- '   and  with  measurable   effects  
even a t  -3'C. Many au thor6 ,   e spec ia l ly  in the So- 
v i e t  Union,   have  reported  increases   in  ice content  
n e a r   t h e   s u r f a c e  of   a l ready-f rozen   ac t ive   l ayers  
(Mackay, 1983). 

Because of the v a r i a t i o n  o f  permeabi l i ty   of  
f rozen  soi ls   wi th   temperature ,   most   moisture  ml- 
g r a t i o n   i n   f r o z e n  so i l  must  involve  change of 
moieture  content.   This  implies  deformation  of  the 
f rozen  s o i l  t o  accommodate changes in t h e  amount 
of ice. The r e s i s t a n t   s t r e n g t h ,   o r   c r e e p ,   p r o p e r -  
t ies  of the frozen  ground  therefore  appear  impor- 
t a n t  i n  a l l  cases. They may well be  a c o n t r o l l i n g  
f a c t o r  in rates of  m o i s t u r e   d g r a t i o n   b e c a u s e  of 
t h e   e f f e c t s  of   confining  pressure  (ar is ing  f rom 
the s o i l   r e s i s t a n c e ) ,  as ind ica t ed  by the mel t ing  
poin t -pressure   re la t ionship  when t ak ing  ice pres- 
sure   and   water   p ressures   in to   account  as d iscussed  
f o r  the Clausius-Clapeyron  equation. 

F i e l d   s t u d i e s  of ice   accumulat ion  (and  thus 
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STATUS  OF  NUMERICAL  MODELS  FOR  HEAT AND MASS TRANSFER IN FROST-SUSCEPTIBLE SOILS 

R.L. Berg 

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

Taber (1930) stated,  "Freezing  and  thawing 
have  caused  much  damage  to  road  pavements  in  cold 
climates,  but  the  processes  involved  have  not  been 
clearly  understood,  and  therefore  some  of  the  pre- 
ventive  measures  adopted  have  proved  to  be of lit- 
tle  or  no  value."  Although  considerable  time  and 
money  have  been  expended  to  mitigate  and  repair 
damage  due  to  freezing  and  thawing i n  soils, rela- 
tively  little  money  has  been  used  to  develop  a 
better  underbtanding  of  the  complex  physical, 
chemical,  and  mechanical  processes  that  occur  dur- 
ing  freezing  and  thawing. 

In the  last  decade,  most  research  efforts 
have  concerned  the  development  of  mathematical 
models  coupling  simultaneous  fluxes  of  heat  and 
water  in  freezing  soil-water  systems.  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  sys- 
tems. 

In most  models,  the  soil-water  system  is  con- 
sidered to  be a  macroscopic  continuum.  This  al- 
lows  the  modellers  to  assume  Darcian-type  moisture 
flux  and  to  apply  equations for conservation  of 
mass  and  energy.  The  general  equations  describing 
heat  and  moisture  flux  and  other  simultaneous  pro- 
cesses  occurring  in  soil-water  systems  have  been 
available  for  some  time,  for  example,  Bird  et  al. 
(1960)  and  Luikov  (1966). 

The  high-speed  digital  computer  became  widely 
available  in  the  late  1960's  and  early 1970's, 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.  The  finite  difference  method 
has  been  used  in  time. 

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

a frozen  zone, - a  freezing  zone,  and - an unfrozen  zone. 
The  concepts  and  mathematics  applied t o  the  three 
regions  vary  within  a  particular  model  and  from 
one  model  to  another.  The  remainder  of  this  paper 
discusses  numerical  methods  used i n  current  mod- 
els;  a  recent  paper  by  O'Neill  (1983a)  presents  a 
similar  review  of  frost-heave  models. 

INITIAL AND BOUNDARY CONDITIONS 

All  of  the  models  for  computing  frost  heave 
in soils  are  one-dimensional  in  space,  although 

mention o f  two-dimensional  models  is  made  in  a few 
papers, e.g. Guymon et  al.  (in  prep.)  and  Crory  et 
al. (1982). The  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  systems  (Guymon  et  al., 
i n  prep.;  Crory  et  al., 1982). The  models  gener- 
ally  assume  zero  moisture  flux  through  the  upper 
boundary.  A  time-dependent  heat  flux  or  time-de- 
pendent  temperatures  may  be  applied  to  the  upper 
boundary  in  most  models,  but  the  temperature  con- 
dition is usually  applied.  A  time-dependent  tem- 
perature  condition  has  also  normally  been  applied 
to  the  lower  boundary,  and  time-dependent  pore- 
water  pressures  or  moisture  fluxes  are  applied at 
the  lower  boundary  as  well. 

THERMAL AND HYDRAULIC  PROPERTIES 

The  thermal  and  hydraulic  parameters  are  en- 
tered  into  the  models  in  a  variety  of  ways  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. 

Algorithm  Influencing  parameters 
Hydraulic  conductivity  Moisture  content 

Temperature 
Soil  density 

Moisture  characteristic  Soil  density 

Thermal  conductivity  Moisture  content 
Soil  density 
Temperature 

Heat  capacity  Moisture  content 
Soil  density 
Temperature 

Latent  heat of fusion S o i l  density 
Moisture  content 
Temperature 

Frost  heave  Moisture  content 
Overburden 
Temperature 
Temperature  gradients 
Pressure  gradients 
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s e v e r a l  of the  a lgori thms  used in t he  models. The 
t a b l e   a l s o   l i a r s   t h e   p a r a m e t e r s  that in f luence  
each  algorithm.  Generally  each model uses  a d i f -  
f e r e n t   e q u a t i o n ,  o r  e q u a t i o n s ,   i n  the algorithms. 

Frost-heave  algorithms  vary  from  very  simple  to 
extremely complex. O'Neill (1983a)  provides a more 
de ta i led   rev iew.   Resul t s  from the   f rost-heave  a l -  
go r i thm  "d r ive"   t he   en t i r e   so lu t ion .  The s imples t  
frost-heave  algorithms  use  pore-water  pressure,  
predetermined or computed i n  one  of   several  ways, 
t o   c a u s e  water movement, and f r o s t  heave  occurs i f  
t h e   s o i l  becomes  more than  approximately 90% sa tu -  
ra ted   (Berg  e t  al., 1980;  Outcalt  1976;  Taylor  and 
Luthin,  1976,  1978). I n  the  simple  models,  the 
mesh may o r  may not  be deformed. In t h e  complex 
models  (e.g. Hopke, 1980, or O'Neill and Miller, 
19821, an ext remely   f ine  mesh is needed t o   r e p r e -  
s e n t   t h e  phenomena adequately,  and a mesh that 
moves wi th   the   f reez ing   zone  has been  used  (Lynch 
and O'Neill, 1981). 

FROZEN ZONE 

The exact boundaries of the frozen  zone de- 
pend  upon t h e   t y p e  of s o i l ,  the stress cond i t ions ,  
the  thermal  regime,  and the chemical  composition 
of the s o i l  water. None of t h e  models  includes 
movement of chemicals   or   changes  in  the chemical 
composi t ion   o f   the   so i l  water with t i m e   o r  posi- 
t ion .  

I n  models  where the nodal   spacing i s  on t h e  
o r d e r  of centimeters  (e.g.  Berg e t  al . ,  1980; Out- 
cal t ,  1976; Dudeck and  Holden,  1979),  the  boundar- 
ies of the frozen  zone are def ined  by tempera- 
t u re s .  The temperatures may b e  O°C o r  an estimat- 
ed  or   measured  f reezing  point   depression of the 
s o i l  water. The pr imary  reason  for  this s i m p l i f i -  
c a t i o n  i s  t h a t  the noda l   g r id  i s  so c o a r s e   t h a t  
the space  between two nodes may a c t u a l l y   c o n t a i n  
an   unf rozen   zone ,   the   en t i re   f reez ing   zone ,   and  
pa r t   o f   t he   f rozen  zone. 

o rde r  of a mi l l imeter  or less, the warm-side 
boundary  of  the  frozen  zone i s  assumed t o  be a t  
t h e   b a s e  (warm s i d e )  of the growing ice lens .  
Hopke (1980)  and O'Neill and Miller (1982)  use 
t h i s  method. 

t u r e   f l u x  in the frozen  zone,   but   others  relate 
t h e   h y d r a u l i c   c o n d u c t i v i t y   o r   d i f f u s i v i t y   t o   t h e  
subfreezing  temperature.  

I n  models  where  the  nodal  spacing is  on t he  

The developers of most  models  assume no mois- 

UNFROZEN ZONE 

O f  t h e  three zones,   the  boundaries  of the un- 
frozen  zone are t h e  most readi ly   def ined .  Unfro- 
z e n   s o i l  and water are gene ra l ly  assumed to   occur  
a t  a l l  tempera tures   g rea te r   than  the f r eez ing  
poin t   depress ion  of t h e   s o i l  water. The f r eez ing  
poin t   depress ion  i s  normal ly   es t imated   to   be   f rom 
a few hundred ths   t o  a few t e n t h s  of a degree  below 
the   f r eez ing   po in t  of bulk water. 

Dempsey's  (1978)  model i nc ludes   mo i s tu re   f l ux  
i n  the vapor  phase,   but none of t h e   o t h e r s   i n c o r -  
porates   vapor   f lux.  The hydraul ic   conduct iv i ty  i s  
g e n e r a l l y   r e l a t e d   t o   t h e   m o i s t u r e   c o n t e n t   o r  pore- 
water p res su re  of t h e   s o i l  and i s  a l lowed  to   vary  

wi th  time and p o s i t i o n  as pore-water   pressures  
change. 

cons tan t  i n  time and   space ,   o r  i t  may vary  depend- 
ing  on the   moisture   content   of  the s o i l .  

None of the models allows conso l ida t ion  of 
the u n f r o z e n   s o i l  as the   f rozen  mass r e a c t s  
aga ins t  i t  o r  as the s o i l   d r i e s  due t o   m o i s t u r e  
f l u x   t o  the f r eez ing  zone. 

Nearly a l l  o f  the models  have  been  used t o  simu- 
l a te  only  a cont inuous ly   f reez ing   s i tua t ion ,   and  
f r eez ing  a s o i l  i s  assumed to   be   ana logous  t o  dry- 
i n g  it. Therefore,  the effects  of hys te re s i s   have  
not  been  important. The models t ha t   have   expe l l ed  
water d u r i n g   t h e   e a r l y   s t a g e s  of f r eez ing ,  i.e. 
Hopke (1980), O'Neill and Miller (1982),  and G i l -  
pin  (19801, a l l  assumed sa tu ra t ed   cond i t ions ,   and  
h y s t e r e s i s  is not   important   under   condi t ions  of  
s a t u r a t e d  flow. 

The thermal conduct iv i ty  may be  considered 

The e f f e c t s  of h y s t e r e s i s  are neglec ted .  

FREEZING ZONE 

The f reez ing   zone ,   o r   f rozen   f r inge ,  I s  t h e  
region  between the unfrozen  zone  and  the  frozen 
zone. O'Neill (1983b) def ined  i t  as "the zone ov- 
er which t h e   v o l u m e t r i c  ice  content   increases   f rom 
zero  a t  t h e   f r e e z i n g   f r o n t   t o  100% (neg lec t ing  
t rapped  a i r )  a t  the l o c a t i o n   o f   t h e  warmest lens." 
This d e f i n i t i o n  i s  adequa te   fo r  most s i t u a t i o n s ,  
bu t   imp l i e s   t ha t  a f r eez ing   zone   does   no t   ex i s t  
un le s s   an  ice l e n s  i s  present .  The wid th ,   o r  
t h i ckness ,  of the freezing  zone i s  dependent upon 
the   unf rozen   mois ture   conten t  as a func t ion  of 
t empera tu re   fo r   t he  soil and a v a r i e t y  of o t h e r  
factors .   Large  overburden  pressures ,  or l a r g e  
loads,   and  small   temperature   gradients   both  tend 
t o   i n c r e a s e  the width of  t h e   f r e e z i n g  zone. 

The most complex  models, Hopke (1980) ,   Gi lpin 
(19801,  and O'Neill and Miller (1982) ,   use   the  
equations  proposed by Miller (1978) t o  model proc- 
esses i n   t h e   f r e e z i n g  zone.  Very c lose   noda l  
spac ing  i s  requi red :  O ' N e i l l  and Miller (1982) 
used 0.025 t o   r e p r e s e n t  the complicated  rela- 
t ionships   adequately.  

In t h e  less sophis t ica ted   models ,   where   the  
nodal   spacing i s  on t h e   o r d e r  of cent imeters ,   pro-  
ces ses  in t h e   f r e e z i n g  zone are included i n  the 
f ros t -heave   a lgo r i thm  o r  the l a t e n t  heat of fusion 
a lgor i thm.   Genera l ly ,   the   hydraul ic   conduct iv i ty  
of t h e   s o i l s  a t  subfreezing  temperatures  mst b e  
somewhat a r b i t r a r i l y   d i v i d e d  by an  "impedance  fac- 
tor"   ranging  f rom 1 t o  1000 t o   o b t a i n   r e a s o n a b l e  
agreement  between  computed  and  observed f r o s t  
heave from labora to ry  or f i e l d  tests. No systema- 
t i c  roethod o f  es t imat ing   the   impedance   fac tor   has  
been  developed. 

CONCLUSION 

The emphasis of t h i s   p a p e r  has been  the  dis-  
cussion of numerical   models  that   use  coupled  equa- 
t i o n s  of  simultaneous  heat  and  moisture  f low. At 
least tvm o t h e r  methods  have  recently  been  devel- 
oped t o   e s t i m a t e   f r o s t   h e a v e   i n   s o i l s   ( C r o r y  e t  
a l . ,  1982;  Konrad  and  Morgenstern,  1980). I n   b o t h  
of these methods a heat   conduct ion model is used 
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to  pre dice  the  uosition of the 0" '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  models  eliminate  the  moisture  flux  equations 
from  the  numerical  model  and  use  an  empirical  pa- 
rameter  to  estimate  frost  heave.  These  approaches 
have  some  advantages  over  the  more  complicated 
coupled  heat  and  mass  flow  models. 

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 
completely  successful  in  a  strict  test of frost 
heave  prediction,  or  in  the  unequivocal  verifica- 
tion  of  any  physics  which  has  been  assumed,"  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 . I *  

Many  tests must be  conducted  and  additional 
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INTRODUCTION 

D.M. Hopkins  and P.V. S e l l m n n  

Permafrost ,  i n  t h e  sense of earth materials 
a t  temperatures  below O°C, i s  widespread  beneath 
t h e   s e a b e d   i n   A r c t i c   c o n t i n e n t a l   s h e l f  areas. 
Never the less ,  in some areas the   p resence  of i n t e r -  
s t i t i a l  br ines   and  temperatures   just  below 0°C 
causes many seabed materials t o   b e   u n f r o z e n   o r  on- 
ly p a r t i a l l y   f r o z e n .  Thus, t h e   e x t e n t  of a r e a s  
under la in  by noticeably  ice-bonded  mater ia l  is  
much more r e s t r i c t e d   t h a n  the e x t e n t  of Ice- f ree  
o r   p a r t i a l l y  bonded subsea  permafrost. 

The presence  of  subsea  permafrost on t h e  S i -  
b e r i a n   a r c t i c  shelf was e s t a b l i s h e d  as e a r l y  as 
1953 (Are, 1976). In  North America t h e   f i r s t  ob- 
servations  and  modeling were based on s t u d i e s  made 
n e a r  Barrow, Alaska (Brewer, 1958; Lachenbruch e t  
al . ,  1962; Lachenbruch, 1957) t ha t   sugges t ed  that  
Ice-bearing  permafrost would be  found  only  near 
shore. This, combined wi th  da ta   f rom  holes  on- 
shore   bu t   near   the   beach  a t  Cape Thompson, i nd i -  
ca t ed   t ha t   pe rmaf ros t  would b e   t h i n   t o   a b s e n t   o v e r  
much of the remainder of the  Chukchi  Sea,  encour- 
aging a be l i e f   t ha t   pe rmaf ros t  was general ly   lack-  
ing  beneath the Alaskan  shelves. The first  ev i -  
dence of  ice-bonded  material  beneath  the  Canadian 
Beaufort  Sea  probably came from t h e   o f f s h o r e  
d r i l l i n g  program conducted by t h e  Arctic Petroleum 
Operators   Associat ion ( M O A )  i n  t h e  1960's (Golden 
e t  al., 1970; h c k a y ,  1972). The ex i s t ence  of I 

subsea  permafrost  beneath  westernmost  Beaufort  Sea 
nea r   Po in t  Barrw was f i r s t   e s t a b l i s h e d  in bore- 
h o l e s   d r i l l e d  by Lewellen (1973, 1975). 

Petroleum  exploration in the Arct ic   soon  pre-  
c i p i t a t e d   r e q u i r e m e n t s   f o r  a be t t e r   unde r s t and ing  
of subsea  pennafrost .   During  the  years 1975-1982, 
an  ambitious  governmental   program  of  geological,  
geophysical ,   geochemical ,   and  geotechnical   s tudies  
was  mounted i n  advance  of   offshore  leasing on t h e  
Alaskan  segment of the Beaufort   Sea  shelf  as p a r t  
of the  Outer  Continental   Shelf   Environmental  As- 
sessment  Program (OCSEAP) (U.S. Nat iona l  Oceano- 
graphic  and  Atmospheric  Addnistration/U.S.  Bureau 
of Land Management) of the Minerals Management 
Serv ice ,   then  the Conservat ion  Divis ion of t h e  
U.S. Geological  Survey.  Aspects  of some of these 
s t u d i e s   a r e  summarized by Barnes  and  Hopkins 
(19781, Barnes (1981), and Miller and  Bruggers 
(1980). Since the lease sales, much more  de- 
t a i l e d ,  more geotechnically  oriented  borehole  pro- 
gram  and  model l ing  s tudies   have  been  conducted by 
various  petroleum  companies  and their  consu l t an t s ,  
In t he   d i f f e ren t   r egu la to ry   a tmosphe re  of t h e  
Canadian  segment of the Beaufort   Sea,   offshore 
p e r m f r o s t   s t u d i e s   h a v e   b e e n   c o n d u c t e d   j o i n t l y  by 
the  Canadian  government  agencies  and by the petro- 
leum companies. 

The con t r ibu t ions  o f  o u r   p a n e l i s t s   r e f l e c t  
these  regional  differences.   Sellmann  and  Hopkina,  
geologis ts ,   report   ideas   and  concepts   developed 
l a r g e l y   d u r i n g   t h e  OCSEAP s tudies   o f   the   Alaskan  
shelf .   Blasco,  a soi ls   engineer ,   and  Hunter ,  a 
g e o p h y s i c i s t ,   i n  their  s e p a r a t e   c o n t r i b u t i o n s  de- 
s c r i b e   r e s u l t s   t h a t  are p a r t  of the outcome of 
government-industry  cooperation on the  Canadian 
segment of the   Beaufor t   Sea   she l f .  Are's b r i e f  
review of S o v i e t   s t u d i e s ,  of  course,  comes out of 
sti l l  another   organizat ional   context .   Hayley i s  a 
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geotechnica l   consul tan t  well acquainted  with  both 
the Alaskan  and  Canadian  segments of the  Beaufort  
Sea shelf. Jahns,   a   petroleum  engineer ,   shares  
with  us some of t h e   r e s u l t s  of h i s  company's  ex- 
tens ive   in -house   f ie ld   research  on the  Alaskan 
segment  of the Beaufort  Sea  shelf. 

t h i s  environment i s  that c u r r e n t   i n v e s t i g a t i o n s  
are s t i l l  p roduc ing   su rp r i s ing   r e su l t s .   Th i s  8%- 

g e s t s   t h a t  we are s t i l l  i n  the process of under- 
s t and ing  the d i s t r ibu t ion ,   p rope r t i e s ,   and   p roces -  
ses of permafrost  i n  t h i s   g e o l o g i c a l   s e t t i n g  and 
t h a t   o p p o r t u n l t l e s  remain f o r   s t i m u l a t i n g   s c i e n t i -  
f i c  and  engineer ing  s tudies .   Specif ic  recommenda- 
t i o n s   f o r   f u t u r e   i n v e s t i g a t i o n s  are i n  the ind i -  
v idua l   pane l i s t s '   s ec t ions .  

P repa ra t ion  of t h i s  pane l   repor t  was support-  
ed by t h e  Department o f  In t e r io r ' s   Mine ra l  Manage- 
ment Service,   through  an  interagency  agreement 
with  the  National  Oceanic  and  Atmospheric Adminis- 
t r a t i o n .  

An exc i t ing   a spec t  o f  p e r m a f r o s t   s t u d i e s   i n  
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The subsea  permafrost  environment i s  a unique 
g e o l o g i c a l   s e t t i n g   t h a t  has no real analogue  on 
land.   Recent   invest igat ions  in   Soviet ,   Canadian,  
and  American c o a s t a l  waters have  begun t o  document 
i t s  widespread   d i s t r ibu t ion   and   the   g rea t   var ia -  
t i o n  i n  the   occur rence   and   proper t ies  of f rozen  
ground  beneath  the  seabed. 

Permafrost  on Land i s  r e l a t i v e l y   s t a b l e ,  na- 
t u r a l  changes  and  modif icat ions  being  associated 
e i t h e r  wi th  slow climatic change or with  very  lo-  
cal phenomena. Offshore, the permafrost  is more 
dynamic, p a r t i c u l a r l y   i n   t h e   c o a s t a l  zone  where 
a c t i v e   c o a s t a l  retreat i s  common. In   the   Beaufor t  
Sea (Pig. 11, inundat ion  can  cause a 10°C Increase  
In t h e  mean annual  temperature of the coas t a l   pe r -  
mafrost (Lachenbruch e t  al., 1982). This warming 

can   in f luence  a block o f  coas ta l   subsea   permafros t  
up t o  600 m t h i c k   t h a t  may extend  up t o  30 t o  40 
km from the  shore.  The s i z e  of this zone is con- 
t r o l l e d  by t r ansg res s ion  rate and shelf slope. 
Along the coast   the  ice-bonded  permafrost   near  the 
seabed  not  only  undergoes  rapid warming but i s  al- 
so exposed t o  salt water, caus ing   no t iceable  re- 
duc t ion   i n   s t r eng th   and   poss ib l e   s e t t l emen t  due t o  
thaw of the shallow ground ice. 

f r o s t  block warm, addi t ional   changes  occur  more 
slowly.  These may inc lude   r eg iona l   s e t t l e roen t ,  
increased  permeabi l i ty ,   decomposi t ion of hydra tes ,  
and r e d i s t r i b u t i o n  of free gas. Even though  these 
changes are slow, the rates and  magnitudes are 
g r e a t e r   t h a n  ie normally  associated  with perma- 

AB deeper   par ts   of  the l a r g e   c o a s t a l  penna- 

Itb 
900 

I6b 14 0 ‘130 

FIGURE 1 Index map of Alaska showing loca t ions   d i scussed  in the t ex t .  
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FIGURE 2 Marine   t empera ture   p rof i les   for  the 
Prudhoe Bay region  from a t e n t a t i v e  model proposed 
by Lachenbruch e t  a l e  (1982). The p r o f i l e s   n o t e d  
by time in years   ind ica te   an t ic ipa ted   t empera ture  
modif icat ion  caused by t h e  sea covering  an area 
fo r   t he   no ted   pe r iod  of time. 

f r o s t  and  nonpermafrost   sett ings.  An i n d i c a t i o n  
of t h e  rate of  warming in the  Beaufort   Sea  near 
Prudhoe Bay, Alaska,  can be obtained  from the mod- 
e l  shown in Figure  2. Offshore  geological   proces-  
ses and  events  such as s h o a l i n g ,   b a r r i e r   i s l a n d  
mig ra t ion ,   l oca l   s cour ing ,  and seasona l   b r ine  mi- 
grat ion  can  inf luence  subsea  permafrost   through 
changes in sea-f loor   temperature ,  water depth,   and 
bottom-water  chemistry. It i s  also now apparent  
that  i n   c e r t a i n   s i t u a t i o n s ,  new ice-bonded perma- 
f r o s t   c a n  form in the  marine  environment,   even 
though most offshore  permafrost  is relict  and  or- 
i g i n a t e d   s u b a e r i a l l y   p r i o r   t o  submergence. 

Another  contrast  between  land  and  marine  per- 
maf ros t   s e t t i ngs  is t h e  small s i z e  of the o f f shore  
zone i n  which  noticeable  seasonal  freezing  and 
thaw occur.   Offshore  an  obvious  "active  layer" 
can  only  be  found in very shallow water a reas  
where s ign i f i can t   s easona l   f r eez ing   occu r s  when 
sea ice f r e e z e s   t o   t h e  bed.  These  shallow water 
a r e a s   a r e   a l s o   s u b j e c t  t o  s u b s t a n t i a l  warming dur- 
i ng  the summer. I n   c o n t r a s t   t o   l a n d ,  t he  o f f shore  
"ac t ive   l aye r "  may be  separated  from  deeper,  well- 
bonded ma te r i a l  by a l a y e r  of cold unbonded s a l i n e  
sediment. 

No t i ceab le   s easona l   f r eez ing   can   a l so   occu r  
a t  the  seabed  in   deeper   water   where  seabed  sedi-  
ments are freshened  during the summer and  frozen 
la ter  in t he   yea r  when co ld ,  more s a l i n e   w a t e r  
moves i n t o   a n  area (Sellmann  and  Chamberlain, 
1979; Erik Reimnitz,  pers. cmm., 1983). However, 
in th i s  zone,  where  water  depth  exceeds  several 
meters and  seabed  temperatures  often  vary less 

than  a d e g r e e   C e l s i u s ,   s e a s o n a l   v a r i a t i o n s   a r e  
usua l ly   very   subt le .  If "ice-bearing" material 
occurs a t  the  seabed,  i t  w i l l  usual ly   be unbonded 
o r   o n l y   p a r t i a l l y  bonded. In this zone,  deep, 
"well-ice-bonded"  permafrost,  usually relict ,  w i l l  
be covered  with a t h i c k  (10-200 m) l a y e r  of  thawed 
sal ine  sediments   that   can  contain  " ice-bear ing" 
horizons.   In  some cases, the "ice-bearing''  zones 
can  be  "ice-bonded. " 

The p rope r t i e s  of subsea   permafros t   a re  more 
va r i ab le   t han   t hose  of permafrost  found on l and ,  
s ince   t hey  are con t ro l l ed   no t   on ly  by g r a i n   s i z e ,  
temperature,  and ice volume,  but  also by t h e  sa- 
l i n i t y  of i n t e r s t i t i a l   i c e  and  pore water. The 
s t r e n g t h  of subsea  permafrost  i s  g r e a t l y   i n f l u -  
enced by t he   i nc reased   s a l in i ty   and   h ighe r   t emper -  
a t u r e s ,  which weaken included ice and lower bond- 
ing  forces  between ice and 8011 because   the  bond- 
ing  is a f f e c t e d  by t h e  small concent ra t ions  of un- 
f rozen  water tha t   occu r  on s o i l   p a r t i c l e   s u r f a c e s  
even a t  temperatures  several   degrees  Celsius  below 
the  f r eez ing   po in t  of t h e   a t e r i a l  (Ogata e t  al., 
1983). Fine-grained material con ta in ing   f r e sh  
pore water has a  higher   unfrozen water content  and 
correspondingly lower strength  than  coarse-grained 
m a t e r i a l .   I n c r e a s e d   s a l i n i t y  in f ine-gra ined  ma- 
terial  causes   s t rength   reduct ion  similar t o  that  
caused by warming, the degree of warming being 
comparable t o  the  arnwnt the freezing  temperature  
was depressed by salt. Lcw unfrozen water con ten t  
i n  coarse-grained materials w i t h   f r e s h   p o r e  water 
c a u s e s   t h e   s t r e n g t h  t o  i n c r e a s e   r a p i d l y   w i t h  de- 
creasing  temperature .  However, i n c r e a s e d   s a l i n i t y  
great ly   changes this  pa t t e rn ,   ex t end ing   s t r eng th  
reduct ions   in   coarse-gra ined   mater ia l s   over  a much 
larger   temperature   range,  more similar t o  what OC- 
cu r s  in fine-grained material. In coarse-grained 
materials with l a r g e   v o i d s ,   s t r e n g t h   r e d u c t i o n s  
may be   re la ted   no t   on ly   to   unf rozen  water b u t   t o  
r educ t ion  in ice s t rength   caused  by increased  sa- 
l i n i t y  (Edwin Chamberlain, CRREL, Hanover, N.H.. 
pers.  comm.). 

NOMENCLATURE 

The year-round  occurrence o f  sediments   colder  
t han  O°C a t   t he   s eabed   and  the unbonded o r  par- 
t i a l l y  bonded na tu re  of p a r t s  of this  permafrost  
sec t ion   have   c rea ted  some nomenclature  problems. 
The nomenclature   issue i s  discussed  here   and cer- 
t a i n   s o l u t i o n s  are proposed, more t o   c a l l   a t t e n -  
tion t o  the problems  than t o   p r o v i d e   u l t i m a t e  SO- 

l u t ions .  

t empera ture   a lone ,   and   requi res   on ly   tha t   the  ma- 
t e r ia l  remain a t  temperatures  below O'C from  year 
t o   y e a r  (Pdwd, 1 9 7 4 ) .  Permafrost ,   thus   def ined,  
occurs  beneath  a major p a r t  of the  Beaufort  Sea 
she l f ,   and  in some c o a s t a l   a r e a s  i t  extends from 
the seabed t o   d e p t h s  as g r e a t  as 600 rn. However, 
because of moderate  temperatures  and sal t  in t h e  
pore water, ice-bonded  sediments  that   can  cause 
engineering  problems are less abundant  offshore.  
The nomenclature  problem i s  ev ident  in r e c e n t  lit- 
erature ,   where some authors   qu i te   p roper ly   apply  
t h e  term "permafrost" t o  any ma te r i a l   co lde r   t han  
O"C, independent of proper t ies ,   whi le   o thers   apply  
t h e  term o n l y   t o   m a t e r i a l  with no t i ceab le  ice con- 

The d e f i n i t i o n  of permafrost  is based  upon 
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t e n t  and  associated  bonding o f  s o i l   p a r t i c l e s .  
New qua l i f ie rs   have   been   used   to   descr ibe  

specif ic   subsea  permafrost   propert ies .   Hunter  
(this panel)  speaks,   for  example,  o f  subsea mate- 
r ia ls  wi th  seismic v e l o c i t i e s  above  a s p e c i f i c  
t h re sho ld  as "acoustic  permafrost."  "Ice-bonded" 
is a q u a l i f i e r   u s e d  by  many t o   d e s c r i b e  material 
c o n t a i n i n g   i c e   t h a t   h a s   s u f f i c i e n t  bond with soil 
p a r t i c l e s   t o   c a u s e  a   n o t i c e a b l e   i n c r e a s e   i n  
s t r e n g t h   p r o p e r t i e s ,  compared t o   o t h e r w i s e  similar 
unfrozen material. "Ice-bearing"  has  been  used by 
some as a  very  general  term t o   i n d i c a t e   t h a t  ice  
can be expec ted   to   occur  or does   occur   in   subsea  
material, while others   have  used i t  more s p e c i f i -  
c a l l y ,   i n d i c a t i n g   t h a t  ice quan t i ty   o r   bond ing  i s  
n o t   s u f f i c i e n t   t o   i n f l u e n c e   s t r e n g t h   p r o p e r t i e s .  

Because of t h e  complex na tu re  of subsea  per- 
mafrost ,  i t  appea r s   t ha t  the nomenclature w i l l  be 
most u s e f u l   i f  i t  i s  simple  and  self-explanatory.  
Since  the  use  of  the term "permafrost" may be  very 
ambiguous  and has l ed   t o   con fus ion ,  it should  be 
q u a l i f i e d   o r ,  i f  unqua l i f i ed ,   u sed   on ly   t o   i nd i -  
cate t h a t  materials a r e  below O'C. More descr ip-  
t ive  language  such as "perennial ly   f rozen" would 
be   mos t   e f fec t ive .  We propose   tha t  "ice bearing" 
be  used only in a very   gene ra l   s ense ,   t o   i nd ica t e  
t h a t  ice  exists in the material i n  some quan t i ty  
with no i n fe rence  drawn  concerning  ice  volume  or 
properties.   "Ice-bonded," as d i s c u s s e d   e a r l i e r ,  
would then   be  a s p e c i a l  case of  "ice-bearing." 
More s p e c i f i c   q u a l i f i c a t i o n s  of bonding  could  in- 
clude  "well  bonded" o r   " p a r t i a l l y  bonded"  where 
adequate  information is available.   "Ice-bearing' '  
material that  has no apparent  bonding  might  be re- 
f e r r e d   t o  as "unbonded." 

The bulk o f  t he   pe rmaf ros t   qua l i f i e r s   u sed  on 
land  can  a lso  be  used  offshore,   wi th   the  fol lowing 
r ep resen t ing  some good  examples:  thaw-stable  and 
thaw-unstable  (Line11  and  Kaplar,  19661, thaw-sen- 
s i t i v e  and p a r t i a l l y  frozen (van  Everdingen, 
1976).  and  ice-rich (Brawn and  Kupsch,  1974). 

DISTRIBUTION 

Knowledge  of t h e   d i s t r i b u t i o n  of subsea  per- 
mafrost  off  North  American  coasts i s  l a r g e l y  re- 
s t r i c t e d   t o  the Beaufort  and  Chukchi  Sea  shelves. 
Hopkins  (1980)  and  Osterkamp  and  Harrison  (1982) 
r e p o r t  no ev idence   for   permafros t   benea th   the  Ber- 
ing  Sea shelf and  doubt  that  i t  w i l l  be  found  ex- 
cept   a long   the  most r a p i d l y   r e t r e a t i n g   c o a s t a l  
segments  of  Norton Sound and the  northwesternmost 
Bering Sea. No ice-bonded  permafrost was found 
d u r i n g   d r i l l i n g   f o r   p l a c e r   g o l d   n e a r  Nome o r  a t  
Danie ls  Creek on the sou th   coas t   o f  the Seward 
Peninsula.  

by the Alaskan  Current, which c o n s i s t s  of rela- 
t i v e l y  warm P a c i f i c  and Yukon River water t h a t  
f lows  northward  through  the  Bering  Strait .   Flor- 
ence Weber (U.S .  Geological   Survey,   wri t ten comm. 
t o  D.M. Hopkins,  1952)  noted  evidence  of  collapse 
over  thawing  ice  wedges i n   s h a l l o w  water off  rap- 
i d l y   r e t r e a t i n g   p a r t s   o f   t h e  west coas t  of t h e  
Baldwin  Peninsula i n  Kotzebue  Sound.  Subzero tem- 
pe ra tu res  were also encountered i n  Kotzebue Sound 
i n   n e a r s h o r e   b o r e h o l e s   d r i l l e d  by Osterkamp  and 
Harrison (1982). 

The e a s t e r n   p a r t  of t h e  Chukchi  Sea i s  warmed 

Subzero  temperatures  have  been  observed in 
the  f ew  ho le s   d r i l l ed  i n  t h e   c o a s t a l  waters of t h e  
Chukchi  Sea  (Osterkamp  and  Harrisan,  1982; Lachen- 
bruch e t  a l e ,  1962; Lachenbruch,  1957). A s tudy  
of  bottom  temperatures  and the l imited  borehole  
da ta   f rom  the   Chukchi   Sea   bas in   ind ica tes   tha t  
ice-bearing  subsea  permafrost  i s  probably   th in   o r  
a b s e n t   i n  most  of the bas in   excep t   a long   t he   coas t  
and  beneath the northernmost  segment of t h e  Chuk- 
chi she l f .  Even i n  this northern  segment,  i t  is 
bel ieved  that   ice-bear ing  permafrost  becomes t h i n  
o r  absent   approximately  a   ki lometer   offshore  (Ost-  
erkamp  and Harrison,  1982). No seismic evidence 
of permafrost   has   yet   been  recognized on the Chuk- 
ch i   Sea  shelf (A.A. Crantz ,  U.S. Geological  Sur- 
vey,  pers. comm.). 

Beaufort Sea. Point Barrow marks an important 
oceanographic  boundary, w i t h  bottom  waters  being 
much c o l d e r   t o  the eas t .   Coas t a l   p rocesses   a r e  
a l s o  much d i f f e r e n t   t o  the east, s i n c e  the coas t -  
l i n e  i s  l e s s   s t a b l e  (Hopkins  and Hartz, 1978; Hop- 
kins,   1980).  The e ros ion  rate of c o a s t a l  perma- 
f r o s t   o f t e n   e x c e e d s   s e v e r a l  meters per  year  along 
the Beaufort  coast  where  Lewellen  (1977)  reported 
an  average rate of 4.7 m / y r  f o r   68   obse rva t ion  
points  between  Harrison Bay and Barrow. Short- 
term rates a s   g r e a t  as 30  m/yr were observed by 
Leffingwell   (1919).  

Ice-bonded  sediments  have  been  observed in 
many of t h e   h o l e s  d r i l l e d  in t h e   c o a s t a l   w a t e r s  of 
the Beaufort Sea. The d i s t r i b u t i o n   v a r i e s ;  in 
some areas,  ice-bonded  sediments  occur a t  depths 
of 10-15 m below the   seabed  many kilometers  from 
shore. In o t h e r   o f f s h o r e  areas, occurrence  of 
ice-bonded  sediments has been  confirmed a t   d e p t h s  
g rea t e r   t han  100 rn below the  seabed. 

Aside  from  Lewellen's  (1973,  1975)  original 
b o r e h o l e   t r a n s e c t s   e a s t  of Poin t  Barrow and Harri- 
son and  Osterkamp's  (1981)  data  off  Lonely  where 
ice-bonded  sediments were observed  near the sea- 
bed, most ground-truth  information on subsea  per- 
mafrost   off  the Alaskan  segment  of  the  Beaufort 
Sea s h e l f  comes from t h e   a r e a  where petroleum ex- 
p lora t ion   has   been  most ac t ive .  This inc ludes   t he  
250-km stretch of  Beaufort  Sea  coast  from Cape 
Halkett through  Harr ison Bay and  Prudhoe Bay t o  
Flaxman Is land  and Brownlow Poin t  a t  the   nor thwes t  
boundary  of t h e  Arc t i c   Na t iona l   Wi ld l i f e  Refuge. 
'he information  from  widely  spaced  borehole and 
probe   da ta  in t h i s  region  (Osterkamp  and  Harrison, 
1976,  1982;  Osterkamp  and  Payne,  1981; Miller and 
Bruggers,  1980;  Blouin e t  a l . ,  1979;  Harrison  and 
Osterkamp,  1981; Sellmann and  Chamberlain,  1979) 
was extended  considerably by a n a l y s i s  of seismic 
d a t a  (Neave and  Sellmann,  1982, 1983, i n   p r e s s ;  
Rogers  and Morack, 1980; Morack and  Rogers,  1982). 

The seismic studies ,   borehole   and  probe  data ,  
and  preliminary  information  from  extensive  indus- 
t r y   s t u d i e s   s u g g e s t  a p a t c h y   a n d   i r r e g u l a r   d l s t r i -  
bu t ion  of ice-bonded  permafrost  and the important 
r o l e s  of   geologic   his tory  and  seabed  sediment   type 
in   de t e rmin ing   pe rmaf ros t   p rope r t i e s  and d i s t r i b u -  
t ion .  The above   in format ion   sugges ts   th ree  common 
d i s t r i b u t i o n   p a t t e r n s   f o r  ice-bonded  permafrost i n  
the  Alaskan  segment of the Beaufort  Sea (Pig. 3) .  
In t he  f irs t ,  shallow, ice-bonded  permafrost  near 
the  seabed  extends many kilometers  from  shore. In 
the second,   mater ia l   wi th   high seismic v e l o c i t i e s ,  

The s i t u a t i o n  i s  q u i t e   d i f f e r e n t   b e n e a t h  the 
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FIGURE 3 Three d i s t r i b u t i o n   p a t t e r n s   s u g g e s t e d  
f o r  ice-bonded  subsea  permafrost  based  on  borehole 
and seismic data:   (a)  shallow  ice-bonded,  (b)  deep 
ice-bonded,  and  (c)  layered  ice-bonded materials 
(from Neave and  Sellmann, i n   p r e s s ) .  

as much as 200 m below the seabed  offshore,   can be 
t r aced   i n to   sha l low,   f i rmly  bonded material nea r  
the   shore .  The t h i r d   p a t t e r n ,   o n e   t h a t  may t u r n  
ou t   t o   be   ve ry  common when we have more d e t a i l e d  
subsurface  information,   comprises   layered  s i tua-  
t i ons .  

Shallow  high-velocity materials are   ex t remely  
widespread in a t  l e a e r  two areas: Harrison Bay 
and  an area o f f   t h e  mouth  of the Sagavanirktok Ri- 
ver  near  Prudhoe Bay (Pig. 4 and 5). Neave and 

Sellmann (1982) f i r s t   i n f e r r e d  the wide   d i s t r lbu-  
t i o n  of f i rmly  bonded  permafrost i n  the western 
p a r t  of  Harrison Bay on the b a s h  of a n a l y s i s  of 
seismic d a t a ;  th i s  i n t e r p r e t a t i o n  and  an  even 
g r e a t e r   d i s t r i b u t i o n  o f  shallow  ice-bonded mate- 
r i a l  was confirmed by d r i l l i n g   r e s u l t s   r e p o r t e d  by 
Walker e t  al .  (1983), who in t h e i r   o r a l   p r e s e n t a -  
tion i nd ica t ed  that  firmly  ice-bonded material can 
be  found at  depths  of 8 t o  10 m below the seabed 
throughout  Harrison Bay o u t   t o  the 20- i soba th .  
Dr i l l ing   has   a l so   conf i rmed  tha t   sha l low  h igh-ve l -  
o c i t y  material recognized   se i smlca l ly  off  t h e  
Sagavanirktok  River   del ta  is f i rmly  bonded  perma- 
frost   (Mil ler   and  Bruggers ,  1980). 

p a t t e r n ,  in which t h e   d e p t h   t o   s t r o n g l y  bonded 
permafros t   increases   rap id ly   wi th   d i s tance   f rom 
shore. Both p r o f i l e s  are from  the  Prudhoe Bay 
a r e a   b u t  are based on different   techniques.   Pro-  
f i l e  6 i s  f rom  analysis   of  seismic data   presented 
by Neave and  Sellmann  (1983);   the  deeper  part  of 
th is  p r o f i l e  was c o n f i r e d  by offshore  borehole  
logs  (Osterkamp  and Payne, 1981). P r o f i l e  7 ,  
based on a n a l y s i s  of t he   t r ans i en t   e l ec t romagne t i c  
da t a   d i scussed  by Ehrenbard e t  al.  (1983)  not  only 
shows comparable  depths  to  the  top  of  bonded  per- 
m a f r o s t   b u t   a l s o   t h e   g r e a t   d e p t h   t o  the bottom of 
the ice-bear ing  mater ia l .  

A Siberian  example of a l aye red  case is shown 
by Vigdorchik (1980, Fig. 3.13)  and may b e   r e l a t e d  
t o   v e r t i c a l   d i f f e r e n c e s   I n   m a t e r i a l   p r o p e r t i e s .  
I n  the  Canadian  Beaufort  Sea,  ice-bonded  coarse- 
g r a i n e d   m a t e r i a l  ia often  found  surrounded by un- 
f rozen  f ine-grained  mater ia l .  

c u l a r  situations are l i k e l y   t o   g e n e r a t e   l a y e r e d  
permafrost. One s i t u a t i o n   o c c u r s   o f f   m a j o r   r i v e r  
d e l t a s ,  where  Holocene  sequences o f  s t r a t i f i e d  
sand, s i l t ,  and  clay  have  accumulated,  where  the 
over ly ing  seawater may be  freshened,  and where 
fresh groundwater may e n t e r   t h e  most permeable 
strata and  freeze. The Canadian  examples  dis- 

F igures  6 and 7 show examples  of the second 
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FIGURE 4 P r o f i l e  showing t h e   t o p  of shallow high-ve loc i ty  material i n   t h e   w e s t e r n   p a r t  
of Harr i son  Bay i n t e r p r e t e d   t o   b e  ice-bonded  permafrost  (from Neave and  Sellmann, 1982). 
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FIGURE 5 Shaded areas A1, Bl, and C 1  show the d i s t r i b u t i o n  of shallow high-veloci ty   zones  near   Harr ison 
Bay and  Prudhoe Bay, i n t e r p r e t e d  from seismic data  to  be  ice-bonded  permafrost   (from Neave and  Sellmann, 
1983).  Shallow  ice-bonded material i s  probab ly   a l so   p re sen t   i n  area B2. 

Distance (km) 

FIGURE 6 P r o f i l e  of the top  of deep  high-veloci ty  
material near  Prudhoe Bay i n t e r p r e t e d  t o  r ep resen t  
ice-bonded  permafrost ,   a lso  including  shal low 
h igh-ve loc i ty  materials found farther o f f shore  
along  segments of t h i s   c o a s t l i n e .  

cussed by Hunter  and by B lasco   ( t h i s   pane l )  are 
inf luenced  by t h e  Mackenzie  River  and  past d e l t a  
development. The s t r a t i f i e d   p e r m a f r o s t  on the S i -  
b e r i a n   s h e l f   i l l u s t r a t e d  by Vigdorchik  (1980, Fig. 
3.13)  may be  another  example of t h i s  case. An 
Alaskan example is  found i n   H a r r i s o n  Bay, which 
r ece ives  the sedi laent   o f   the   Colv i l le   River ,   the  
l a r g e s t  stream that enters  the  Alaskan  segment of 
the  Beaufort  Sea. This l aye red   ca se  (shown i n  
Fig. 8) was infer red   f rom  t rans ien t   e lec t romagnet -  
i c  sounds  near   the  Colvi l le   River   del ta   and is  i n -  
t e r p r e t e d   t o   r e p r e s e n t  a sha l low,   i r r egu la r   l aye r  
of  Ice-bonded material over a thawed  zone,  both 
overlying  nuch  deeper  ice-bonded material. 

The o t h e r   s i t u a t i o n   c o n s i s t s  of migra t ing  
ba r r i e r   i s l ands   and   shoa l s ,  which can  leave a 
t ra i l  of  newly  formed  permafrost t o  mark t h e i r  
passage. P r o f i l e  C in Figure  3 is a diagrammatic 
representa t ion   of  t h i s  mechanism. Reindeer   Is land 
(Pig. 9) may be  an  example of  t h i s  case. 

The important   role   played by n r a t e r i a l   t y p e   i n  
determining  depth  to   ice-bonded material i s  demon- 
s t r a t e d  by b o r e h o l e   r e s u l t s  i n  Prudhoe Bay and on 
the   sha l low  she l f   immedia te ly   to   the   nor th   (F ig .  
9). There, areas unde r l a in  by overconsol ida ted  
marine  c lay  dat ing  f rom the last i n t e r g l a c i a l  
per iod  are ice-bonded a t  depths  of less than  20 m, 
as seen   nor th  of Reindeer  Island.  Ice-bonded  per- 
mafrost i s  much deeper   south of t h e   i s l a n d ,   l y i n g  
a t   d e p t h s   g r e a t e r   t h a n  100 m beneath a broad, 
shallmr trough that extends  out of Prudhoe Bay and 
then turns westward p a r a l l e l  t o  t h e   p r e s e n t  
coas t .  This a r e a  is  i n t e r p r e t e d  as a P le i s tocene  
val ley  carved a t  times when s e a   l e v e l  was low and 
the she l f  was exposed. It i s  f i l l e d   w i t h   a l l u v i a l  
g rave1   over la in  by a few meters o f  soft Holocene 
marine s i l t  and  clay.   Evidently seawater gained 
en t ry   i n to   t he   g rave l   du r ing   and   s ince   t he  d r m -  
ing of t h e   v a l l e y ,   d e s t r o y i n g   i n t e r s t i t i a l  ice to 
depths  of  more than 100-200 m. Boreholes else- 
where have  encountered  older  bodies o f  grave l .  
some frozen  and some thawed,  buried  beneath lce- 
bonded,   overconsol idated  c lay  (Mil ler   and Brug- 
gers,  1980). 

All of   the  Alaskan  borehole   data  come from 
t h e   i n n e r   s h e l f .  The only   da ta   sugges t ing   the  
presence of ice-bonded  permafrost on the middle 
and wter she l f  come from r e f l e c t i o n  seismic d a t a  
d iscussed  by Neave and  Sellmann  (in  press),  An 
e x t e n s i v e   r e f l e c t o r  200 m below the seabed is 
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FIGURE 7 Cross-section o f  zone interpreted t o  be ice-bearing based on transient  electro- 
magnetic soundings (from Ehrenbard e t  a l . ,  1983).  
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FIGURE 8 Layered ice-bearing  material inferred from transient  electromagnetic  soundings of f  the Colville 
River delta  ( i l lustration part of oral presentation by Ehrenbard e t   a l .  [1983],  provided by the  courtesy of 
the  authors). 
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FIGURE 9  Var iab le   pos i t ion   o f   top  of ice-bonded  permafrost   controlled by v a r i a t i o n s  in mate r i a l   t ype   and  
g e o l o g i c a l   h i s t o r y .   I l l u s t r a t i o n  was based  on  data  from a number  of sou rces   l i s t ed   i n   Se l lmann   and  Cham- 
b e r l a i n  (1979). 

t h o u g h t   t o   b e   t r a c e a b l e   s h o r e w a r d   t o   a   r e f l e c t o r  
r ep resen t ing  bonded  permafrost on t h e   i n n e r   s h e l f .  
However, i t  rmst  be  acknowledged that  the complex 
s t r a t i g r a p h i c  geometry of  t h e   i n n e r  shelf g ives  
way seaward t o  an ou te r   she l f   s equence  o f  smooth 
and   widespread   re f lec tors  that  Din te r  (1982) in-  
t e r p r e t s  as sandy  layers   formed  during  successive 
P le i s tocene   mar ine   t ransgress ions ;  the 200- re- 
f l ec to r   no ted  by Neave and  Sellmann  (in  press) may 
be one  of these. 

The i n c r e a s i n g   l i t e r a t u r e ,   o n l y  some of which 
is mentioned,   confirms  the  widespread  dis t r ibut ion 
and t h e   v a r i a b l e   n a t u r e  o f  ice-bonded  subsea  per- 
mafrost. Each new de ta i l ed   s tudy   p rov ides  unex- 
pec ted   r e su l t s .  An example i s  the recent   discov-  
ery of seasonal   seabed   f reez ing  i n  areas well re- 
moved from t h e   c o a s t ,   a n d  the e x t e n s i v e   d i s t r i b u -  
tion of  shallow  Ice-bonded materials even a t  g r e a t  
distances  from  shore.  
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The d i s t r i b u t i o n  of permafrost  i n  the   upper  
100 m below the  seabed on p a r t  of the  Canadian 
Beaufort  Sea  shelf has been  defined,  based on in- 
t e r p r e t a t i o n  of severa l   thousand  l ine   k i lometers  
of high-resolut ion  shal low seismic p r o f i l e s ,   c o r -  
re la ted   wi th   da ta   f rom  approximate ly  90 boreholes 
that encountered  ice-bearing  sediments (O'Connor, 
1981) (Pig. 1). 

Three  types of subsea   pennaf ros t   conta in ing  
ice  have  been iden t i f i ed   t o   da t e   u s ing   ana log  re- 
f l e c t i o n  seismic techniques: hummocky permafrost  
(Pig. 2 ) ,  w i t h   l a t e r a l l y  and v e r t i c a l l y   d i s c o n t i n -  
uous  patches of ice-bearing  sediments;  s trati-  
graphica l ly   cont ro l led   permafros t   (F ig .  3 ) ,  where 
the  occurrence  of  ice is c o n t r o l l e d  by bedding, 
and ice is found  only i n  some layers;   and  margin- 
a l l y  ice-bonded  permafrost (Fig. 41, where the 
d i s t r i b u t i o n  of  ice wi th in   the   sed iments  is so 
l imi t ed   spa t i a l ly   and   vo luo le t r i ca l ly  that reg iona l  
mapping  of d i sc re t e   ho r i zons  i s  d i f f i c u l t .  

be   pr imari ly   associated  with  massive,   coarser-  
gra ined   sed iment   ( f ine   to  medium sand) ,   wh i l e  
s t r a t i g r a p h i c a l l y   c o n t r o l l e d   p e r m a f r o s t  i s  assoc i -  
a t ed   w i th  discrete l a y e r s  of sediment  (sands,  

The patches of hummocky permafrost   appear   to  

silts, c l a y e y   s i l t s )   t h a t   e x h i b i t   v a r i a t i o n s   i n  
ice content  and  bonding.  Marginally  ice-bonded 
permafrost  is as soc ia t ed   w i th  the c o a r s e r   f r a c t i o n  
of finer-grained  sedimentary  sequences.  In gener- 
a l ,  t h e   d i s t r i b u t i o n  of shallow ice-bearing  subsea 
permafrost  is q u i t e   v a r i a b l e  in la teral  and v e r t i -  
cal  ex ten t ,   be ing   cont ro l led  by l i t ho logy ,   po re  
water s a l i n i t y ,  and the thermal regime (Mackay, 
1972; Hunter e t  al., 1976; MacAulay and  Hunter, 
1982) 

The geo log ica l   h i s to ry   and   p rope r t i e s  of t h e  
sediments in v a r i o u s   d e p o s i t i o n a l   e n v i r o m n t s  al- 
so have a major  impact on d i s t r i b u t i o n .  Sedimen- 
to logica l ,   b ios t ra t igraphic ,   and   se i smic   ev idence  
(O'Connor, 1980; H i l l  e t  al., 1984) from  the Cana- 
d ian   Beaufor t   Sea   ind ica te   tha t   the   upper  100 m of 
sed iment   cons is t s  of a th in   veneer  of Holocene 
Mackenzie  River muds that grade downward i n t o  a 
t ransgress ive   sequence  of in t e r l aye red   s ands ,  
silts, and  clays of varying  thickness.  These  sed- 
iments l i e  unconfotmably upon an   o lde r  complex of  
g l a c i o f l u v i a l   d e l t a i c   s e d i e n t a  (Pig. 5). Radio- 
ca rbon   da t e s   sugges t   t ha t   t h i s   en t i r e   s equence  is  
less than  25,000 years  old,   and that  i t  records  a 
rise i n  sea l e v e l  from  about 100 m below today ' s  

s 
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FIGURE 2 Hummocky  acoustically defined permafrost (APF). 

FIGURE 3 Stratigraphically  controlled APF. 
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stratigraphy suggests  APF 
Enhanced  acoustic r Borehole temperatures  indicate 011 

sediments are  permafrost affected. 
Visible ice noted only in samples 

m 

FIGURE 4 Typical   se ismic  s ignature   where  shal low  sediments   are   marginal ly  o r  
p a r t i a l l y  ice-bonded. 

c S hore Shelf Edge + 

RECENT MARINE 

TRANSGRESSIVE { 

PRE-UNCONFORMITY 

FIGURE 5 The genera l   geologica l  model. 

l eve l .  The ev idence   a l so   sugges ts   major   de l ta ic  
prograda t ion   assoc ia ted   wi th   g lac ia l   re t rea t ,   and  
the  formation of ice-bearing  permafrost  in t h e s e  
sed imen t s   sho r t ly   a f t e r   depoe i t ion .  At present ,  
i ce-bear ing   sed iments   a re   p r imar i ly  found within 
t h e  lower g l a c i o f l u v i a l   d e l t a  complex, some 10 t o  
20 m below  the  unconformity,   Suggesting  possible 
degradat ion  during and a f t e r   t h e   i n u n d a t i o n  of 
these  sediments. 

Strat igraphy  interpreted  f rom  the  upper   sec-  
tions o f  c o n v e n t i o n a l   s e i s m i c   r e f l e c t i o n   p r o f i l e s  
sugges t s   t ha t   w i th in   t he   s tudy   a r ea   t he   she l f   has  
been   cons is ten t ly   de l ta -dominated   s ince   the   l a te  
Miocene  (Willyrosen  and  Cote, 1982). Sedimentary 
environments  within  a  delta complex a r e  many and 
var ied ,  as d e p o s i t i o n   s h i f t s  from proximal to dis -  
t a l  regimes. In  addi t ion,   wi th   t ime,   the  seaward 
advance of the   de l ta   p la in   over   p rode l ta   sequences  
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depos line i t s  coarser-gra 
gra ined  material. 

d sedimen Its over f ine- 

Permafrost  i n  t h e   d e l t a  complexes  appears  to 
have  formed s h o r t l y   a f t e r   d e p o s i t i o n .   T h e r e f o r e ,  
the occurrence  and  propert ies  of ice-bearing  eedi-  
ments   should  vary  spat ia l ly   and in degree of ice- 
bonding,  depending  on the p r o p e r t i e s  of the depo- 
s i t i o n a l  environment a t  t h e  t i m  of permafrost  
formation.   Thus,   subaerial ly   exposed  del ta   plains  
with coarser-grained  sediments  and fresh water are 
more l i k e l y   t o   c o n t a i n  ice and  to  be  well-bonded 
than  are f ine -g ra ined   p rode l t a   s ed imnt s   depos i t ed  
contemporaneously  under more sa l ine   sha l low  mar ine  
condi t ions .  As deposit ional  environments  changed 
i n   t h e   d e l t a ,   p e r m a f r o s t   d i s t r i b u t i o n   a c q u i r e d  i t s  
s p a t i a l   v a r i a b i l i t y .   D u r i n g   p e r i o d s  of lower sea 
level ,   caused by g l a c i a l   a d v a n c e   ( e i t h e r   r e g i o n a l  
o r   o t h e r w i s e ) ,   t h e   s h e l f  was exposed,  permitt ing 
more extensive  regional   permafrost   aggradat ion.  
Crus t a l  downwarping  due t o   t h e   p r o x i m i t y  of t h e  
ice f r o n t  may also have l e f t   t h e   s h e l f   c o v e r e d  by 
shallow water a t   v a r i o u s  tines, l i m i t i n g  the pos- 
s i b i l i t y  of   extensive  or   prolonged  subaerial   expo-  
sure.  However, t h e r e  i s  no evidence   to   suppor t  a 
widespread  presence of g l a c i e r  ice over the she l f  
du r ing   t he  l a te  Wisconsin  period.  If ,  as seems 
l ike ly ,   t hese   cond i t ions   pe r s i s t ed   t h rough   t he  
P le i s tocene ,  the d i s t r i b u t i o n  of ice-bearing  per- 
mafrost   should be complex  throughout the e n t i r e  
permafrost   sect ion.  

This informat ion  on permaf ros t   d i s t r ibu t ion  
and p rope r t i e s   can  be u t i l i z e d   t o   e v a l u a t e   t h e  im- 
pac t  of subsea  permafrost  on e n g i n e e r i n g   a c t i v i -  
ties. As a r e s u l t  of the v a r i a t i o n  in s p a t i a l  
d i s t r i b u t i o n ,  volume of  ground i ce ,  and  degree  of 
ice-bonding   wi th in   s t ra t igraphic   sequences ,   engi -  
neering  problems become s i t e - s p e c i f i c .  From our 
o b s e r v a t i o n s ,   t h e   p e r m f r o s t   s e c t i o n   n e e d s   t o   b e  
viewed as ml t i layered   and   conta in ing   ice-bear ing  
l aye r s   w i th   d ive r se   p rope r t i e s .  Thermal  degrada- 
t i o n  of  ice-bonded  sediments may o r  may no t   l ead  
to   an  unacceptable   degree of thaw subsidence,  de- 
pending in p a r t  on t h e   h i s t o r y  o f  t h e   s u b s t r a t e .  
Sediments  that  are deposi ted  s lowly  and  that  were 
exposed to   r epea ted   f r eeze - thaw  cyc le s   p r io r   t o  
deep   bu r i a l  may be  thaw-stable, whlle similar sed- 
iments t ha t  were rapidly  deposi ted  and  buried  with 
contemporaneous  growth of ground i c e  may not  be. 
Perhaps  through the i n t e g r a t i o n  of geological   and 
geo techn ica l  research, s p e c i f i c   d e p o s i t i o n a l   e n v i -  
ronments that gene ra t e   pe rmaf ros t   cond i t ions   t ha t  
are p o t e n t i a l l y   h a z a r d o u s   f o r   e n g i n e e r i n g   p r o j e c t s  

can be i d e n t  i f i e  d and  evaluate,  d. For example, i n  
geologica l   se t t ings   where   t ransgress ive   and  relat- 
ed  processes  (such as c o a s t a l   e r o s i o n )   l e a d   t o   t h e  
reg iona l   degrada t ion  of ice-bear ing  permafrost   to  
depths  of 20 t o  30 m below the  seabed,  thaw set- 
tlement may not  have t o  be considered i n  t h e   e n g i -  
neer ing  design of some p ro jec t s   nea r   t he   s eabed ,  
such as p ipe l ines .  

The i n c o r p o r a t i o n   o f   g e o l o g i c a l   s t u d i e s   i n t o  
geo techn ica l   i nves t iga t ions  w i l l  assist the engi- 
n e e r   t o   d i f f e r e n t i a t e   s u b s e a   p e r m a f r o s t  that  w i l l  
have no impact on offshore  development  and  to rec- 
ognize   the   ex ten t   and   sever i ty  of permafros t   tha t  
w i l l  influence  development  projects.  

REFERENCES 

H i l l ,  P.R., Mudie, P. J., Moran, K.M., and  Blasco, 
S.M., in pres s ,  A sea leve l   curve  for t h e  Ca- 
nadian   Beaufor t   cont inenta l  shelf. 

R.L. , Gagne, R.M., and  Burns, R.A., 1976, The 
occurrence of permefrost  and frozen sub-sea- 
bottom materials in the   Southern  Beaufort  
Sea: Geological  Survey of Canada and Earth 
Physics  Branch,  Department of Energy,  Mines 
and  Resources,  Canada,  Beaufort  Sea  Project, 
Technical  Report  No. 22. 

seismic r e f r a c t i o n   a n a l y s i s  of ice-bonded 
permafrost   layer ing  in   the  Canadian  Beaufort  
Sea,  Proceedings of the Fourth  Canadian 
Permafrost  Conference,  Calgary: Ottawa, Na- 
t ional   Research  Counci l  of  Canada, p. 256- 
267. 

Mackay, J.R., 1972, 'Offshore  permafrost  and  ground 
ice,  Southern  Beaufort Sea: Canadian  Journal 
of   Earth  Science,  V. 9, p. 1550-1561. 

O'Connor, M.J., 1980, Development of a proposed 
model t o   accoun t   fo r  the s u r f i c i a l  geology of 
the  southern  Beaufort  Sea: Geological  Survey 
of  Canada, Open F i l e   Repor t  954. 

acous t ic   permafros t  in the   southern   Beaufor t  
Sea: Geological  Survey o f  Canada, Open F i l e  
Report 953. 

sedimenta t ion  in  the southern  Beaufort   Sea,  
Canada:  Canadian  Society of  Petroleum  Geolo- 
g i s t s ,  Memoir 8, p. 43-53. 

Hunter, J.A. ,  Judge, A.S . ,  MacAulay, H.A., Good, 

MacAuley, H.A., and  Hunter, J.A., 1982, Deta i l ed  

O'Connor, M. J., 1981, D i s t r i b u t i o n  of sha l low 

Willymsen, P . S . ,  and Cote, R . P . ,  1982, T e r t i a r y  



SOVIET  STUDIES OF THE SUBSEA CRYOLITHOZONE 

F.E. Are* 

formerly  of the Permafros t   Ins t i tu te ,   S iber ian   Branch ,  Academy of Sc iences  
Yakutsk, USSR 

The emphasis of s t u d i e s   i n   t h e   S o v i e t  Union 
h a s  been on the p r inc ip l e s   i nvo lved   i n   t he  deve1.- 
opment  of subsea  permafroat. T h i s  information is 
be ing   u sed   t o   e s t ab l i sh  methods f o r   p r e d i c t i n g  
subsea  permafrost   d is t r ibut ion  and  €or   determining 
i t s  s i g n i f i c a n c e   i n   r e l a t i o n   t o   r e s o u r c e   d e v e l o p -  
ment on the Arctic she l f .  The geocryologica l  
s t u d i e s  made on land  a long  the  coast   and on Sovie t  
Arctic i s l a n d s  are based on b o r e h o l e   d r i l l i n g ,  
v e r t i c a l  electrical sounding,  and  geothermal  and 
hydrological   observat ions.  Many boreholes  have 
a l so   been   d r i l l ed   i n   t he   nea r - shore   sha l lows .  
Data on the  subsea  cryolithozone  have  been ob- 
t a i n e d  i n  Sannikov S t r a i t  ( N e w  S i b e r i a n   I s l a n d s ) ,  
i n  Dmitri Laptev   S t ra i t ,   and   in   Van 'k ina  Bay I n  
the   Laptev  Sea. Information  from  the  open  ocean 
i s  obtained  through  geophysical  studies.   Consld- 
erable   emphasis  is being  placed on paleogeographic 
considerations  and  mathematical   modeling of subsea 
permafrost  development. 

p a r t  of t he   Sov ie t   she l f  was con t inua l ly  submerged 
while o t h e r   p a r t s   a l t e r n a t e l y  were submerged  and 
emerged. During  submergence,  unfrozen  sediment 
and  rocks on t h e   s h e l f  became sa tu ra t ed   w i th  sea 
water and  frozen materials degraded.  During  peri- 
ods of  emergence, the sal ine  rocks  and  sediments  
f roze   under   co ld   cont inenta l   condi t ions .   Freez ing  
of t h e   s a l i n e  pore f l u i d s  produced  weakly  mineral- 
i zed  ice an4  brines. A t  temperatures  below -8'C, 
ns l r ab i l i t e  (Na2S04 - 10 H20) p r e c i p i t a t e s   o u t  of 
br ines .  The br ines   can  move d m w a r d   a l o n g   w i t h  
the  advance of the   f reezing  f ront .   Present-day 
ground water on the she l f  is similar i n  composi- 
t i o n   t o  sea water, but i t  i s  s l i g h t l y  more miner- 
a l i zed .  

Dur ing   regress ions ,   syngenet lca l ly   f rozen  
ice-r ich  deposi ts   accumulated on newly exposed 
p a r t s  of the  shelf .   During  t ransgression,   these 
d e p o s i t s  were part ly   eroded i n  t h e   l i t t o r a l  zone 
and,   with  inundat ion,   underwent   fur ther   erosion 
and thaw. 

The mean annual  temperature a t  the seabed  de- 
pends  on  the water depth. In shalluw water, where 
ice f r eezes   t o   t he   bo t tom,  i t  I s  usual ly   nega t ive ;  
i n  water 2 t o  7 m deep i t  may be  negat ive O K  posi-  
t i v e ;  and i n  7 t o  200 m of water i t  is nega t ive  on 

*Not present .  

During the Pleistocene  and  Holocene  periods,  

most p a r t s  of t he   she l f   bu t   h ighe r   t han   t he   f r eez -  
ing temperature  of the bottom  sediments. 

The depth of thaw  below the   seabed  a t  any 
p a r t i c u l a r   p o i n t  on the cont inenta l   she l f   depends  
i n   p a r t  upon the length  of  time the over ly ing  
water column was between 2 and 7 m deep. The time 
requi red  for t h e   s e a   l e v e l   t o   r i s e   t h r o u g h  that  
depth  range  var ied a t  d i f f e r e n t  times dur lng  the 
pos t -g lac ia l   t ransgress ion   and  amounted t o   s e v e r a l  
c e n t u r i e s  in some areas   and   one   to   th ree   mi l len ia  
in others.  During that  time, subsea  permafrost  
degraded   par t ia l ly  or comple t e ly ;   pa r t i cu la r ly  in- 
tensive  thawing  occurred  during  the  Holocene cli- 
matic optimum. Therefore ,   the   top  of frozen mate- 
r i a l  on t h e   s h e l f  msy be a t  a cons ide rab le   dep th  
below the seabed. However, in zones where ice can 
seasona l ly   f r eeze  t o  the bottom  and i n  zones  of 
recent   thermoabrasion,   f rozen material can be 
c l o s e   t o   t h e   s e a b e d .  

of ma te r i a l s  on t h e   s h e l f   d e v e l o p e d   i n   d i f f e r e n t  
ways. The Barents  Sea  shelf  and a major   par t  of 
t h e  b r a  Sea s h e l f  were never  exposed, and conse- 
quen t ly   t he re  IS no frozen  ground.  Part  of the 
b r a  Sea she l f  was exposed  out t o  the p resen t  30-m 
i s o b a t h   f o r  two shor t   pe r iods   du r ing   t he   pos tg l a -  
c ia l  per iod;   wi th in  this  p a r t  of t h e   s h e l f ,   e x c e p t  
f o r  the zone  where ice can   f reeze   to   the   bo t tom.  
t h e   e x i s t e n c e  of relict pe renn ia l ly   f rozen   l aye r s  
i s  poss ib le   bu t   un l ike ly .  The  most f avorab le  con- 
d i t i o n s   f o r   p r e s e r v a t i o n  of f rozen  materials e x i s t  
on the she lves  of the  Laptev  and East S ibe r i an  
Seas, where they may occur  out t o  about t h e  140-111 
isobath.  Permafrost i s  a b s e n t   i n   t h e   s o u t h e a s t e r n  
p a r t  of the  Chukchi  Sea,  due t o  the p o s i t i v e  Water 
temperatures  near  the  bottom. Along t he   Sov ie t  
Arctic coas t ,   f rozen   seabed  materials are wide- 
spread i n  zones where ice s e a s o n a l l y   f r e e z e s   t o  
the  bot tom  and  within 10 t o  30 km (and l o c a l l y  50 
km) of s h o r e l i n e s   t h a t  are r a p i d l y   r e t r e a t i n g  due 
to   thermoabrasion.  

R e s e a r c h   p r i o r i t i e s   i n   f u t u r e   i n v e s t i g a t i o n s  
will be the s tudy  o f  t h e   i n t e r a c t i o n  between sea 
water and  perennial ly   f rozen  ground as con t ro l l ed  
by geocryological,  thermophyslcal,  and  physiochem- 
ical  parameters. An approach   to  this study  would 
be t o   i n v e s t i g a t e  these parameters  along a p r o f i l e  
extending  offshore  from a r a p i d l y   r e t r e a t i n g   t h e r -  
moabrasion  coast. 

In  the   Sov ie t  Arctic, the  temperature  regime 
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Much of  our  knowledge  of  offshore  permafrost 
has been  acquired  from  studies  based  on  geophysi- 
ca l   t echniques .  The d e t e c t i o n  of ice-bearing  per- 
mafrost  by geophys ica l   wan8 i s  of c u r r e n t   i n t e r -  
est and was the sub jec t  of both  formal  and  inform- 
a l  d i scuss ions  a t  the Fourth  Internat ional   Confer-  
ence  on  Permafrost .  

During the 1970s one of t h e  major geophysical 
techniques  used was seismic re f r ac t ion .   Seve ra l  
papers  have  been  published by Canadian  and US 
workers on this technique f o r  mapping ice-bearing 
permafros t   in   the   Beaufor t  Sea. Seismic  veloci-  
t ies in   unconsol ida ted   sed iments   in   excess  of  2400 
m/s were assumed,  on t h e   b a s i s  of labora tory   s tud-  
ies i n   t h e  USA, Canada,  and t h e  USSR, t o  r ep resen t  
ice-bonded  sediment,  and t h i s  v e l o c i t y  was used as 
a t h r e s h o l d   f o r  seismic mpplng  o f  permafrost. 
This material was termed  "acoustic  permafrost" 
(APF). Often, materials with v e l o c i t i e s  less than  
the   t h re sho ld   va lue  were considered  "unfrozen," 
"non-ice-bonded,"  "thawed material," and so fo r th .  
Most workers   real ized that ice-bear ing  mater ia l  
conta in ing  a lower percentage of ice than   t he   t o t -  
a l  pore  volume  might  exist  and, i f  so, would have 
v e l o c i t i e s  less than  2400 m/s .  However, emphasis 
was placed on the  higher   veloci ty   ice-bonded APF, 
because   geophys ic i s t s   t end   t o  be conserva t ive  i n  
their  interpreta . t ions,   and  because i t  was thought 
t ha t  high-velocity materials would  be  of more  con- 
c e r n   i n i t i a l l y   t o   g e o t e c h n i c a l   e n g i n e e r i n g .  Much 
d i scuss ion  of ice  content   and   the   ve loc i ty   cu tof f  
f o r  ice-bonded material took  place a t  the   Thi rd  
In te rna t iona l   Conference  on Permafros t   in  Edmonton 
i n  1978, but a t  tha t   t ime  we had l i t t l e  ground 
t ru th   and  Lacked an   adequa te   t heo re t i ca l  framework 
for  guidance. 

We are now a b l e   t o   e x t e n d   o u r   i n t e r p r e t a t i o n s  
t o  lower   s e i smic   ve loc i t i e s ,  80 t h a t   o v e r  much of 
the Beaufort  Sea we can   subs t i t u t e   "poss ib ly  ice- 
bear ing"   for  the "unfrozen  zones"  noted i n  our 
ear ly   papers .  We now have more ground t r u t h ;  ice- 
bea r ing   ma te r i a l  has been  recovered  from strata 
hav ing   r e l a t ive ly  llm v e l o c i t i e s .  We have a l s o  
been  given a p o s s i b l e   t h e o r e t i c a l  framework f o r  
the i n t e r p r e t a t i o n  o f  v e l o c i t i e s   i n  terms of ice 
content  (King, 1984). 

material that may con ta in  some ice can   be   i l l u s -  
t r a t e d  w i t h  some recent  Geological  Survey of  Cana- 
da  data  from t h e  Canadian s e c t o r  of the Beaufort 
Sea. Our e a r l y   r e f r a c t i o n  seismic work demon- 
s t r a t e d  the presence  of  high-velocity  ice-bonded 
pe rmaf ros t   a t   dep th  below the  seabed. The geome- 
t r y  of t h e  hydrophone  array was such that  the 
near-sea-bottom materials were o f t en   i nadequa te ly  
measured,  and f o r   i n t e r p r e t a t i o n   p u r p o s e s   t h e  up- 

The correlat ion  between low v e l o c i t i e s  and 

aa  

per  "unfrozen"  layer was usua l ly   ass igned  a veloc- 
i t y  of 1600 m/s .  During the las t  tm season8 we 
have  been  measuring v e l o c i t i e s  of  near-sea-bottom 
materials us lng  a wide-angle  12-channel r e f l e c t i o n  
eel a r r ay ,   spec i f i ca l ly   des igned   fo r   eng inee r ing  
surveys ,  i n  con junc t ion   w i th   ve r t i ca l   i nc idence  
r e f l e c t i o n   s u r v e y s   t o   o b t a i n   v e l o c i t y   D a s u r e m e n t s  
from  wide-angle r e f l e c t i o n s   t o  a depth  of 60 m be- 
low t h e  sea bottom. 

Figure 1 i s  a compilat ion  f rom 500 seismic 
records  taken  over  a l a r g e   p a r t  of the  Canadian 
Beaufort  Sea  shelf. It is in the form o f  a two- 
dimensional   his togram  plot t ing  depth below sea 
bot tom  vs   average  veloci ty   f rom  the sea bottom t o  
t h e   r e f l e c t o r .  The contours are i n  frequency of 
occurrence with a con tour   i n t e rva l  of f i v e   o b s e r -  
va t ions .  The d a t a  are presented  i n  t h i s  manner so 
t h a t  a general ized  veloci ty-depth  funct ion  ( the 
dashed   l ine)   can   be   se lec ted   for   conver t ing  two- 
way v e r t i c a l   i n c i d e n c e   t r a v e l  tiroe t o  depth. 

V E L O C I T Y  ( M I S E C )  
1400 I 6 0 0  laoo 2000 2 4 0 0  

I 1 f 1 i 

FIGURE 1 A compilation of depth  vs   average  vel-  
o c i t y  between the  seabed  and a s h a l l o w   r e f l e c t o r ,  
based on 500 records  from a l a r g e  area in t h e  Ca- 
nadian  Beaufort Sea. Contours are frequency  of 
occurrence. 
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FIGURE 2 Theore t i ca l   cu rves   r e l a t ing   conpres -  
s i o n a l  wave v e l o c i t i e s ,   p o r o s i t i e s ,  and f r a c t i o n  
of ice in the pores  of unconsolidated material 
( a f t e r  King, 1984). 

This h i s tog ram  a l so   i nd i r ec t ly   demons t r a t e s  
the   occur rence  of anomalous ly   h igh   ve loc i t ies   a t  
shallow  depths. The extremely low v e l o c i t i e s  a t  
very  shal law  depths  come f r o m   r e f l e c t o r s   a t  the 
base of  a t h i n   l a y e r  of f ine-gra ined  material t h a t  
b l anke t s  the s h e l f   ( u n i t  A of S. Blaaco,  perr. 
comm.). There a r e  a l a r g e  number  of r e f l e c t o r s   a t  
t h e   d e p t h  of 17 m wi th   an   average   ve loc i ty  of 1600 
m/s; t h i s  means t h a t   t h e   i n t e r v a l   v e l o c i t y  between 
t h e  base of u n i t  A and the r e f l e c t o r s  a t  17 m i s  
somewhat h igher   than  1600 m/s. 

A l a r g e  number of r e f l e c t o r s   c a n   a l s o   b e  
found  centered a t  a depth  of 37 m with an  average 
ve loc i ty   o f  1800 m/s t o   t h a t   d e p t h .  The a c t u a l  
i n t e r v a l   v e l o c i t i e s  between t h e   u p p e r   r e f l e c t o r s  
and t h i s   r e f l e c t o r  zone are o f t e n  much h igher :  
2OOO-mIs i n t e r v a l   v e l o c i t i e s  are no t  uncommon. 
This   lower   re f lec tor   g rouping   can   be   cor re la ted  
w i t h   t h e  t o p  of the  upper  discontinuous  ice-bonded 
layer   recognized i n  our   re f rac t ion   surveying;  i t  

is  a l s o   t h e   r e f l e c t o r  from  the  various  forms  of 
APF recognized in our ear l ier  r e f l ec t ion   su rvey-  
ing, Thus, s u r f i c i a l   d e p o s i t s   w i t h   r e l a t i v e l y  
h igh   se i smic   ve loc i t ies   occur   f rom shallow dep ths  
downward t o   t h e   t o p  of the APF. 

r e l a t i v e l y   h i g h - v e l o c i t y  material r ep resen t s  ice- 
bearing  sediments.   Figure 2 i s  a set of t h e o r e t i -  
cal curves  from  King (1984). These c u r v e s   r e l a t e  
compressional wave v e l o c i t i e s ,   p o r o s i t i e s ,  and the 
f r a c t i o n  of ice  in the pores  of unconsolidated ma- 
terials. Notice that fo r   t he   r ange  of p o r o s i t i e s  
given,  the  "non-ice-bearing"  condition i s  less 
than  1650 m / s .  N o t i c e   a l s o   t h a t   t h e   t h r e s h o l d  ve- 
l o c i t y  of 2400 m / s  used in early r e f r a c t i o n   i n t e r -  
p re ta t ions   to   ind ica te   i ce-bonded  mater ia l   can  
be r e l a t e d   t o  2 1  t o  33% i c e - f i l l i n g  of pore  spaces  
and tha t ,  acco rd ing   t o  King (1984), ice-bearing 
materials can   ex is t   be tween   these   ve loc i t ies .  

s ive ly   t es ted ,   bu t   employs   exper imenta l   da ta   to  
show a poss ib l e   l i nea r   co r re l a t ion   be tween   ve loc -  
i t y  and the  remaining  water-f i l led  porosi ty .  This 
is independent of o r i g i n a l   p o r o s i t y  in the   unf ro-  
zen state, f r a c t i o n  of c l a y   p a r t i c l e s ,  o r  tempera- 
t u r e  below O'C. King's work b r ings   u s  a long way 
toward   es tab l i sh ing  a f i r m  framework t o  i n t e r p r e t  
s e i s m i c   v e l o c i t i e s   i n  term of the index  proper- 
ties o f  perenn ia l ly   f rozen  materials. 

marine  or   sea-bot tom  refract ion o r  r e f l e c t i o n ,  or 
by borehole seismlc mthods ,   shou ld   be   an   i n t eg ra l  
p a r t  of f u t u r e  s i te  surveying   in   the   Beaufor t   Sea  
and i n  o t h e r   s h e l f   a r e a s  where  permafrost  condi- 
t i o n s   p r e v a i l .  An i d e a l  s i te survey would  combine 
mult idiscipl inary  geophysical   techniques  with 
e l ec t romagne t i c   and   e l ec t r i ca l   su rveys  and a com- 
p l e t e   s u i t e  of geophysical   logs  on a l l  geotechni- 
cal  boreholes as a complement t o   t h e  seismic data.  

It is obvious from presen ta t ions  a t  this 
Four th   In te rna t iona l   Conference  on Permafrost  t ha t  
g rea t   s t r i des   have   been  made i n  t h e   a p p l i c a t i o n  
and  development of  geophys ica l   t echniques   for   use  
i n  detect ing  and  descr ibing  marine  permafrost   for  
use  i n  geo techn ica l  s i te eva lua t ions .  The burden 
i s  now on t h e   g e o t e c h n i c a l   e n g i n e e r   t o  make e f f e c -  
t i v e   u s e  of  them. 

This raises the   ques t ion   a s   t o   whe the r  t h i s  

King no te s  that t h i s  model should be ex tea-  

The measurement  of seismic ve loc i t i e s   f rom 

REFERENCE 

King, M.S., 1984, The inf luence  of   c lay-s ized  par-  
t ic les  on seismic v e l o c i t y  for Canadian Arc- 
t ic   permafros t :   Canadian   Journa l  of  Earth 
Sc iences ,  v. 21, p. 19-24. 
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The following comments c o n s t i t u t e  a petroleum 
engineer 's   v iew of t h e   s i g n i f i c a n c e  of subsea  per- 
mafrost  in r e l a t i o n   t o  two common hea t   sources  in- 
troduced  during  offshore  petroleum  development:  
production wells and  pipel ines .  

The ques t ion  is often  asked -- "Since  we've 
solved  production well problems on shore,   what ' s  
d i f f e ren t   abou t   o f f shore   pe rmaf ros t ?"  On land a t  
Prudhoe Bay we are in   fac t   p roducing   th rough  per -  
maf ros t   i n  a s a t i s f a c t o r y  manner us ing  well cas- 
ings des igned   to  resist t h e  stresses and s t r a i n s  
that  occur when the  surrounding  permafrost  thaws. 
But t h e r e  are som important  differences  between 
the onshore  and  offshore  permafrost   environments 
and how they  are developed.  Offshore, wells will 
have t o  be   p laced   c loser   toge ther ,   s ince   space  i s  
a t  a  premium on a man-made i s l and .  The r e s u l t i n g  
bundle  of  wellbores will c o n s t i t u t e  a g r e a t e r  heat 
source   than   the  more widely  spaced  wells on an  on- 
s h o r e   d r i l l i n g  pad. Consequently, there w i l l  be 
more thaw of fshore ,   and   the   thaw  f ront  w i l l  move 
fa r ther   ou t   f rom  the  wells. A second  difference 
is tha t   o f fshore   permafros t  i s  warmer, on average, 
than  onshore  permafrost .  In genera l ,  the e n t i r e  
column  of offshore  permafrost  i s  r e l a t i v e l y  warm, 
and i t  can   be   near   the   f reez ing   po in t  of the over- 
ly ing   sea  water. Therefore,  with a given  heat  in- 
p u t   t h e r e  w i l l  be more thaw in the upper   port ion 
of the offshore  permafrost   zone  than  under  other- 
wise comparable  onshore  conditions. A t h i r d   d i f -  
f e r ence  i s  that offshore  permafrost  may have a 
h ighe r   s a l t   con ten t .   The re fo re ,  a smaller f r ac -  
t i o n  of the pore water w i l l  be   f rozen a t  a given 
i n i t i a l   t e m p e r a t u r e .   T h i s  means t h a t  less hea t  is 
r e q u i r e d   t o  melt the pore ice. 

As s t a t e d ,  the thaw bulb  around  the  wel lbores  
will t e n d   t o  be l a r g e r  in the   upper   por t ion  of the 
subsea   permafros t   sec t ion   than   for   typ ica l   onshore  
wells. Therefore ,   surface  subsidence i s  expected 
t o   e x t e n d   f a r t h e r  from  the wells i n t o  areas on an 
island  where  one would l i k e   t o   p l a c e   p r o d u c t i o n  
f a c i l i t i e s .  Another   considerat ion is  the volume 
change  and thaw s t r a i n   t h a t  w i l l  occur   wi th in   the  
thaw  bulb. Some o f  t h e  same f a c t o r s   t h a t   c a u s e  
the  thaw  bulb t o   b e   l a r g e r   o f f s h o r e   c a n   t e n d   t o  
reduce  the t h a w  s t r a i n .  In areas with  high perma- 
f ros t   t empera tu res  and sa l t  con ten t s ,  a smaller 
f r a c t i o n  of the pore water may be   f rozen ,   r e su l t -  
i n g  in smaller volurpe change  and less so i l  defor -  
mation when a given  volume of permafrost  thaws. 
However, i f  re l ic t  permafrost   with fresh pore wa- 
ter  is  presen t ,  thaw s t r a i n  may not  be  reduced. 

In summary, t h e   s p e c i a l   c h a r a c t e r i s t i c s  of 

i u s  and  thaw  subsidence  for  an  offshore  production 
i s land .  

l i n e s ,  in a l i t t l e  more d e t a i l .  I b r i e f l y   d i s -  
c u s s e d   t h i s   s u b j e c t  as a member of the panel  on 
p ipe l ine   cons t ruc t ion .  The r e s u l t  o f  p lac ing  a 
warm p i p e l i n e  in t h e  thawed layer  above  ice-bonded 
subsea  permafrost  is shown in Figure  1. As i nd i -  
ca t ed ,  i t  i s  assumed that the thawed  zone has  sa- 
l i n e   p o r e  water. If the pore water were f r e s h ,  
the zone would be  frozen  because the man  annual  
seabed  temperatures are usua l ly  below O°C i n  t h e  
Beaufort Sea. T h e . r a t e  of salt  migration seem t o  
con t ro l   t he   na tu ra l   deg rada t ion  of o f f shore  ice- 
bonded permafrost   (Swif t  e t  al., 1983). It i s  as- 
sumed, t he re fo re ,  that  s a l i n e  water r e p l a c e s   t h e  
o r i g i n a l  pore water in the   sediments .  

degrada t ion  of  ice-bonded  permafrost i s  a l t e r e d  
when we in t roduce  a warm of fshore   p ipe l ine .  As 
shown in Figure 1, permafrost   degradat ion i s  ac- 
c e l e r a t e d  below the  pipeline.   Permafrost   degrada- 
t i o n   c a n  now occur   without   involving sa l t  migra- 
t ion .  However, the thaw rate w i l l  s t i l l  be  inf lu-  
enced by t h e  rate of sa l t  migra t ion   wi th in   the  
thaw bulb. If sa l t  migra t ion  i s  t oo  slow t o  keep 
up  with  the  advancing melt f r o n t  below the   p ipe-  
l ine ,   then   the   t empera ture  a t  t h e  melt f r o n t  w i l l  
be determined by t h e   s a l i n i t y  of t h e   o r i g i n a l   p o r e  
water. I f   the   permafros t  is  e s s e n t i a l l y   f r e s h ,  
then  the  mel t ing  temperature  w i l l  be   near  O'C. 
I f ,  on the o the r   hand ,   s a l t   m ig ra t ion  i s  f a e t  
enough t o  keep  up  with  the melt f r o n t  below t h e  
p ipe l ine ,   t hen  we will have sea water in con tac t  
wi th  the permafrost,  and the e f f e c t i v e   m e l t i n g  

I w i l l  cove r   t he   nex t   t op ic ,   o f f sho re   p ipe -  

The n a t u r a l   p r o c e s s  of s a l t   m i g r a t i o n  and 

- -5.- 
ICE STRUDEL 

0 SALME PORE WATER 

HEAT AND SALT TRANSFER 

offehore  permafrost   can be de t r imen ta l  in some re- 
spec ts   and   benef ic ia l   in   o thers .   Therefore ,  the FIGURE 1 Thaw associated  with  placement  o f  a warm 
p r o p e r t i e s  of subsea  permafrost   need  to be unde r -   p ipe l ine   i n  the thawed layer  above  ice-bonded  sub- 
s tood  when p red ic t ions  are being made of thaw rad-  sea  permafrost .  

9 0  
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FIGURE 2 Inf luence  of a l lowable  pipe  temperature   on  the  required na- 
t u r a l   d e p t h   t o   t o p  of  ice-bonded  permafrost fo r  d i f f e r e n t  sa l t  t r a n s -  
f e r  rates (from Heuer e t  a l . ,  1983). 
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FIGURE 3 Example o f  the in f luence  of a l lowable  pipe  temperature   on 
r e q u i r e d   i n s u l a t i o n   t h i c k n e s s   f o r   d i f f e r e n t  sa l t  t r a n s f e r  rates, i n  
an  area of g iven   dep th   t o   t he   t op  of ice-bonded  permafrost (from 
Heuer e t  al., 1983). 

temperature will be depressed t o  the   f r eez ing  
poin t  of sea water. 

These two cases  will r e s u l t  in d i f f e r e n t  
rates and e x t e n t s  of permafrost  thaw under t h e  
pipeline  (Heuer e t  a l . ,  1983).  Figures 2 and 3 
demonstrate  the  importance o f  salt migration i n  
permafrost  thaw p red ic t ions   fo r   o f f shore   p ipe -  
l ines .   F igure  2 shows the allowable  pipe  tempera- 
tu re ,   assuming  cer ta in   so i l   p roper t ies   and   p ipe  
d e f o r m a t i o n   c r i t e r i a ,  as  a func t ion  of d e p t h   t o  
the top of t he   pe rmaf ros t   be fo re   p ipe l ine   s t a r tup .  
The two curves were obta ined  by assuming "slow" 
salt t r a n s f e r   i n   o n e   c a s e  and " fa s t "  sa l t  t r a n s f e r  
i n   t h e   o t h e r .  In t h e   c a l c u l a t i o n s ,   t h i s   d i f f e r -  
ence is expressed  simply by the  temperature   speci-  
f i e d  a t  t h e  mlt f r o n t :  O°C and -1.9'C (corre- 
sponding to 35 0100 s a l i n i t y ) ,   r e s p e c t i v e l y .  

Except   for  t h i s  d i f f e rence ,  the c a l c u l a t i o n s  are 
ca r r i ed   ou t  i n  e x a c t l y   t h e  same way f o r   b o t h  cas- 
e s ,  Le .  s imula t ing   on ly   hea t   t r ans fe r  by conduc- 
t ion .  This s i m p l i f i c a t i o n  is permiss ib l e   fo r  t h e  
l imi t ing   ca se  of e i t h e r   v e r y   r a p i d   o r   v e r y  slow 
sa l t   m ig ra t ion .   In t e rmed ia t e  cases a r e  more d i f -  
f i c u l t   t o   c a l c u l a t e ,   s i n c e   b o t h   h e a t   a n d  mass 
t r a n s f e r  have t o  be simulated  numerically.  

l i n e  i s  a t  5OoC and s a l t   t r a n s f e r  is slow r e l a t i v e  
t o   m e l t i n g  of permafrost  below  the  pipe. "he c a l -  
c u l a t i o n s   i n d i c a t e  that  the p i p e l i n e  w i l l  not be 
over -s t ressed  i f  t h e  top of permafrost  i s  i n i t i a l -  
l y  14 m o r  more below t h e  sea f loo r .  I f ,  on t h e  
other   hand,  sa l t  t r a n s f e r  i s  s u f f i c i e n t l y   f a s t   t o  
keep  up w i t h  permafrost   degradat ion below t h e  
p i p e l i n e ,   t h e   r e q u i r e d   i n i t i a l   p e r m a f r o s t   d e p t h  i s  

For  example,  consider a case  where  the  pipe-  



shown t o  be  about 18 m below t h e  sea f loo r .  

than   the   requi red   depth   ind ica ted  by t h i s  diagram, 
t h e   p i p e l i n e  may have t o  b e   i n s u l a t e d   o r   t h e   p i p e  
temperature may have t o  be c o n t r o l l e d   i n   o r d e r  t o  
limit permafrost  thaw. 

for   shal low  permafrost  (9 m belcw the sea f l o o r )  
f o r  a s i t u a t i o n  where a n   i n s u l a t e d   l i n e  may have 
t o  be used. The th i ckness  of i n s u l a t i o n   r e q u i r e d ,  
and  the  allowable  pipeline  temperature,   depend 
again on t h e  assumed r a t e  of sa l t  t ransfer .   For  
example, w i t h  10 cm of i n s u l a t i o n ,   t h e   a l l o w a b l e  
pipe  temperature  is shown t o  be 60'C i n   t h e  case 
of slow s a l t   t r a n s f e r ,   b u t   o n l y  20°C f o r   f a s t  sa l t  
t r a n s f e r .  

It could be argued that the sediments must  be 
of the   type  that  only  allows r e l a t i v e l y  slow s a l t  
t r a n s f e r   i n   t h o s e   s i t u a t i o n s   w h e r e   t h e   t o p  of ice- 
bonded permafrost  i s  found c l o s e   t o  the sea   f l oo r .  
Therefore,  the more optimist ic   r ight-hand curve on 
t h i s  diagram may be app l i cab le  for most s i t u a -  
t i ons .  T h i s  po in t   dese rves   fu r the r   i nves t iga t ion .  

s a l t   t r a n s p o r t  in sea f loor   sed iments  can play a 
s i g n i f i c a n t   r o l e  i n  the  thermal des ign  o f  of f shore  
p ipe l ines .  However, I must a lso  emphasize  that ,  

I n  s i t u a t i o n s  where  permafrost is s h a l l o w r  

Figure 3 shows t h e   r e s u l t s  of c a l c u l a t i o n s  

I n  conclusion, i t  appears  that   mechanism  of 
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My r o l e  on  the  panel  I s  t o   b u f f e r  the state- 
of- the-ar t   sc ience  being  discussed  with more prag- 
matic engineer ing   cons idera t ions .  I p l an   t o   do  
t h i s  by reviewing some of the   imp l i ca t ions  of sub- 
sea permafrost  in the explorat ion  and  product ion 
o f  offshore  resources .  This w l l l  be  based on ex- 
posu re   t o   cu r ren t   s t anda rds  o f  p r a c t i c e  in both 
the Canadian  and  Alaskan s e c t o r s  of the   Beaufort  
Sea. I wlll discuss   severa l   concerns   tha t   have  
had l i t t l e  o r  no coverage a t  the   Four th   In te rna-  
t iona l   Conference  on Permafrost,  and I a l s o  wish 
t o   s u g g e s t  how we can improve our  approach t o  site 
i n v e s t i g a t i o n  and da ta   a s s imi l a t ion .   F ina l ly ,  in- 
s t ead  of d i scuss ing  hcw well we can   dea l   wi th  cer- 
t a i n  problems, I w i l l  h igh l igh t  some d e f i c i e n c i e s  
in our  approach t o   o f f s h o r e   e n g i n e e r i n g  when per- 
mafrost  i s  present.  

SHEAR STRENGTH (Wa) 

0 25 
0 

100 

F i r s t ,  let us   look a t  t h e  SOH10 Arctic Nobile 
S t r u c t u r e  (SAMs) that   has  been  proposed  €or  use i n  
Harr i son  Bay, Alaska (Fig. 1). This self-con- 
t a i n e d   s t r u c t u r e  would  be f loa t ed   In to   p l ace   and  

FIGURE 2 Shear   s t rength of u n f r o z e n   s o i l s ,   S i t e  
A, Harrison  Bay,  from Bea e t  al .  (1983). 

b a l l a s t e d   o n t o   t h e   s e a b e d ,   a n d   t h e n   l a r g e   p i l e s ,  
or spuds,   would  be  driven  into  the bed. The spuds 
w i l l  no t   ca r ry  a v e r t i c a l   l o a d   b u t  are r e q u i r e d   t o  
deve lop   s l id ing   res i s tance   under   an   appl ied  ice 
load. This innovative  design  evolved  from a de- 
sire for a u n i v e r s a l   s t r u c t u r e   a p p l i c a b l e  €or most 
s e a b e d   s o i l s   i n   H a r r i s o n  Bay. 

one o f  t h e  more rroublesome sites i n   H a r r i s o n  Bay. 
S t i f f ,   o v e r c o n s o l i d a t e d   c l a y  or silt i s  presen t  a t  
the seabed,  and  ice-bonded  permafrost i s  p resen t  
a t  a depth o f  about 10 m. "he shear s t r e n g t h  of 
t he   c l ay   dec reases   w i th   dep th ,   and  a d i s t i n c t  zone 
oE s o f t   c l a y  with a shea r   s t r eng th  of only  about 
25 kPa i s  presen t  j u s t  above t h e  ice-bonded perma- 

The s o i l   p r o f i l e  shown in Figure  2 i s  from 

FIGURE 1 Mobi l e   exp lo ra t ion   s t ruc tu re  (SAMs), 
from Gerwick e t  al. (1983). FIGURE 3 S t a b i l i t y   e v a l u a t i o n .  
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f r o s t .  The s i g n i f i c a n c e  of t h i s  s o f t  zone in re- 
l a t i o n   t o   t h e  SAMs i s  shown in Figure 3. An over- 
a l l  s t a b i l i t y   e v a l u a t i o n   f o r  t h i s  s t r u c t u r e  sug- 
g e s t s  that t h e  c r i t i ca l  fa i lure   p lane   could   ex tend  
down t o   t h e   s o f t  zone, w i t h  the obvious  implica- 
t i o n  tha t  much of t h e   s l i d i n g   r e s i s t a n c e  is picked 
up by the po r t ion  of the spuds embedded i n  the 
bonded permfrost .   Fundamental   soi l   parameters  
r e q u i r e d   f o r   a n a l y s i s  of t h i s  s t r u c t u r e   i n c l u d e  
the   shea r   s t r eng th   o f   t he   i ce -bonded   pe rmf ros t  as 
well as i ts  modulus  and  creep  characterist ics.  

The ques t ion  of p i l e   d r i v e a b i l i t y  or resist- 
a n c e   t o   p e n e t r a t i o n   a l s o   s u r f a c e s   f o r  a s t r u c t u r e  
of this  type  and  has nor been  adequately ad- 
dressed. We have  had some success  with f i e l d  
methods f o r   e v a l u a t i n g  the bear ing   capac i ty   o f  
subsea  permafrost  by s t a t i c  cone  penetrat ion tests 
(CPT) using procedures similar t o   t h o s e   d e s c r i b e d  
by Ladanyi (1976). But although the engineer ing  
properties  of  permafrost   can  be  measured in t h e  
labora tory ,   acqui r ing ,   handl ing ,   and   tes t ing  of 
f r o z e n   s a l i n e   s o i l   c a n  be a problem.  The  proper- 
ties of these ma te r i a l s  are v e r y   s e n s i t i v e   t o   v a r -  
i a t i o n s   i n   t e m p e r a t u r e ,  movement, and  drainage of 
s a l i n e  pore water and  deformation that may occur 
during  sampling  and  handling.  Therefore, there i s  
a p lace   fo r   t echn iques  that  can  be  used t o  measure 
material p r o p e r t i e s   i n   s i f u ,   s u c h  as t h e   u s e  of 
the pressuremeter   discussed by Briaud e t  al.  
(1983). 

t i o n s  of thawing  subsea  permafrost as i t  a f f e c t s  
product ion  s t ructures .   Offshore  product ion will 
r e q u i r e   m l t i p l e  wells in c lose   p roximi ty   to   each  
other   (Fig.  4 ) .  I n  some cases, well d e v i a t i o n s   o r  
s l a n t   h o l e   d r i l l i n g   w i t h i n  the permafrost  may be 
requi red   to   deve lop   sha l low  reservoi rs .   Devia ted  
wells will be s u b j e c t e d   t o  complex  casing  loading; 
t o  my knowledge t h i s  problem has not  been as- 
sessed .   Soi l  movements a t  depth,   furthermore,  
w i l l  be r e f l e c t e d  by su r face   s e t t l emen t s .  In some 
cases, i t  may be p o s s i b l e   t o   l o c a t e   f o u n d a t i o n s  
for production wells ou t s ide  the zone of i n f l u -  
ence. However, t h i s  is probably   no t   feas ib le  for 
deep-water   s t ruc tures ,   and   therefore   foundat ion  
des ign  will have t o  take su r face   subs idence   i n to  

I would like t o   a d d r e s s   b r i e f l y   t h e   i m p l i c a -  

TABLE 1 Observed  permafrost   features   unique  to  
o f f s h o r e   l o c a t i o n s  

1. Freshwater ice i n  nonbonded s a l i n e  s i l t  o r  
c l ay   ( c rys t a l s   and   s eg rega ted   l enses )  

2. Al te rna t ing  bonded  sand  and  nonbonded si l t  or  
c lay   ( i den t i ca l   t empera tu res )  

3.  Excess ice in  sand  above a con tac t   w i th  un- 
de r ly ing  nonbonded c lay  

4. Hypersa l ine   cond i t ions   be lw  bonded i n t e r v a l s  
i n   s ands   and   c l ays   ( s a l t   exc lus ion  by f r eez -  
ing? ) 

5.  Signi f icant   d i f fe rences   in   degree   o f   bonding  
w i t h   s u b t l e   t e x t u r a l   c h a n g e   ( s i l t / c l a y )  

TABLE 2 Improvements  needed in arctic o f f shore  
Site i n v e s r i g a t i o n   p r a c t i c e .  

1. Look beyond immediate requirements when plan- 
ning  programs. 

2. Improve wi re l ine   co r ing   t echn iques  in perma- 
f r o s t .  

3. Log geo log ic   de t a i l s .  

4 .  Adopt o n - s i t e   t e s t i n g  o f  f r o z e n   s o i l s  

- Time-domain r e f l ec tomet ry   fo r   un f rozen  wa- 
ter content  - Refrac tometer   for   sa l in i ty   conten t   measure-  
ment s 

5. Expand i n  s i t u   t e s t i n g  methodology 

- Cone p e n e t r a t i o n   t e s t i n g   i n   p e r m a f r o s t  
- Pressu reme te r   t e s t ing  in permafrost  

PRODUCTION 

FIGURE 4 Some concerns  arising  from  thaw  around  production  wellbores. 
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conaidera t ion .  The use  of pad foundations with 
p rov i s ion   fo r   r e - l eve l ing  is not new f o r   n o r r h e r n  
s t r u c t u r e s ,   a l t h o u g h   a p p l i c a t i o n   o f   s u c h   d r a s t i c  
p rocedures   i n   des ign  of large  production  modules 
is not   read i ly   accepted .  A p r e r e q u i s i t e   t o  ra- 
t i o n a l   d e s i g n  will be a proven   capab i l i t y   t o   p re -  
d i c t   s e t t l e m e n t   m a g n i t u d e   a n d   d i e t r i b t i o n ,  to- 
g e t h e r  with 8 knowledge of how the se t t l emen t s  
might  develop  during the l i f e  of the s t r u c t u r e .  

ana lyses   conducted   to   da te   has   been  a geo techn ica l  
knowledge of soil propert ies   throughout  the perma- 
f r o s t  zone. Techno logy   cu r ren t ly   ex i s t s   t o   ob ta in  
cont inuous   cores   to   the   bo t tom o f  permafrost  and 
t o   c h a r a c t e r i z e   f u l l y  the eng inee r ing   p rope r t i e s  
of t h i s  material through  laboratory testing. How- 
e v e r ,   s u r p r i s i n g l y  l i t t l e  has been   r epor t ed   i n   t he  
l i t e r a t u r e  on the p r o p e r t i e s  of deep  subsea perma- 
f r o s t .  

Clear ly ,   subsea  permafroar   presents  a new set 
of engineer ing  chal lenges.  The requirements   for  
ca re fu l   de t e rmina t ion  of  s i te  conditions  cannot  be 
overs t ressed .  Some of   our   observa t ions   resu l t ing  
from  the  past   decade of d a t a   c o l l e c t i o n  in t h e  
Beaufort Sea are shown in Table 1. Routine s i t e  
i n v e s t i g a t i o n   p r a c t i c e  i s  not a d e q u a t e   t o   d e a l  
with these   condi t ions   and  t o  provide  parameters o f  

A key e lemen t   t ha t  has been  missing i n  most 

the type  needed for design. Some of the improve- 
ments that we need t o  see in si te  i n v e s t i g a t i o n  
p r a c t i c e  are l i s t e d   i n   T a b l e  2, in hope  of  stimu- 
l a t i n g   a p p l i e d   r e s e a r c h   d i r e c t e d   t o w a r d  their  un- 
ders tanding .  

ReFERENCES 

Bea, R.G., Nour-Omid, S . ,  and  Coull, T.B., 1983, 
Design  for  dynamic  loadings,   Paper  presented 
a t  Conference on Geotechn ica l   P rac t i ce   i n  
Offshore  Engineering,  Austin,  Texas. 

Briaud, J.L., Smith, T.D., and  Meyer, B.J., 1983, 
Using the pressuremeter  curve t o  des ign  
l a t e r a l l y   l o a d e d   p i l e s :  15th Offshore Tech- 
nology Conference,  Paper OTC 4501, Houston, 
Texas. 

R., and Bea, R . G . ,  1983, Appl ica t ion  of mul- 
t iple  spuds  (dowels)  to  development of s l i d -  
ing   res i s tance   for   g rav i ty-base   p la t forms:  
15th  Offshore  Technology  Conference,  Paper 
OTC 4553,  Houston,  Texas. 

Ladanyi, B., 1976. Use of t h e  s t a t i c  pene t r a t ion  
test in   f rozen  soi ls :   Canadian  Geotechnical  
Jou rna l ,  V. 13, no. 2, p. 95-110. 

Gerwick, B.C., P o t t e r ,  R.E., Matlock, H., Mast, 





Pipelines in Northern Regions 
PANEL MEMBERS 

Oscar J. Fer r i ans ,  Jr. (Chairman)", U.S. Geological  Survey, Menlo Park ,   Cal i forn ia ,  USA 

Amos C. Mathews, Off ice  of the Federa l   Inspec tor ,  Alaska Natura l  Gas Transportation  System,  Anchorage, 
Alaska, USA 

Hans 0. Jahns,  Exxon Production  Research Co., Houston, Texas ,  USA 

Michael C. Metz, GeoTec Services  fnc.,  Golden,  Colorado, USA 

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

INTRODUCTION 

0.J. Fer r i ans ,  Jr. 

Because of the c r i t i ca l  need to   deve lop  new 
sources  o f  o i l  and  gas ,   several   major   pipel ines  
and r e l a t e d   f a c i l i t i e s   h a v e  been  constructed in 
t h e   a r c t i c  and   subarc t ic   reg ions  of the  world  dur- 
ing the last two decades,  and  undoubtedly more 
will be cons t ruc ted  in the fu ture .  These reg ions  
pose spec ia l   eng inee r ing   p rob lem  and   a r e   env i ron -  
m n t a l l y   " s e n s i t i v e .  " Consequently,   they  require 
c a r e f u l   c o n s i d e r a t i o n   t o   e n s u r e   t h e   i n t e g r i t y  of 
p i p e l i n e s   a n d   r e l a t e d   f a c i l i t i e s   a n d   t o   m i n i m i z e  
adverse  environmental  impacts. One of the most 
i m p o r t a n t   f a c t o r s   t o  be considered i s  permafrost. 

Permafrost  is  a widespread  natural  phenomenon 
in northern  regions,   and i t  underlies  approximate- 
l y  20% of  t he   l and   a r ea  of the world. The perma- 
f r o s t   r e g i o n  of Alaska  includes 85% of the state 
(Fe r r i ans  e t  a l . ,  1969), the   permafros t   reg ions  of 
Canada  and t h e  U.S.S.R. cover  about 50% of each 
country,  and the permafrost   region of China  covers 

*The panel  chairman wishes t o  acknowledge the 
a s s i s t a n c e  of Fred Crory, Cold  Regions Research 
and  Engineering  Laboratory. i n  organ iz ing   t he  
panel.   Unfortunately,  Mr. Crory was u n a b l e   t o  
a t t e n d  the conference. 

about 20% of t ha t   coun t ry   ( s ee   F ron t i sp i ece ) .  

ing  problems  generally ate caused by the thawing 
of ice- r ich   permafros t ,   which   resu l t s  in a l o s s  of 
bearing  s t rength  and a change in volume of ice- 
r i c h  soi l .  Under ex t reme  condi t ions   tha t   permi t  
very  rapid  thawing,   ice-r ich,   f ine-grained  soi l  
can   l i que fy   and   l o se   e s sen t i a l ly  a l l  of i t s  
s t rength .  A more common occurrence i s  d i f f e ren -  
t i a l  se t t l emen t  of t h e  ground  surface. 

p i p e l i n e s  as a means of mit igat ing  the  problems 
caused by the thawing of permafrost  pose a d i f f e r -  
ent   problenr-namely  f rost   heaving,  due t o   t h e  
f r eez ing  of pore water i n   e o i l s   s u r r o u n d i n g  the 
pipe  and t o  the f r eez ing  of a d d i t i o n a l  water a t -  
t r a c t e d   t o  the f r e e z i n g   f r o n t .  

There are numerous top ics   tha t   could   have  
been   t r ea t ed  in a d i scuss ion  of p i p e l i n e s   i n  
no r the rn   r eg ions ;   however ,   fo r   t h i s   r epor t  the  
following important  and  timely  subjects  have  been 
se l ec t ed :  

Zhe most ser ious   permafros t - re la ted   engineer -  

P roposa l s   t o  c h i l l  t h e   n a t u r a l   g a s  in bur ied  

P ipe l ines  i n  t he   no r the rn  U.S.S.R. 
Hot o i l  and   ch i l l ed   gas   p ipe l ine   i n t e rac -  

P i p e l i n e  therm1 cons ide ra t ions  - Pipe l ine  workpads i n  Alaska - Performance of t he   t r ans -Alaska   o i l   p ipe -  

t i o n  with permafrost  

l i n e  
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0.J. Fer r i ans ,  Jr.* 

U. S. Geological  Survey 
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The f a c t u a l  material i n   t h e   f o l l o w i n g  de- 
s c r i p t i o n  of p i p e l i n e s  i n  the   no r the rn  U.S.S.R. 
was obtained  pr imari ly   f rom  Ivantsov e t  al. 
(1983). 

huge o i l  and gas d e p o s i t s ,   e s p e c i a l l y   i n   w e s t e r n  
S ibe r i a .  The development of these   resources  re- 
qu i r e s   t he   cons t ruc t ion  of p i p e l i n e s ,  pump and 
compressor   s ta t ions,   roads,   ra i l roads,   temporary 
and   permanent   se t t lements ,   and   o ther   fac i l i t i es .  
Pe rmaf ros t   ex i s t s  i n  t h e  oil and gas f i e l d s ,   a l o n g  

*This summary was p r e p a r e d   i n  the absence of 0.M. 
IvantsQM. M i n i s t r y   f o r   C o n s t r u c t i o n   f o r  O i l  and 

The no r the rn   r eg ions  o f  t h e  U.S.S.R. con ta in  

the   p ipe l ine ,   and   a long   o the r   t r anspor t a t ion   co r -  
r i d o r s  of western  Siber ia   and i n  o the r   no r the rn  
reg ions  of t h e  U.S.S.R. Consequent ly ,   solut ions 
t o  a v a r i e t y  of complex  permafrost-related  scien- 
t i f i c  and   engineer ing   problem  a re   necessary  t o  
accompl ish   th i s   deve lopment   e f for t   successfu l ly  
w i t h  a minimum o f  adverse  environmental  impacts. 

Western  Siberia  between the Ural Mountains 
and the Yenisey  River i s  an  extensive,   poorly 
drained  lowland. It is under l a in   fo r  the most 
p a r t  by f ine  sand, s i l t ,  and  clay. Sand depos i t s  
are r e s t r i c t e d   t o   t h e   f l o o d   p l a i n s  of medium-size 
and  large  r ivers .   Bedrock  and  grave1  deposi ts  are 
absent  throunhout most o f  the   region.   Since  these 

Gas i n d u s t r i e s ,  Mkccw. mate r i a l s  are generally  needed f i r  roads, work 

FIGURE 1 Index map showing t h e   l o c a t i o n  of impor tan t   p ipe l ines  in nor the rn  USSR: ( A )  the  small-diameter 
gas   pipel ine  serving  Yakutsk,  (B) the  small-diameter gas p ipe l ine   s e rv ing   Nor i l sk ,  (C)  the large-diameter 
main l ine  gas p i p e l i n e s   o r i g i n a t i n g   i n   t h e   v i c i n i t y  of Urengoy,  and (D) t he   l a rge -d iame te r   o i l   p ipe l ine  
o r i g i n a t i n g  near Ust-Balyk. The southern  boundary of t h e   p e m f r o s t   r e g i o n  i s  shown by the   hachured   l ine .  
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pads,  bedding  and  padding o f  t h e   p i p e ,   r i p r a p ,   a n d  
concre te   aggrega te ,   cons t ruc t ion  i s  d i f f i c u l t  and 
expens  ive. 

Perennial ly   f rozen  ground,   or   permafrost ,  is  
widespread in   t he   no r the rnmos t   coas t a l   l owlands ,  
tundra,   and  forest   tundra  zones of western  Siber-  
i a .   I n  these a r e a s ,   t h e   t h i c k n e s s  of t h e   p e r m -  
f r o s t   r a n g e s  from 500 m i n  t h e   n o r t h   t o  50 m in 
the  south.   Permafrost  i s  discont inuous   south  of 
t h e  Arctic Circle, and it occurs   on ly   in   pea t  bogs 
south  of t h e   6 3 r d   p a r a l l e l .  The temperature of 
the   permafros t  in t hese  more sou the r ly  areas gen- 
e ra l ly   ranges   f rom O°C t o  -1'C o r  - 2 O C  and,  conse- 
quent ly ,  it is v e r y   s e n s i t i v e   t o   d i s t u r b a n c e s .  If 
the  thermal  regime a t  t h e  ground  surface is  al-  
tered.   thawing  quickly takes place. 

can  cause  thawing of permafrost ,  thaw se t t l emen t ,  
and  thermal  erosion. These d e t r i m e n t a l   e f f e c t s  
generally  result   from  removal of t h e   v e g e t a t i o n  
cover,  placelaent of b a c k f i l l s  o r  t h i n  workpads, 
modi f ica t ion  of surface  and  subsurface  drainage,  
or changing  the  albedo due to   t he   accumula t ion  of 
dust.   During  construction, many of t h e s e   m n -  
induced  changes  can  be  severe;  but  they  can  be 
con t ro l l ed  by proper  design,  scheduling,  and time- 
ly  maintenance,   including  revegetat ion  compat ible  
wi th   t he  new environment. It i s  n e c e s s a r y   t o  be 
able t o   p r e d i c t   t h e   p o t e n t i a l   e n v i r o n m e n t a l  chang- 
es ,   s ince   they   can   d i rec t ly   in f luence  the success- 
f u l   o p e r a t i o n  of a pipeline  system. "he measures 
taken   to   p ro tec t   the   envi ronment  are equal ly  ap- 
p l i c a b l e   t o   s a f e g u a r d i n g   t h e   i n t e g r i t y   a n d  relia- 
b i l i t y  of the   p ipe l ine   sys tem.   Therefore ,   the  
bes t   engineer ing   so lu t ions   and   the   bes t   measures  
t o   p r o t e c t  the environment  and  the  pipeline are 
c lose ly   i n t e r r e l a t ed   and   i n t e rdependen t .   Obv iws-  
l y ,   t h e   t h e r m a l   e f f e c t s  of warm oil or gas   o r  of 
c h i l l e d   g a s  mst be c o n s i d e r e d   i n   o r d e r   t o   d e s i g n ,  
cons t ruc t ,   and   main ta in   p ipe l ines   p roper ly  i n  
northern  regions.  

Far North was the  529aun-diameter, 600-km-long na- 
tu ra l   gas   p ipe l ine   se rv ing   Yakutsk   (P ig .  1). This 
p i p e l i n e ,  which inc ludes  250 km of  aboveground 

P i p e l i n e   c o n s t r u c t i o n   i n   p e r m a f r o s t   r e g i o n s  

The f i r s t  major p i p e l i n e   c o n s t r u c t e d   i n   t h e  

l ine ,   has   been   opera t ing   successfu l ly   for  more 
than  15 years.  A system of gas   p ipe l ines   s e rv ing  
the c i t y  of Nor i l sk  was cons t ruc ted   en t i re ly   above  
ground  except   for   r iver   c ross ings .  One l i n e  is 
more than  600 km long  and 720 mm i n  diameter,  an- 
o t h e r  is  300 Irm long  but   has  a smaller d i a m t e r .  
Cons t ruc t ion  of these p i p e l i n e s   s t a r t e d   i n  1968, 
and  the f i rs t  l i n e  w a s  completed i n  1969. These 
e a r l y  gas p i p e l i n e s  in permafrost  areas were b u i l t  
largely  above  ground t o   e l i m i n a t e   t h e   p o s s i b i l i t y  
of adverse  impacts  on permafrost. As more exper i -  
ence  is gained i n   p i p e l i n e   c o n s t r u c t i o n   i n   n o r t h -  
e r n  areas, underground  placement  has  gained  favor. 

were c o n s t r u c t e d   i n  the 1970s. These  pipel ines  
h a  e a d i a w t e r  of 1420 mm and  pressure of 75 kg/ 
cm . The f i r s t   g i a n t   p i p e l i n e ,  with a l eng th  of 
3000 km, o r i g i n a t e d   i n  the n o r t h e r n   p a r t  of the 
Tyumen reg ion   near   the  Medvezhye g a s   f i e l d .  Dur- 
ing 1981-1985, a mul t i l ine   sys tem of f i v e   p a r a l l e l  
p i p e l i n e s  w i l l  be cons t ruc ted ,  each wi th  a diame- 
ter of 1420 mm. Three of these l i n e s ,  the Uren- 
goy-Gryazovec-Moscow, Urengoy-Petrovsk,  and  Uren- 
goy-Novopskov, have  a l ready  been  constructed.  
During t h i s   p e r i o d ,  the Urengoy-Pomary-Uzhgorod 
gas   p ipe l ine  for expor t ing   gas   a l so  will be  put 
into operation. The l eng th  of t h i s  p i p e l i n e  is  
4500 km. O i l  p ipe l ines   f rom  the   nor thern   reg ions  
a l s o  are under   construct ion.  One of the l a r g e s t  
o i l   p i p e l i n e   s y s t e m  i s  t h e  main p i p e l i n e  U s t -  
Balyk-Kurgan-Ufa-Almetyevsk, having a diameter of 
1220 mm and a l eng th  of more t h a n  1800 km. 

The cons t ruc t ion  of p i p e l i n e s  is  most  advan- 
tageously  done in wfnter,  when damage t o  the 
ground  sur face   can   be   he ld   to  a minimum and the 
frozen  ground  ensures that  heavy  equipment  can 
w v e   a b o u t   e a s i l y  on the   t undra   and   i n  swampy 
areas. Underwater  crossings are b u i l t   i n  the win- 
ter u s i n g   t h e  ice cover as a platform. To reduce 
the  impact of gas   p ipe l ines  on permafrost ,  a meth- 
od o f  coo l ing  the g a s   t o  a temperature  of -2 t o  
-3-C has   been   deve loped ,   and   cool ing   fac i l i t i es  
are cur ren t ly   be ing   cons t ruc ted  at  t h e  Urengoy gas  
f i e l d s .  

Large  t ranscont inental   gas   pipel ine  systems 
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The compl ica t ions   a r i s ing  from t h e   i n t e r a c -  
t i o n  of p ipe l ines   and   permafros t   genera l ly   can   be  
ca tegor ized  as: (1) s u r f a c e   d e t e r i o r a t i o n ,  ( 2 )  
eros ion ,  ( 3 )  dra inage   i n t e r rup t ion ,  (4) thaw set- 
t lement,  ( 5 )  f ros t   heave ,   and  (6) effects assoc i -  
a t e d   d i r e c t l y  with the c o n s t r u c t i o n   e f f o r t .  In  
dea l ing  wi th  these   compl ica t ions ,   there  i s  no 
clear-cut   dis t inct ion  between  cause  and effect-- 
drainage  interrupt ion  can  cause  aufeis .   which  can 
c a u s e   s u r f a c e   d e t e r i o r a t i o n ,  which causes   drainage 
i n t e r r u p t i o n ,  etc. It i s  t h i s   c i r c u l a r ,   e x a c e r -  
ba t ing   cha in  of events  that can  cause  such  chaos 
i f  p e r m f r o s t   p r o b l e m   a r e   n o t   a n t i c i p a t e d  and  de- 
s i g n e d   f o r ,   o r  I f  m i t i g a t i v e   u e a s u r e s   a r e  not tak- 
en  immediately when  a problem is i d e n t i f i e d .  Thaw 
se t t l emen t   occu r s   t o  a s t r u c t u r e  when heat i s  in -  
t roduced  causing  ice-r ich  soi ls   under  i t s  founda- 
t i o n   t o  thaw. Frost  heave is a complementary 
problem t h a t   o c c u r s  when subfreez ing   co ld  i s  in -  
t roduced   in to   non-f rozen ,   f ros t - suscept ib le   so i l .  
Moi s tu re ,   a t t r ac t ed  t o  the co ld ,   pe rco la t e s  
through the s o i l  and  f reezes  a t  the   co ld   f ron t  in 
q u a n t i t i e s   e x c e s s  t o  the   pore   capac i ty   o f   the  
s o i l .  Over a per iod  o f  t ime, a l a r g e   f r o s t   b u l b  
can  bui ld   up,   causing  heaving  in  a s t ruc tu re   above  
it. F ina l ly ,  there a r e  a number  of complications 
a r i s i n g   d i r e c t l y  f rom  construct ion,   such as exca- 
va t ion ,  the dormant  period (when the p ipe  i s  com- 
p l e t ed  and  buried  but   not   yet   carrying  product) ,  
t h e   g r a v e l  work pads  used in   summr,   snowjice  pads 
used i n   w i n t e r ,  and  the  massive  requirenvents  for 
grave l   to   amel iora te   permafros t   compl ica t ions .  

For  reasons o f  both   secur i ty   and  economy, 
p i p e l i n e s   g e n e r a l l y   a r e   b e s t   k e p t  below  ground. 
The re fo re ,   t he   t r ans -Alaska   o i l   p ipe l ine  was bur- 
ied   wherever   poss ib le ,   in   unf rozen   so i l   and  in 

thaw-stable  permafrost. In a r e a s  of thaw-unstable 
s o i l s ,   r e f r i g e r a t e d   p i l e s  were u s e d   t o   e l e v a t e   t h e  
l i n e  and to   p rec lude   s e t t l emen t  of t h e   p i l e s  due 
to  permafrost   thawing. A t  those  few l o c a t i o n s  
where it  was n e c e s s a r y   t o   b u r y   t h e   l i n e  in thaw- 
stable s o i l ,   t h e   t r e n c h  was r e f r ige ra t ed   and /o r  
t h e   l i n e  was h e a v i l y   i n s u l a t e d   t o   p r o v i d e   s t a b i l i -  
t y .   Re f r ige ra t ed   p i l e s  were used t o   e l e v a t e  the 
l i ne   i n   h igh   t empera tu re   pe rmaf ros t   t o   p rec lude  
thaw se t t l emen t  of the p i l e s  due to   permafros t  
thawing  caused by the   cons t ruc t ion   d i s tu rbance .  
F i n a l l y ,  a l l  p i l e s  had t o  be  designed  against  an- 
nua l   f ros t   j ack ing .   Des igners  of the  proposed 
Alaska Highway n a t u r a l  gas p i p e l i n e   p l a n   t o   b u r y  
the   l i ne   eve rywhere ,   w i th  the except ion  of a few 
stream crossings.  Because  the gas is c h i l l e d ,  
t h i s   s h o u l d  work well i n  permafrost   areas ,   provid-  
ed  that  thawing  problems  do  not arise dur ing   t he  
dormant   per iod   pr ior   to   s ta r tup .  But i n  thawed 
f r o s t - s u s c e p t i b l e   s o i l s ,   t h e   d e s i g n e r s   f a c e  a 
frost-heave  problem whose magnitude i s  j u s t  now 
beginning t o  be   fu l ly   unders tood .  They p l a n   t o  
s o l v e   t h i s  problem by i d e n t i f y i n g   t h e  areas that 
conta in  these f ros t - suscep t ib l e   so i l s   and   t hen  em- 
p loy ing   su i t ab le   mi t iga t ive   measu res   i n   cons t ruc -  
tion.  Underground  stream  crossings are a p t   t o  be 
a problem  because  the  cold  pipe  could  cause slow- 
moving groundwater t o   f r e e z e   a n d ,   i n   t u r n ,   a f f e c t  
s u r f a c e   d r a i n a g e ;   f a s t e r   f l o w   r a t e s  seem t o   d i s s i -  
pa t e  the effects of  cold  pipes. In  any event ,  the 
p ipe   cou ld   be   i n su la t ed   t o   r educe  the c o l d   s i n k   t o  
a l e v e l  tha t  w i l l  n o t   c a u s e   s i g n i f i c a n t   f r o s t  
growth  or,  as a last r e s o r t ,  the pipe  could be e l -  
evated  over small streams where the e f f e c t s   a r e   i n  
question. 
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The thermal   aspects  of p i p e l i n e s   i n  perma- 
f r o s t   t e r r a i n  are of paramount  importance. In 
f a c t ,  i t  i s  d i f f i c u l t   t o   t a l k   a b o u t  arct ic  pipe- 
l ines   wi thout   ment ioning   thermal   in te rac t ions  w i t h  
the   su r round ing   so i l   o r ,   spec i f i ca l ly ,   t he   conse -  
quences of a phase  change in the s o i l ' s   m o i s t u r e  
conten t .  In e s s e n c e ,   t h i s  i s  what makes arct ic  
p ipe l ines   d i f fe ren t   f rom  convent iona l   p ipe l ines .  

F igure  1 shows fou r   s chemat i c   c ros s   s ec t ions  
of a bu r i ed   p ipe l ine   w i th   d i f f e ren t   t he rma l  re- 
gims. A warm p ipe l ine   i n   pe rmaf ros t  i s  shown in 
Figure  la,  a warm p i p e l i n e   i n  thawed s o i l  in Fig- 
u r e   l b ,  a co ld   p ipe l ine  in permafrost  i n  Figure 
IC,  and a co ld   p ipe l ine  in thawed s o i l   i n   F i g u r e  
Id. It a l s o   i l l u s t r a t e s   t h e  two b a s i c  mechanisms 
that  g ive  rise to   engineer ing   concerns :  thaw set- 
t lement   (F ig .   l a )   and   f ros t   heave   (F ig .   Id) .  The 
warm pipe I n  permafrost w i l l  cause a thaw b u l b   t o  
grow around it. I f   t h e   s o i l  is i c e - r i c h   t h e r e  
would be subsidence,  as ind ica t ed  by t h e   s a g   i n  
t h e   s o i l   l a y e r s  in Figure   l a .   I f  the r e s u l t i n g  
se t t lement   over -s t resses   the   p ipe ,   mi t iga t ive  mea- 
s u r e s  will be  cal led  for .   Figure Id ,  a mir ror  im- 
age of F igure  la,  shows a freeze  bulb  growing 
around  the  cold  pipe in thawed s o i l .   I f   t h e  soil.  
is  f ros t - suscep t ib l e ,  i t  may heave,  deforming the 
pipe.   I f  t he  heaving is  s u f f i c i e n t   t o   o v e r s t r e s s  
the  pipe,   mit igat ive  measures   would be  needed. 
The  two remaining cases (Figs.  l b  and  IC) are tri- 
vial--not much happens  with a cold  pipe in f rozen  
ground or with  a warm pipe  in thawed s o i l ,   e x c e p t  
f o r  some th inning  of the ac t ive   l aye r   above   t he  
pipe. However, t h e r e  are some complications a t  
permafrost  boundaries. 

a. b. 

WARM 
PIPE 

COLD 
PIPE 

FIGURE 

C. d. 

For both  the thaw se t t l emen t   (F ig .   l a )  and 
f r o s t  heave  (Fig.  Id) cases, the   a l lowab le  thaw o r  
f reeze   bu lb   s ize   depends  on the mechanical   in ter-  
act ion  between  the  pipel ine  and  the soi l .  Two de- 
s ign  approaches are p o s s i b l e .   F i r s t ,   t h e   d e s i g n  
could be based  primarily on thermal considera- 
t ions,   and  pipe  deformation would be  avoided by 
minimizing the s i z e  of the thaw or freeze  bulb.  
Alternat ively,   p ipe  deformation  could  be  a l lowed 
up t o  some ope ra t iona l  limit. This second  ap- 
proach would have a less s t r ingen t   t he rma l   des ign ,  
but more  would  have t o  be known about  the  mechani- 
cal  behavior of p ipes   and   so i l s .  

The first  method  of thermal   cont ro l   tha t  
comes t o  mind i s  t o   i n s u l a t e   t h e   p i p e l i n e .  The 
effect  can  be  dramatic. In f a c t ,   w i t h  good lnsu l -  
a t i o n ,   s u c h  as 10 t o  15 cm of "jacketed" ure thane ,  
i t  is  poss ib l e  i n  many cases to   p reven t   t he  forma- 
t i o n  of a thaw o r   f r e e z e   b u l b ,   o r   t o  limit i t s  
s i z e   t o   o n l y  a  few decimeters below t h e   p i p e ,  as 
shown i n  Figure 2. Design of t h e   i n s u l a t i o n   s y s -  
tem must cons ider  the long-term e f f e c t s  of  mois- 
tu re   absorp t ion .  If necessary ,  t he  n a t u r a l   s o i l  
beloru the pipe  could  be  excavated  half  a meter or  
so and  replaced  with select mater ia l   such  as grav- 
e l  t h a t  would undergo l i t t l e  thaw s t r a i n   o r   f r o s t  
heave. The term "overexcavation" i s  used  for  t h i s  
cons t ruc t ion  mode. 

There is  a serious  problem,  however,   with  the 
cons t ruc t ion  mode shown in Figure 2a. This  thaw 
bulb  w i l l  grow s l i g h t l y  in s i z e   d u r i n g   t h e  summer 
and will link up  wi th   the   ac t ive   l ayer   above   the  
p ipe l ine .  During t h e   w i n t e r ,   t h e   a c t i v e   l a y e r  
f reezes   and:   the  thaw  bulb becomes i s o l a t e d .  As 
f reez ing   cont inues ,  the pipe may be   sub jec t ed   t o  
f r o s t   j a c k i n g  due t o  pore water expansion,  inde- 
pendent of whether or not  the s o i l  in t h e  thaw 
bulb is f ros t - suscep t ib l e .  This may be an  unac- 
cep tab le  risk. 

The bur i ed   i n su la t ed   p ipe l ine  mode has   anoth-  
er l i m i t a t i o n :  when the s o i l   t e m p e r a t u r e  i s  near 
t h e   f r e e z i n g   p o i n t ,   i n s u l a t i o n   a l o n e  i s  n o t   s u f f i -  
c i e n t  to s top   the   g rowth  of a thaw o r   f r eeze   bu lb ;  

a. b. 

1 Schematic   cross   sect ions of a bur ied  
p i p e l i n e  wi th  d i f fe ren t   thermal   reg imes :  (a) warm 
p i p e l i n e  in permafrost ,   (b) warm p i p e l i n e   i n  FIGURE 2 Schematic   cross   sect ions  showing  the 
thawed s o i l ,  ( c )  co ld   p ipe l ine  in permafros t ,   and   e f fec ts  of i n s u l a t i o n  on (a) a warm p ipe  in co ld  
(d)  co ld   p ipe l ine  i n  thawed soil .  Thaw subsidence  permafrost   and (b) a cold   p ipe  In warm thawed 
i s  shown in (a)   and  f rost   heave in (d ) .   so i l .  
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a. b. 
/6RAVEL PAD ,611AVEL PAD EXTEHDED 

FIGURE 3 Scheara t ic   c ross   sec t ions   showing  the  
e f f ec t s   o f   su r f ace   d i s tu rbance   (g rave l   pad )  on (a) 
a warm p i p e   b u r i e d   i n  warm pennafrost   and  (b)  a 
cold   p ipe   bur ied  in cold  thawed  soi l .  Both p ipes  
are insu la ted .  

it will only  slow it down. But during the 20- t o  
30-year lifetime of t h e   p i p e l i n e ,  it w i l l  grow 
deeper   than   any   prac t ica l  amount of  overexcava- 
t ion.   That  is why Figure  2a i s  labe led   "co ld  
permafrost"  and  Figure 2b is l abe led  ".warm thawed 
so i l . "  As a rule of  thumb, we may assume that  
these d i a g r a m  refer t o  permafrost  a t  tempera tures  
co lder   than  -6'C and  thawed s o i l  warmer than  t3OC. 
'Ihe i n t e rven ing   t empera tu re   r eg iE   f rom -6 t o  +3'C 
i s  the one t h a t  i s  most d i f f i c u l t   t o   d e s i g n  for, 
for two reasons: (1) the f a c t   t h a t   p i p e l i n e  in- 
s u l a t i o n  i s  not   suf f ic ien t   to   p revent   long- te rm 
growth of  a f r eeze   bu lb   o r  a thaw  bulb, as a l r eady  
discussed,   and ( 2 )  the c o n s t r u c t i o n   s u r f a c e   d i s -  
turbance  and i t s  e f f e c t  on the   thermal   regime in 
the so i l .  

The su r face   d i s tu rbance   causes  warming both  
I n  permafrost  and i n  thawed so i l .   Therefore ,  the 
two cases shown i n  Figure 3 a r e  no longer  symme- 
trical. I n  warm permafrost   (Fig.   3a),  the g rave l  
pad   used   for   cons t ruc t ion   and   p ipe l ine   main tenance  
causes  long-term  permafrost  degradation,  perhaps 6 
t o  9 m deep  during t h e  l i f e  of t h e   p i p e l i n e .  If 
t h e   s o i l  is  i ce- r ich ,  th is  p i p e l i n e  mode may no t  
be   acceptab le .   In   the  case of the trans-Alaska 
o i l   p i p e l i n e ,   t h e  answer was t o   e l e v a t e .  

The s u r f a c e   e f f e c t  i s  v e r y   d i f f e r e n t   f o r  the 
c o l d   p i p e l i n e   i n  thawed s o i l   ( F i g .  3b). In f a c t ,  
t h e   s u r f a c e   d i s t u r b a n c e  i s  b e n e f i c i a l   i n   t h a t  i t  
t e n d s   t o   c o u n t e r a c t   t h e   e f f e c t  of the   co ld   p ipe-  
l i ne   ( J ahns  e t  a l . ,  1983). 'Ihe dis turbance  can  be 
enhanced by ex tend ing   t he   g rave l  pad on bo th   s ides  
of t h e   p i p e l i n e   t r e n c h .   C a l c u l a t i o n s   i n d i c a t e  
t h a t  this p i p e l i n e  mode should be app l i cab le  in 
e s s e n t i a l l y  a l l  s i t u a t i o n s  where the s o i l  i s  al -  
ready  thawed  and i s  covered with na tura l   vege ta-  
t i o n .   I n   c o n t r a s t   t o   s t a n d a r d   p r a c t i c e ,  th is  de- 
s i g n   d o e s   n o t   c a l l   f o r   r e v e g e t a t i o n .  On t h e  con- 
t r a r y ,  uY3asurea may have t o  b e   t a k e n   t o   l i m i t  re- 
vegeta t ion .  

The e l e v a t e d   p i p e l i n e  mode shown i n  Figure 4 
works  equally well fo r   bo th   co ld  and warm pipe- 
l i n e s .  However, a d i s t i n c t i o n   n e e d s   t o   b e  made 
between  cold  permafrost ,   which  remains  stable  in 
s p i t e  of t he   su r f ace   d i s tu rbance ,   and  warm perma- 
f r o s t ,  which  degrades  under  the  gravel pad. De- 
s ign ing   an   e l eva ted   p ipe l ine   fo r   co ld   pe rmaf ros t  
is s t r a igh t fo rward ,  as shown i n   F i g u r e  ha. Al- 
though the a c t i v e   l a y e r   d e p t h   i n c r e a s e s ,   t h e   p i l e  
suppor ts  are f rozen   i n   and   r ema in   i n   f rozen  so i l  
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FIGURE 4 Schemat ic   c ross   sec t ions   showing  the  
t h e r m a l   e f f e c t s  of an   e l eva ted   p ipe l ine   and  a 
grave l  workpad on (a) cold  permafrost   and  (b) warm 
permafrost. 

CROSS SECTION SIDE VIEW 

FIGURE 5 Schematic   cross   sect ion  and  s ide  view of 
an   e leva ted   p ipe l ine   wi th   hea t   p ipes   (mi t iga t ive  
p i p e l i n e  mode) on warm permafrost. 

during the l i f e  of  t he   p ipe l ine .  I n  warm perma- 
Eros t ,  shown i n  F i g u r e   4 b ,   t h e   s i t u a t i o n  i s  d i f -  
f e ren t :  The permafrost   degrades  under   the  gravel  
pad  and may subside  and  cause downdrag fo rces  on 
the   p ipe l ine   suppor t s .  The p i l e s   h a v e   t o   b e  de- 
s i g n e d   t o   w i t h s t a n d  these f o r c e s   i n   a d d i t i o n   t o  
the  weight  of t he   p ipe l ine .  This may r equ i r e   ve ry  
long   p i l e s   and   h igh   i n s t a l l a t ion   coa t .   I n  some 
cases, t h e   r e q u i r e d   p i l e   l e n g t h s  may become im- 
p r a c t i c a l .  The thermal VSM d e s i g n   f o r   t h e   t r a n s -  
Alaska o i l   p i p e l i n e  was developed as a s o l u t i o n   t o  
t h i s  problem. A p a i r  of hea t   p ipes   ins ide   each  
p i l e  removes hea t   f rom  the   sur rounding   so i l   dur ing  
the   win ter   to   p revent   thawing  in t h e   v i c i n i t y  of 
the p i l e s ,   o u t   t o  a d i s t ance  of about 3 m. Figure 
5 shows t h e   c o n f i g u r a t i o n  as i t  may look 20-30 
y e a r s   a f t e r   t h e   i n s t a l l a t i o n :   t h e   p i l e   s u p p o r t s  
are surrounded by p i l l a r s  o f   f rozen   so i l ,  while 
the s o i l  under the g rave l  pad  and  between suppor t s  
has thawed t o   d e p t h s  of 6 t o  9 m. 

Under c e r t a i n   c o n d i t i o n s ,  heat p ipes  may a l s o  
be   u se fu l   €o r  a bur ied ,   co ld   gas   p ipe l ine .  This 
m y   a r i s e  a t  t r a n s i t i o n s  where t h e   p i p e l i n e   p a s s e s  
from  frozen,  thaw-unstable  ground  into  thawed, 
f ros t - suscep t ib l e  soil. Many such  boundaries  ex- 
is t  i n   n a t u r e  and  they are not a lways   c lear ly  de- 
f ined.   Therefore ,   insulated  pipe may have t o  be 
extended some d i s t a n c e   i n t o   f r o z e n  ground.  Figure 
6 shows  two s i t u a t i o n s   t h a t  may arise. Figure  6a 
shows the insu la ted   co ld   p ipe l ine   where  i t  has 
been  extended  into  the  f rozen  ground  near   the  per-  
mafrost   boundary.  Since  the  cold  pipe is i n s u l a t -  
ed ,  i t  is n o t   e f f e c t i v e  in prevent ing  permafrost  
degrada t ion   under   the   g rave l  pad. The long-term 
r e s u l t  i s  similar t o   t h a t   f o r   i n s u l a t e d ,  warm pipe  
shown in Figure  3a.  Perhaps only a small f rozen  
zone will remain below t h e   p i p e ,   n o t   s u f f i c i e n t   t o  
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a. b. time. Later on, once  the  near-surface  permafrost  
l a y e r  has thawed, t h e  newly  formed freeze  bulb  and 
and r e l i c   p e r m a f r o s t  below t h e   p i p e l i n e  would  be- 
g in   t o   deg rade .  Thus, the   p ipe l ine   could   undergo  
f i rs t   heaving  and  then  subsidence.  To overcome 

b e   i n s e n s i t i v e  t o  the   par t icu lar   geometry  of per- 
mafrost  boundaries. 

.Figure 7 shows an  example of  a m i t i g a t i v e  
mode for   permafrost   boundaries   based on the   use  of  

L O W l E R M  THlW these problems, the p i p e l i n e  rmst b e   d e s i g n e d   t o  """- - 

FIGURE 6 Schematic cross s e c t i o n s  showing the 
f ree-s tanding   hea t   p ipes   p laced  in a row on e i t h e r  

thermal effects of an   i n su la t ed ,   co ld ,   bu r i ed  
s i d e  of the   bur ied   co ld   p ipe l ine .  The func t ion  of 

p i p e l i n e  a t  permafros t   boundar ies   (a>   in  warm per- 
t he   hea t   p ipes  i s  t o   f r e e z e  any  thawed  ground in 

mafrost  and  (b) in mixed f r o z e d t h a w e d   s o i l .  
the v i c i n i t y  of t h e   p i p e l i n e  and t o  keep i n i t i a l l y  
frozen  ground  frozen. The main d i r e c t i o n  o f  hea t  

HEAT- PIPE RAOllTOR 

a. 

FIGURE 7 Schematic  cross 

flow i s  h o r i z o n t a l ,   r a d i a l l y   i n t o  the heat p ipes ,  
s o  the p o t e n t i a l  for f r o s t  heave is g r e a t l y  re- 
duced. This conclusion i s  supported by exper ience  
from the t rans-Alaska  oi l   p ipel ine  where  heaving 
o f  thermal VSM's ( v e r t i c a l   s u p p o r t  members) h a s  
not  been a s i g n i f i c a n t  problem;  however, some min- 
or   heave   has   occur red   (Table  1). Depending  on t h e  
t iming of hea t   p ipe   i n s t a l l a t ion   and   p ipe l ine  
s t a r t u p ,  i t  may be p o s s i b l e   t o   e l i m i n a t e   p i p e l i n e  
i n s u l a t i o n  in t h i s  cons t ruc t ion  mode. Longitudin- 
a l  spac ing  of t h e   h e a t   p i p e s ,  shown i n   t h e   s i d e  
view  (Fig.  7a),  would  be rmch c loser   than  i n  t h e  
des ign   fo r  the trans-Alaska o i l  pipe l ine ,   perhaps  
every 3 m o r  so, s i n c e  a cont inuous  f reeze  bulb is  
des i red   under   the   p ipe l ine .  The t o t a l  number of 

b. heat  pipes  should  not  be  excessive,   however,   since 

s e c t i o n  and s ide   v iew 
showing t he   t he rma l   e f f ec t s  of an   i n su la t ed ,   co ld ,  
bur ied   p ipe l ine   wi th   hea t   p ipes   (mi t iga t ive   p ipe-  
l i n e  mode) a t  permafrost  boundary a t  ( a )  time of 
i n s t a l l a t i o n  and  (b)  long-term. 

COLD PERMAFROST WARY PERMAFROST THAWED Sol1 

WARM 
PIPE 

PERMAFROST PIMAFROST BOUNDARY THAWED SOIL 

FIGURE 8 Schematic   cross   sect ions  showing examp- 
l e s  of mi t iga t ive   p ipe l ine  modes fo r   bo th  warm and 
co ld   p ipe l ines   unde r   va r ious   so i l   cond i t ions .  

g ive  reliable support .   Accurate   predict ions of 
thaw  bulb  geometry  and  pipe  deformation  are   diff i -  
c u l t   t o  make i n  t h i s  case.  Groundwater flow could 
l ead  t o  a d d i t i o n a l  thaw. A more complex s i t u a t i o n  
wi th  a l t e r n a t i n g  layers of f rozen  and  thawed  soi l  
i s  shown i n  Figure 6b, In this  case ,  the upper 
f rozen   l aye r  would s h i e l d  the s o i l  below the pipe- 
l i n e  from the e f f e c t  of t h e   s u r f a c e   d i s t u r b a n c e  
dur ing  the e a r l y   y e a r s  of p ipe l ine   opera t ion .  A 
temporary  freeze  bulb  could  be  formed  during t h i s  

t h i s   s p e c i a l   p i p e l i n e  mode would be   requi red   on ly  
spo rad ica l ly  for short   distances--perhaps 30 m--on 
e i t h e r   s i d e  of a permafrost  boundary. 

Trans i t ion   p roblems  a l so   occur   for  warm pipe- 
l i nes .  These problems were avoided  on  the  t rans-  
Alaskan o i l  p i p e l i n e  by going  from the b u r i e d   t o  
t h e   e l e v a t e d  mode before   en te r ing   f rozen ,  thaw-un- 
stable s o i l .  The e l eva ted  mode was a l s o   u s e d   i n  
areas of mixed frozen  and  thawed  soil .  

s t r u c t i o n  modes tha t   have   been   desc r ibed :   t h ree  
f o r   t h e  warm pipe  (Figs.  Ea, 8b,  and 8 c ) ,  and 
three fo r   t he   co ld   p ipe   (F igs .  Bd, 8e, and   8f ) .  
The modes shown f o r   t h e  warm p i p e l i n e  are the ones 
used   for  the trans-Alaska o i l  p ipe l ine :   s imple  
e l e v a t i o n  on cold   permafros t ,   e leva t ion   wi th   hea t  
p i p e s   i n  warm permafrost ,   and  convent ional   burial  
in thawed s o i l .  The th ree   bu r i ed  modes for a co ld  
p i p e l i n e  are c o n v e n t i o n a l   b u r i a l   i n   p e r m a f r o s t ,  
hea t   p ipes  a t  permafrost   boundaries,   and  insulated 
p i p e   i n  thawed s o i l s .  An extended  gravel  pad, 
shown i n  F igure  S f ,  I s  used   t o   t ake   fu l l   advan tage  
of t he   su r f ace   d i s tu rbance   fo r   p reven t ing   t he  
growth of a f reeze   bu lb .   For   the  same reason, re- 
vege ta t ion  would be  l imited.  These measures 
would, of course,   not   be   required i n  areas where 
t h e  thawed so i l  is no t   f ro s t - suscep t ib l e ,   o r  where 
i t  can  be shown t h a t  the expected amount  of f r o s t  
heave would no t   ove r - s t r e s s  the pipe.  

Some of the more important   design  considera-  
t i o n s   f o r  warm o f f s h o r e   p i p e l i n e s   i n  areas of ice- 
bonded subsea  permafrost  are shown i n  Figure 9. 
Subsea  permafrost is warm permafros t ,   no t  much 
co lder   than  the over ly ing  seawater, t y p l c a l l y  
about -1 t o  -3'C. In that  r ega rd ,  i t  I s  s i m i l a r  
t o   t h e  warm permafrost  in cent ra l   Alaska ,  but the 
s i m i l a r i t y   e n d s  there; t h e r e  i s  no a c t i v e   l a y e r  
and no organ ic   l aye r ,   and   t he re fo re   cons t ruc t ion  

F igure  8 shows a summary of the p i p e l i n e  con- 
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3 o u s   p i  of t h e   v a r  
Trans-Alaska O i l  P ipe l ine .  

l e  types   u sed   t o   e l eva te   t he  

No. 4 s e t t l e d  % jacked 
P i l e   t y p e   S o i l   c o n d i t i o n s   i n s t a l l e d  (> 9 cm) (> 9 cm) 

Thermal Warm permafrost  42,720 0.5 1.2 

Thermal Thawed ground 18,420 0.6 3.4 

Adf reeze  Cold  permafrost 13,473 0.3 0.0 

Fr ic t ion lend   bea r ing  Thawed ground 1,992 2.1 0.3 

Other Mixed p r o f i l e s  1 , 127 0.2 1 .o 

Tota l  77,732 0.6 1.9 

"- 
STRUDEL 

SCOUR 
ICE 

DOUPE 

0 SALINE  PORE WATER 

HEAT AN0 SALT  TRANSFER 

FIGURE 9 Schematic  cross  section  showing c r i t i ca l  
elements of a bu r i ed   p ipe l ine   unde r l a in  by o f f -  
shore  permafrost .  

causes  no  thermal  disturbance. A v e r y   d r a s t i c  
su r face   d i s tu rbance   t ook   p l ace   a t  the time of in-  
undation by the sea, r a i s ing   t he   su r f ace   t empera -  
t u r e  t o  n e a r   t h e   f r e e z i n g   p o i n t   a n d   i n i t i a t i n g   a  
gradual  process  of downward sa l t  migration as sea- 
water r ep laced   t he   o r ig ina l   po re  water in the sed- 
iment. S ince   the  mean annual sea f loor   tempera-  
t u r e  is below O'C, i t  i s  the interplay  between  the 
warming process   and  the salt  migra t ion   tha t   de te r -  
mines t h e  rate a t  which the   o f fshore   permafros t  
degrades.  Depending on the type  of sedilaent  and 
on t h e  ;time since  inundat ion,  the top  of the  per-  
mafrost  is found a t  grea t ly   vary ing   depths   benea th  
t h e   s e a  f loor .  

Other f a c t o r s  that  are important for of f shore  
p i p e l i n e s   a r e  Ice gouges  and s t rude l   scour .   depres-  
s ions  that   could  uncover  the pipe  and  perhaps dam- 
age it. Thus, o f f s h o r e   p i p e l i n e s  in  sha l lou   a r c -  
t i c  waters may r e q u i r e   r e l a t i v e l y   d e e p  burial up 
t o  3 m o r  more. Th i s   b r ings   t he   p ipe   c lose r   t o  
the   permafros t   t ab le   and   tends   to   aggrava te   po ten-  
t i a l  thaw-settlement  problems. 

smaller in diameter   than   la rge   t runkl ines   onshore ,  
t yp ica l ly   on ly  30 t o  60 cm. Therefore ,   such   l ines  
would  be  more t o l e r a n t   t o  thaw set t lement ,   and a 
c e r t a i n  amount of permafrost  thaw  below the plpe- 
l i n e  would be acceptab le .  On the   other   hand,   pre-  
d i c t i o n s  of permafrost  thaw are complicated by the 

Genera l ly ,   o f fshore   p ipe l ines  would be much 

f a c t  that  t h e  rate and effect  of sa l t  migra t ion  
a r e   d i f f i c u l t   t o  model. Therefore ,   in  s o w  calcu- 
l a t i o n s  (Heuer e t  al . ,  1983) two extremes  have 
been  evaluated:  one  in  which sa l t  migration is  
n e g l i g i b l e   i n   t h e  time frame o f  t he   ope ra t ing  l i f e  
o f  a pipel ine,   and  one  in   which sa l t  migration i s  
s u f f i c i e n t l y   r a p i d   t o   m a i n t a i n   a   c o n c e n t r a t i o n  
similar t o  that of seawater a t  the  advancing  edge 
of the thaw bulb. In  the computer  simulation, the 
assumed  melting  temperature of the  permafrost  i s  
nea r  O°C f o r   e l a t  salt migration  and -1.9'C f o r  
f a s t  salt migration. 

Convent ional   burial  of uninsulated  pipe in a 
t rench  is probably  acceptable  when t h e   t o p  of t h e  
ice-bonded  permafrost i s  more than 27 m below t h e  
seaf loor .   Calcu la t ions  show t h a t   t h e  warm p ipe  
may st i l l  cause   permafros t   mel t ing   a t  this depth,  
p a r t i c u l a r l y  in sediments  where salt migration i s  
e f f e c t i v e .  However, any d i f f e r e n t i a l   s e t t l e m e n t  
a t  these depths would be masked by t h e   s u b s t a n t i a l  
th ickness  of overlying  thawed  sediments. 'Ihere- 
f o r e ,   t h e   e f f e c t   o n  the p i p e l i n e  would be g r e a t l y  
reduced .   P ipe l ine   insu la t ion  may be   r equ i r ed   i f  
t he   pe rmaf ros t   t ab l e  i s  less than  27 m below the 
sea f loo r .  This value  depends, of course,  on spe- 
c i f i c  d e s i g n   v a l u e s   f o r   t h a w   s t r a i n ,   p i p e   s i z e ,  
and temperature.  Again, some thawing of  perma- 
f r o s t  would be  allowed,  lmt the allowable thaw I s  
reduced in t h i s  case because  there  would  be less 
dampening  of d i f f e r e n t i a l   s e t t l e m e n t .  

Two p o t e n t i a l   m i t i g a t i v e  modes f o r   o f f s h o r e  
p i p e l i n e s   a r e  shown in Figure  10. If ice-rich 

FIGURE 10 Schematic   cross   sect ions o f  ttm possi- 
b l e   m i t i g a t i v e   p i p e l i n e  modes for of f shore  perma- 
f r o s t  areas, ( a )  by overexcavat ing   and   backf i l l ing  
with  thawed material and  (b) by us ing  a causeway. 
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l e a d   t o  the formation of new permafrost  below the 
o r i g i n a l   s e a f l o o r  (Fig. lob).  

been i d e n t i f i e d  for t h e   t h r e e  nrajor types  o f  pipe- 
l i n e s   t h a t  are needed for  petroleum  development in 
Alaska's  permafrost  areas: h o t   o i l   p i p e l i n e s   a n d  
co ld  gas pipel ines   onshore,   and warm burled  under- 
water p ipe l ines   o f fshore .  Much work i s  requi red  
t o   d e v e l o p   t h e  most cos t - e f f ec t ive   conf igu ra t ion  
and cons t ruc t ion  method f o r   e a c h   p a r t i c u l a r   p i p e -  
l i ne .  However, the  technology i s  a v a i l a b l e  now t o  
des ign ,   cons t ruc t ,  and operate  onshore  and off -  
shore   p ipe l ines   fo r   deve lop ing  Alaska's petroleum 
resources  in a safe and  environmentally  acceptable 
manner. 

Feas ib le  and p r a c t i c a l   p i p e l i n e  modes have 

permafros t   occurs   near   the   seaf loor ,  a c e r t a i n  
po r t ion  of it could  be removed from  below  the 
p i p e l i n e  by overexcavat ion  and  backfi l led  with 
thawed s o i l   b e f o r e   t h e   p i p e  is l a i d   i n t o   t h e  
trench. The required  trench  depth  could  be  sub- 
s t a n t i a l ,   p e r h a p s  as much as 9 t o  12  m i n  some 
areas where  deep  pipel ine  burial  is requi red  for 
protec t ion   aga ins t   i ce   gouging  (Fig. loa).  This 
kind  of excavat ion  would  be c o s t l y ,   b u t  i t  is  fea-  
s i b l e   w i t h  modern dredging  equipment.  Laying  the 
pipel ine  above water i n  a causeway i s  an a l t e r a a -  
t i v e   f o r   s h a l l a v   w a t e r .  With the  causeway s u r f a c e  
exposed t o  the   co ld  a i r ,  I t  will gradual ly   develop 
a frozen  core .  Rather than  thawing  the  subsea 
permafrost ,  t h i s  cons t ruc t ion  mode may a c t u a l l y  
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The cons t ruc t ion  of oil and  gas   pipel ines  i n  
remote nor the rn   r eg ions   gene ra l ly   r equ i r e s   t he  
p repa ra t ion  of a working  surface  or  workpad tha t  
will s u p p o r t   c o n s t r u c t i o n   t r a f f i c  and  provide ac- 
cess dur ing   t he   ope ra t ion  of the p ipe l ine .  C m m -  
on ly ,   g rave l  fill is used f o r  t h i s  purpose. A 
g rave l  workpad,  however, u s u a l l y   c a u s e s   s i g n i f i -  
cant   thermal   disrupt ion  and  permafrost   degrada-  
t i o n ,  which makes t h e   e f f e c t s  of  t h e  workpad a 
pr imary  considerat ion in o i l  and gas p i p e l i n e  de- 
s ign .   In  most instances  the  long-term thermal e f -  
f e c t s  of the workpad are a n   i n t e g r a l   p a r t  of t h e  
long-term  design  and  performance  expectations of a 
pipeline  system. 

Early  coordinat ion  with  construct ion  and op- 
e ra t ions   pe r sonne l  i s  r e q u i r e d   t o   e s t a b l i s h   t h e  
short-  and  long-term  performance cr i ter ia  for   any 
workpad.  Normally t h e r e  is  no need t o   d e s i g n  a 
workpad capable  of supporting  heavy wheel-load 
t r a f f i c   f o r   t h e   d e s i g n   l i f e  of a p i p e l i n e  (25-30 
y r ) .   S i g n i f i c a n t   c o s t   s a v i n g s   c a n   b e   r e a l i z e d   i f  
the workpad is designed  to  support   heavy  construc- 
t i on   t r a f f i c   on ly   du r ing   t he   cons t ruc t ion   phase  of 
a p i p e l i n e  (2-3 yr)   and,   with  per iodic   mainten-  
ance,  t o  prov ide   l imi t ed   access   fo r   l i gh t   su rve i l -  
l ance   and   main tenance   t ra f f ic   dur ing   pro jec t   oper -  
a t ions .  

The Trans-Alaska Pipeline  System (TAPS), 
w h i c h   c o n n e c t s   t h e   o i l   f i e l d s  a t  Prudhoe Bay t o  
t h e   i c e - f r e e   p o r t  of Valdez,  had a cons t ruc t ion  
workpad f o r  i ts  e n t i r e  800-mile length.  Most of 
the TAPS workpad was designed  and  constructed as 
either an a l l -g ranu la r  embankment o r  a polysty- 
rene- insu la ted  embankment. Two short   segments of 
t h e   p i p e l i n e  were c o n s t r u c t e d   u t i l i z i n g  sncw work- 
pads. The d e s i g n   I n t e n t  of the TAPS workpad was 
to provide  only the th i ckness  of gravel ,   and in 
some cases po lys ty rene   i n su la t ion   and   g rave l ,   t ha t  
would allow short-term  passage of  heavy  construc- 
t i o n  equipment. 

the   t rans-Alaska   ho t   o i l   p ipe l ine ,   a l though  there  
were soue areas where cut  and f i l l  was used.  For 
most of the permafrost  areas t h e  basic over lay  em- 
bankment  shown i n  Figure 1 was used. A s t r u c t u r a l  
embankment was conetructed  over  both  thawed  ground 
and  permafrost .   In  permafrost  areas t h i s  embank- 
ment allows f o r  the development  of  an  increased 
a c t i v e   l a y e r  and allows f o r  long-term  deep  thaw 
benea th   t he  workpad. The s t r u c t u r a l  embankment 
was for  both  the  aboveground  and  belowground  pipe- 
l i n e  i n  warm permafrost  areas and f o r   t h e  below- 
g round   p ipe l ine   i n   co ld   pe rmaf ros t  areas. For the 
aboveground  pipeline  segmente o f  the   t rans-Alaska 
p i p e l i n e  in cold  permafrost  areas, two types  o f  
thermal workpads were considered. An a l l -grave1  
thermal embankment des ign  of s u f f i c i e n t   t h i c k n e s s  
t o   p r e v e n t  thaw  beneath  the embankment base was 

General ly   an  overlay workpad was u t i l i z e d   f o r  

C. d. 
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FIGURE 1 Examples  of bas i c   ove r l ay  embankments. 
S t r u c t u r a l  embankment (a)  over  thawed  ground and 
(b)  over  permafrost,  and  thermal embankment ( c )  
wi thout   insu la t ion   and   (d)   wi th   insu la t ion .  

considered first.  For TAPS, however ,   an  a l terna-  
t i ve   t he rma l  workpad  design,  which  uti l ized a syn- 
thet ic  i n s u l a t i o n   l a y e r  a t  the   base  o f  a t h i n  
grave l   over lay ,  was developed as a n   e f f e c t i v e  al- 
t e rna t ive .  The synthetic i n s u l a t i o n  material se- 
l e c t e d  for t h i s   d e s i g n  was extruded  polystyrene 
foam manufactured by the D m  Chemical Company. 
Consequent ly ,   gravel   requirements   were  great ly  re- 
duced. The des ign  of  t h e   s y n t h e t i c   i n s u l a t i o n  was 
based on maintaining a f rozen   subgrade   for  a con- 
s t r u c t i o n   p e r i o d  of approximately 2-3 years  and on 
long-term thaw not  exceeding  one  and a ha l f  times 
the   o r ig ina l   ac t ive   l aye r   dep th .   Pe r fo rmance   mn-  
i t o r i n g ,   a f t e r  5 y e a r s ,   i n d i c a t e s  that  the   i n su l -  
aKed workpad is  sti l l  maintaining  frozen  ground 
d i r e c t l y   b e n e a t h   t h e   i n s u l a t i o n .  

TAPS r e s u l t e d   i n   s i g n i f i c a n t   c o s t   s a v i n g s   t h r o u g h  
a reduced  requireinent   for   gravel  embankment mate- 
rials and  reduction in the embedment l eng th  of the 
v e r t i c a l   s u p p o r t  members (VSMa). The reduct ion  in 
grave l   use   a l so   reduced   te r ra in   d i s turbance   and  
envi ronnenta l  damage a s soc ia t ed   w i th   t he   deve lop -  
ment  of borrow  sources.  Except for areas of lo- 
c a l i z e d   d i s t r e s s  due t o   c o n s t r u c t i o n - r e l a t e d   i n -  
sulation  placement  problems  and  to  post-construc- 
t ion  removal  of o r  damage t o   t h e   i n s u l a t i o n   l a y e r ,  
the 80 miles of i n s u l a t e d  workpad has  performed as 
intended. 

The thermal-insulated workpad was des igned   to  
prevent  long-term  thaw of permafrost  and i s  an   i n -  
t e g r a l   p a r t  of t h e  VSM design  on the North  Slope 
po r t ion  of t h e   p i p e l i n e .  In c o n t r a s t ,   t h e   s t r u c -  
t u r a l  workpad was des igned   t o   suppor t   t he   sho r t -  
term c o n s t r u c t i o n   t r a f f i c   l o a d i n g   b u t   t o   a l l o w  

The use of a polys tyrene- insu la ted  workpad on 
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d,, = Bask thickness  component 

dt  :Thickness  for  thawing  permafrost  solis 

d, =Thickness for summer workpad  construction 

FIGURE 2 Components procedure   for   des igning  
s t r u c t u r a l  workpads. 

thawing of permafrost.  Deformation o f  t h e  su r face  
and  degradation of permafrost  was an t ic ipa ted   and  
yearly  maintenance  programs were planned t o  main- 
t a i n   t h e  workpad f o r   u s e  by l i g h t   s u r v e i l l a n c e   a n d  
pipel ine  maintenance  vehicles .  

The s t r u c t u r a l  workpad design  used on TAPS 
u t i l i z e d  the component procedure shown i n   F i g u r e  
2. This design  procedure was used for workpads 
cons t ruc ted  In warm permafrost  and  for  belowground 
p i p e l i n e   a r e a s   i n   c o l d   p e r m f r o s t .  'Xhe t o t a l  
t h i ckness  of t h e  workpad D is e q u a l   t o   t h e   b a s i c  
th ickness   db   p lus   an   a l lowance   d t  for  thawing 
permafros t   so i l s   and   an   addi t iona l   a l lowance  d, 
f o r  summer cons t ruc t ion  of a workpad.  The db 
component is the basic t h i c k n e s s   r e q u i r e d   f o r  
s t ruc tu ra l   suppor t   ove r  a c e r t a i n   s o i l   t y p e   f o r  a 
design  wheel  load  regardless of thermal state. 
d t  is an  added  thickness   to   account   for   thawing 
permafros t   so i l s   and  i s  r e l a t e d   t o  the p red ic t ed  
thaw-strain i n  the upper 5 f t  of s o i l .  d, i s  
the   th ickness   added   to   account   for  summer con- 
s t r u c t i o n   o v e r   s o i l s  that  a r e  thawed i n  the na tu r -  
a l  ac t ive   l aye r .   F igu re  2 is  no t  meant t o   r e p r e -  
s e n t   t h r e e   d i f f e r e n t   s t r u c t u r a l   l a y e r s   b u t   t o  dem- 
o n s t r a t e   t h e   a d d i t i v e   t h i c k n e s s  of the three com- 
ponents. In thawed areas, only   the   db   th ickness  
was used. In permafrost   areas ,  where t h e  workpad 
was cons t ruc ted  In t h e   w i n t e r ,   t h e  combined  thick- 
ness  of db  and  dt was spec i f i ed .  For summer 
c o n s t r u c t i o n   i n   t h e s e  same areas, t h e   s p e c i f i e d  
th i ckness  was the t o t a l  of a l l  t h r e e  components. 
The  component procedure was v e r i f i e d  by test sec- 
t i o n s   c o n s t r u c t e d   p r i o r  t o  p ipe l ine   cons t ruc t ion .  

signed t o  suppor t   the   h igh   bear ing   pressures  as- 
soc ia ted   wi th   p ipe l ine   cons t ruc t ion   wheel - loads  
and t o  compensate f o r  thaw s t r a i n  in the underly- 
i n g   s o i l s   d u r i n g   c o n s t r u c t i o n .  Loss of capac i ty  
to  support  heavy  wheel-loads on t h e  workpad  due t o  
thawing  permafrost  was expec ted   t o   occu r   a f t e r  
cons t ruc t ion ,   bu t  was no t   cons ide red   t o  be a prob- 
lem s i n c e   o p e r a t i o n s   t r a f f i c  would c o n s i s t  of 
l ight-wheel-load  surveil lance  and  maintenance ve- 
h i c l ea .  As a n t i c i p a t e d ,   d e t e r i o r a t i o n  of the per- 
mafros t   in   non- insu la ted   g rave l  workpad areas has 
r e s u l t e d  in thaw set t lement   and a weakened  sub- 
grade.  Fines  have  been pumped i n t o   t h e   o v e r l a y  
material, r e s u l t i n g  in a s i g n i f i c a n t   l o s s  of t r a f -  
f i c a b i l i t y ,   b u t   y e a r l y  workpad maintenance allows 
passage of l ight-wheel- load  vehicles .  

Low-cost grave l   resources  are no t   p re sen t  ev- 
erywhere on the Alaskan  North  Slope.  Gravel re- 
sources   diminish in both   quant i ty   and   qua l i ty  w e s t  

The a l l - g r a v e l   s t r u c t u r a l  workpad was de- 
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Structural  Workpad Snow/lce Workpad 

Bupports Ilght monltorlnol Supports conmtructlon eaulprnent 
maintenance  vshlclsa In summer (mostly  tracked)  for one winter 

FIGURE 3 Example  of a combina t ion   s t ruc tura l   and  
snaw/ice workpad used for cons t ruc t ion  of a n  ele- 
v a t e d   o i l   p i p e l i n e   d u r i n g   t h e   w i n t e r .  

of  Prudhoe Bay,  and  development a c t i v i t i e s  are 
moving i n  that d i r ec t ion .  The r e s u l t i n g   h i g h e r  
c o s t  of gravel   necessi ta tes   the  development  of 
workpad c o n f i g u r a t i o n s   t h a t   r e d u c e   t h e  demand f o r  
gravel   resources .  

W i l l i n g n e s s   t o   a c c e p t   c e r t a i n   l i m i t a t i o n s  on 
p i p e l i n e   m a i n t e n a n c e   a c t i v i t i e s   c a n   r e s u l t  in ad- 
d i t i ona l   s av ings .   I f   t he re  l a  no  need t o   p r o v i d e  
f o r  year-round access dur ing  the ope ra t iona l  
phase ,   the   des igner   can   cons ider   us ing  a seasonal  
workpad  constructed of snow, ice aggregate,  or 
ice. 

row grave l  workpad with  an  adjacent  snow  workpad 
as shown in Figure  3 have  been  successfully  used 
f o r  many years  by the  producing  companies a t  Prud- 
hoe Bay. T h i s  combination  gravel-snow workpad 
provides   for   the  needed  width  during  construct ion 
as w e l l  as  access d u r i n g   t h e   l i f e  of the p i p e l i n e  
for surveil lance  and  maintenance. This s o l u t i o n  
r e q u i r e s   w i n t e r   c o n s t r u c t i o n ,   b u t  i n  Prudhoe  Bay, 
f o r  example, t h i s   does   no t   r ep resen t  a dev ia t ion  
from  normal  construction  practice.  

The g rave l  workpad a s s o c i a t e d   w i t h   t h e  com- 
b i n a t i o n  workpads is usually  approximately 3 t o  
3.5 f t  t h i c k  and has a minimal  working  width. It 
i s  u t i l i z e d   m o s t l y   d u r i n g   t h e   w i n t e r   f o r   p i p e l i n e  
construct ion.   Heaq-wheel- load,   rubber- t i red ve- 
h i c l e s  are u s u a l l y   r e s t r i c t e d  t o  the  gravel   por-  
t ion.   During  the l a te  summer, thaw  weakens the 
subgrade,  but  l ight-wheel-load  monitoring  and 
maintenance  vehicles  can s t i l l  pass   with no prob- 
lems. 

The snow o r   i c e  workpad cons t ruc ted   ad jacent  
t o   t h e   g r a v e l  embankment provides a winter  working 
su r face  for i n s t a l l a t i o n  of pipe  supports  and 
p ipe l ines .  This has worked success fu l ly  a t  Prud- 
hoe Bay, a l though  there  is some r i s k   t o   t h e  con- 
s t ruc t ion   s chedu le   du r ing  la te  snow years.  The 
embankment acts as a n a t u r a l  snow fence,  however, 
and  a ids  in t r app ing   ava i l ab le  snow by d r i f t i n g .  

research conducted by t h e  Department  of  Transpor- 
t a t i o n   i n   A l a s k a ,  new workpad configurat ions  have 
been  developed. The u t i l i z a t i o n  of g e o f a b r i c s   i n  
workpad des ign  is b e i n g   t e s t e d  In North  Slope  ap- 
p l i ca t ions .  

Twn a p p l i c a t i o n s  of g e o f a b r i c s   i n  workpad de- 
s ign  are shom in  Figure  4 .  The A t l a n t i c  Rich- 
f i e l d  Company h a s   s u c c e s s f u l l y  employed geofab r i c s  
t o   encapsu la t e   l aw-s t r eng th   so i l s   i n to  embank- 
ments. Materials s t r ipped   f rom  o ther   opera t ions  
t h a t   c o n t a i n  ice-rich silt and  organic material 
are encapsu la t ed   i n   geo fab r i c s   w i th in  the embank- 
ment. This   provides  for e f f e c t i v e   u s e  of o ther -  

Var ia t ions  of  workpad d e s i g n   u t i l i z i n g  a nar- 

In   recent   years ,   drawing  on  experience  and 
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Encapsulation of low strength soils A ~ 2 Z ~ ~ ~ ~ Z ~ P ~  
120 l ' O L  

Maintain  separation of materials 

FIGURE 4 Two examples  of t h e   u s e  o f  geofab r i c s  in 
cons t ruc t ion  of wrkpads .  

wise wasted materials whi l e   r educ ing   t he   r equ i r e -  
ments f o r  select g r a v e l   f i l l .  The performance of 
these  embankmnts ,   including a po r t ion  of a t  least  
one a i r c r a f t  runway, has been good. 

One o p t i o n   t h a t   h a s   o n l y   b e e n   t e s t e d  on a 
l imi t ed   bas i s ,  however, is  t he   u se  of geo fab r i c s  
t o   ma in ta in   s epa ra t ion  of the workpad  embankment 
and  underlying  fine-grained  permafrost soi ls .  I n  
t h e  case of  a s t r u c t u r a l  workpad, t h e   b e n e f i t s  
t h a t  would be   rea l ized  are the   r educ t ion  of t h e  
d, des ign  component to   zero  and  perhaps a sub- 
s t a n t i a l   r e d u c t i o n  of t he   d t  component. If   only 
t h e  ds  component is considered,  which  accounts 
for   contaminat ion  of the  lower  port ion  of  the em- 
bankment by underlying  f ines   during summr con- 
s t r u c t i o n ,  a sav ings  of 1 t o  2 f t  of gravel   can  be 
r e a l i z e d  by us ing   geofabr ics .  

The capac i ty  of geofabr ics   to   main ta in   separ -  
a t i o n  o f  materials is  well known. The added  bene- 
f i t  of reinforcement  over  thawing  permafrost 
s o i l s ,  which  could  reduce  the  dt   design compon- 
ent, i s  not  as well known. However, i f   t h e   r e d u c -  
t i o n  of a minimal  thickness of only 1 f t  i s  con- 
s idered ,   then   grave l   usage   and   cos t   d i f fe ren t ia l  
can  be  calculated.   Comparat ive  costs  of  workpad 
construct ion  based on ac tua l   Nor th   S lope   p ro j ec t s  
are given in Figure 5 ,  with the es t ima ted   cos t s  of 
a workpad u l t l i z i n g   g e o f a b r l c  shown in comparison. 
Since t h e   c o s t  of a workpad i s  d i r e c t l y   r e l a t e d   t o  
the   haul   d i s tance   f rom the source of grave l ,  the 
d i r e c t   c o s t   p e r   l i n e a r   f o o t  o f  workpad i s  p l o t t e d  
versus   gravel   haul   dis tance.  It should  be empha- 
s i zed   t ha t   t hese   a r e   d i r ec t   cos t s   and   do   no t  i n -  
c l u d e   i n d i r e c t   c o s t s .  As can be s e e n   i n   F i g u r e  5 ,  
we reach a break-even  point  between the 36-in. 
a l l -g rave l  pad  and t h e  24-in. insu la ted   g rave1  pad 
with a hau l   d i s t ance  of 22 miles. This simply 
means t h a t   o n c e   t h e   h a u l   d i s t a n c e   f o r   g r a v e l  i s  
g r e a t e r   t h a n  22 miles, i t  becomes economically 
f e a s i b l e   t o   b u i l d   a n   i n s u l a t e d  workpad. A t  Prud- 
hoe Bay where   g rave l   sources   a re   p len t i fu l   and  
hau l   d i s t ances   sho r t ,  the c o s t  of i n s u l a t i o n  i s  
p robab ly   no t   j u s t i f i ed .  

e l  overlay  can  be  saved,  the  break-even  haul  die- 
However, if by us ing   geo fab r i c s  1 f t  of grav- 

OO 6 10 15 20 95 30 
Haul  Distance (miles) 

Direct Coats-January.lBB0. Assumsa: 30 Foot Wlde  Workpad 

FIGURE 5 Chart   comparing  direct   costs  of con- 
s t r u c t i n g   v a r i o u s   t y p e s  of workpads. 

t ance  is  only 1 mile and ,   therefore ,  a geofabr ic -  
supported workpad cons t ruc ted  more than  1 mile 
from a g rave l   sou rce   cos t s  less than  a 36411 . -  
t h i c k   a l l - g r a v e l  workpad. Maintaining  separat ion 
of f rost-suscept ible   f ine-grained  soi ls   f rom  over-  
lying sand  and  gravel  with  geofabrics makes prob- 
lem se t t l emen t   a r eas  easier t o  maintain  and up- 
grade. This additional  long-term  advantage makes 
this a l t e r n a t i v e  well worth  considering. 

The cont inued  s tudy of the  performance of  ex- 
i s t i n g  workpads i n  Alaska and  cont inued  evaluat ion 
of their impacts are needed to   p rov ide   des ign  en- 
gineers   wi th   the   in format ion   requi red   to   improve  
workpad des ign  criteria. D e v e l o p r n t  of new and 
s m a l l e r   o i l   f i e l d s  as well as  other   remote facili- 
t ies  i n  Alaska w i l l  r e q u i r e  more cos t - e f f ec t ive  
designs,  and  one of the most cr i t ical  f a c t o r s  w i l l  
be the a v a i l a b i l i t y  of gravel  resources.  For  ex- 
ample, g r a v e l   d e p o s i t s  are extremely scarce and 
haul   d i s tances  are g r e a t e r   i n  the very  large Na- 
t ional  Petroleum  Reserve--Alaska  and  other  areas 
on the  North  Slope  than  they are a t  Prudhoe Bay. 
The concept of an  a lmost   unl imited,   cheap  gravel  
resource  rmst t h e r e f o r e  by abandoned by t h e  de- 
s igner .  'he h igher   cos t   o f   g rave l  i n  areas of  fu- 
t u r e  development will r e q u i r e  workpad des igns  that  
use less grave l .  
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The trans-Alaska o i l   p i p e l i n e  i s  the f i r s t  
l a rge -d iame te r   p ipe l ine   t r anspor t ing   ho t   c rude   o i l  
across   permafros t   t e r ra in .  Many technical   ques-  
t i ons   f aced   des igne r s  a t  t h e  time of p i p e l i n e  de- 
sign, hut now, a f t e r  6 years  of ope ra t ing   expe r i -  
ence, many of the  ques t ions   r ega rd ing   p ipe l ine  
performance  can  be  answered  (Johnson, 1981). The 
performance of t he   t r ans -Alaska   o i l   p ipe l ine   has  
been  exceptionally  good, with only  minimal  opera- 
t i o n a l  and  environmental  problems.  There  have 
been some t echn ica l   p rob lems ,   t o   be   su re ,   bu t   t hey  
have  been  manageable  and  confirm  the  high  quality 
of the   des ign .  

t r ans -Alaska   o i l   p ipe l ine  from  most o ther   c rude  
o i l   p i p e l i n e s   a r e   t h o s e   c a u s e d  by an   ope ra t ing  
temperature  of 48.6'C and the presence of  perma- 
frost.  Approximately 70% of the  p i p e l i n e   r o u t e  is  
under la in  by permafrost .   Three  basic  pipeline  de- 
sign modes were developed  to  cope  with the var ious  
foundat ion  condi t ions  (Table  1). I n   t h e  thawed 
ground  and in  thaw-stable  permafrost ,   the  conven- 
t i o n a l   b u r i e d  mode was used. In  thaw-unstable 
permafrost ,  the aboveground mode was used. In  
thaw-unstable  permafrost  where  there were access 
r e s t r i c t i o n s  or where there were environmental  
cons t r a in t s   such  as t h e  need for  extended  animal 
c ross ings ,  a r e f r ige ra t ed   bu r i ed  mode was used. 

ures   occurred tha t  r e s u l t e d  i n  leaks.   These  fa i l -  
u res  were caused by 1.2 m of  thaw se t t l emen t  i n  
one  locat ion  and 1 .7  m of  thaw se t t l emen t  i n  t h e  
o the r .   I n   bo th  cases, se t t l emen t  was  limited t o  
s h o r t  100- t o  120-m-long zones  underlain by pre- 
viously  undetected  ice-r ich  permafrost .  

Alyeska  Pipel ine  Service Company rou t ine ly  
conducts  an  extensive  monitoring  and  evaluation 
program  designed t o   d e t e c t   p o t e n t i a l   p i p e l i n e  set- 

The f u n d a m e n t a l   f a c t o r s   d i f f e r e n t i a t i n g   t h e  

In June 1979, two belowground p i p e l i n e  f a i l -  

t l ement   p roblems.   Visua l   surve i l lance   de tec ts  ev- 
idence  of subsu r face   s e t t l emen t   t ha t  may be relat- 
ed t o   s e t t l e m e n t  of the   p ipe l ine .  Where problems 
are detected,   monitor ing  rods are a t t a c h e d   t o   t h e  
top  of the   p ipe   to   a l low  survey   moni tor ing  a t  t h e  
top  of the pipe  for   subsequent   set t lement .  If the  
se t t l emen t  is  severe ,  the monitor ing  rods are in- 
s t a l l e d  less than  10 m apa r t .  The curva tu re  of 
the   p ipe   can   be   ca lcu la ted  from the   su rvey  ma- 
surementr  and compared t o  known f a i l u r e  criteria. 

In  a d d i t i o n   t o  the monitoring  rod  program, 
major   geotechnical   and  thermal   invest igat ions  have 
been  carr ied  out .   Since  s tar tup,   over  1,000 bore- 
ho les   have   been   dr i l l ed   to   ga ther   geotechnica l   in -  
formation  and more than  315 thermis tor   cab les   have  
been in s t a l l ed   t o   ga the r   In fo rma t ion   abou t   t he  
thermal  regime of the permafrost. In add i t ion ,  a 
p ipe l ine   deformat ion   moni tor ing   "p ig"   de tec ts   ev i -  
dence of dents ,   buckles ,   and   poss ib le   inc ip ien t  
p ipe l ine   c racking .  This monitoring  and  surveil-  
lance  program has been  very  successf-ul in d e t e c t -  
ing   severa l   addi t iona l   p roblem areas bes ides   t he  
two previously  mentioned. 

Several   techniques  have  been  used  to   repair  
t he  p ipe l ine .  I n  the  Atigun Pass a r e a ,   t h e  set- 
t l e d   p i p e l i n e  was excavated,   convent ional   e levat-  
ed-pipeline  hardware was i n s t a l l e d   t o   s u p p o r t   t h e  
pipe,   and  the  t rench was backf i l l ed .  The p i l e s  
were embedded i n  competent  bedrock.  Because  of 
the h igh   wa te r   t ab l e   i n  the Die t r ich   River  area 
south  of Atigun Pass ,  a s l ing   sys tem was used t o  
support  the  pipe  and  to  minimize  excavation  below 
the pipe. The p i l e s  were d r iven  t o  bedrock a t  
33.5 m. At ano the r   l oca t ion  a major  through-cut 
was made, the p i p e l i n e  was supported on e l eva ted  
hardware,  and t h e  p i p e l i n e  was l e f t  uncovered, 80 

a bur ied   p ipe l ine  was changed t o  a f u l l y  re- 
s t r a i n e d   e l e v a t e d   l i n e .  

TABLE 1 Lengths of t h e  three bas i c   cons t ruc t ion  modes and soil 
condi t ions   a long   the   rou te  of t h e  Trans-Alaska O i l  P ipe l ine .  

Length 
Mode Conditions m i  km 

Conventional  lxlrial  Thawed ground o r  thaw s t a b l e  
permafrost  380 61 2 

Aboveground Thaw unstable   permafrost  416 669 

Ref r ige ra t ed   bu r i a l  Thaw u n s t a b l e   p e r m f r o s t  
w i t h   a c c e s s   r e s t r i c t i o n s  4* 6 

800 1287 

*1.8 mi ( 2 . 9  km) r e f r i g e r a t e d   p i p i n g  at  pumping s t a t i o n s  1, 2, 3,  5, 
and 6 i n  addi t ion   to   main l ine   p ip ing .  
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Another   technique  that  i s  being  used more 
c o n s i s t s  of s i m p l y   l i f t i n g  the pipe up t o  even  out 
the  extreme downward curva ture   and   backf i l l ing  
w i t h  a weak sandlcement   s lur ry   undernea th   the   p ipe  
to   g ive   con t inuous   suppor t .   Na tu ra l ly ,   t h i s  reme- 
d i a l  work is  followed by careful   monitor ing.  In 
most c a s e s ,   t h e  thaw  bulb  has  already grown t o   a  
good por t ion  of i ts  t o t a l   s i z e ,  so any a d d i t i o n a l  
thawing  that   might  occur would be  deep  seated.  
Consequent ly ,   the   need   for   fur ther   cor rec t ion  of 
the p i p e l i n e  in t hese  areas should  be  limited. On 
t h e   s o u t h   s i d e  of  Atigun Pass ,  an   a r ea  of  thawed 
ground was associated  with  f lowing  groundwater.  
The problem was solved by using  mechanical   refr ig-  
e r a t i o n   t o  refreese the  ground  and  heat p i p e s  t o  
main ta in   the   f rozen   condi t ion  (Thomas e t  a l a ,  
1982). 

of 77,732 p i l e   suppor t s .  'lbe p i l e s   a r e  46-cm-di- 
ame te r   s t ee l   p ipes  and a r e  embedded to   an   average  
depth  of 9.1 m. There are 17 d i f f e r e n t   p i l e   t y p e s  
and  they  can  be  roughly  grouped  into  five  categor- 
ies (see  Table  1 of paper by Jahns). The r e s u l c s  
of monitor ing  the  pi les   support ing  the  aboveground 
p i p e l i n e  show t h a t  0.6% o f  t h e  sample s e t t l e d  more 
than  9 cm, that 1.9% heaved more than 9 cm, and 
t h a t   t h e   t h e r m a l   p i l e s   i n s t a l l e d   i n  thawed  ground 
had the g r e a t e s t  movement (Table 1 of  Jahns  pap- 
er). 

t h o u g h t   t h a t   t h i s  m u c h  movement could  be of con- 
cern ;   however ,   s i te -spec i f ic   inves t iga t ions   have  
revea led  that very few minor problem  occur  w i t h  
movements of t h i s   m g n i t u d e .  

There a r e  122,000 h e a t   p i p e s   i n s t a l l e d   a l o n g  
the   p ipe l ine   to   p revent   excess ive   permafros t  thaw 
or   f ros t   heav ing .  The hea t   p ipes   a r e  of  a two- 
phase,   closed  system  containing  anhydrous ammania 
as a  working  fluid.  Monitoring the hea t   p ipes  
wi th   in f ra red   imagery   has   revea led   tha t  many of 
them a re   l o s ing   t he i r   e f f ec t iveness ,   p robab ly  be- 
cause of  blockage of the hea t   p ipes  by a non-con- 
denaable  gas. Gas blockage  could  ult imately  cause 
t o t a l   f a i l u r e  of the   hea t   p ipe .   Pre l iminary   ana l -  
y s i s   i n d i c a t e s   t h a t   t h e   b l o c k a g e  is being  caused 
by hydrogen  gas  presumably  being  formed by corro-  
s ion  caused by water  or o the r   con taminan t s   l e f t  
i n s ide   t he   hea t   p ipes   du r ing   t he i r   manufac tu re .  
F igure  1 shows how the   hea t   p ipe   func t ions  and how 
the  accumulation of hydrogen  gas i n   t h e   t o p  p r -  
t i o n  of the  pipe  can limit t h e   d i s s i p a t i o n  of hea t  
i n t o   t h e  atmosphere. A r e l a t i v e l y   s i m p l e  and in-  
expensive  repair   technique  has   been  developed,  
wh ich   u ses   a   me ta l l i c   ha l ide   ( "ge t t e r "   ma te r i a l )  
that   absorbs  hydrogen  and,   consequent ly ,   res tores  
t h e   h e a t   p i p e s   t o  a f u l l y   f u n c t i o n a l   c o n d i t i o n .  

The b u r i e d   r e f r i g e r a t e d   p i p e l i n e  mode was 
u t i l i z e d   f o r  6 km of  t h e  main l i n e  and for approx- 
imately 2900 m of bur ied   p ipe l ine  a t  the   no r the rn  
pump s t a t ions .   Th i s  mode c o n s i s t s  of a  brine-loop 
mechanica l   re f r igera t ion   sys tem and Insu la t ed  
p ipe l ine .  The p i p e l i n e  i s  insulated  with  polyure-  

The e leva ted   po r t ion  of t h e   p i p e l i n e   c o n s i s t s  

The 9-cm threshold  was chosen  because i t  was 
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FIGURE 1 Schematic  diagram of a heat  pipe  showing 
hau noncondensable   gas   (hydrogen)   res t r ic ts   heat  
d i s s ipa t ion .  

t hane   ha l f   she l l s  and  then  coated with a polyethy- 
l ene  or PRP waterproof   barr ier .  I n  some cases   t he  
waterproof   bar r ie r   has   fa i led  and  water   has   inf i l -  
t ra ted   the   insu la t ion ,   caus ing   long- te rm  degrada-  
t i o n  o f  t he   i n su la t ion .  The c o r r o s i o n   r i s k   t h a t  
develops  because  of   the  inf i l t ra ted  water   around 
the   unpro tec ted   p ipe  is a more se r ious  problem 
than  thermal  degradation.  Repair of t h e   r e f r i g e r -  
a ted   bur ied  mode requires   excavat ion  of   the p i p e  
and  replacement of t h e  damaged insu la t ion .  A re- 
p a i r  method  has  been  developed  that  allows  place- 
ment of an   e f fec t ive   an t i -cor ros ion   sys tem.  Re- 
p a i r  in and  around pump s t a t i o n s  and  under  build- 
i ngs ,  is a l s o   q u i t e   d i f f i c u l t  and  expensive. 

The problems  encountered  during  the  f i rs t  6 
years  of ope ra t ion  of the  trans-Alaska o i l  pipe- 
line have  been  the  focus of t h i s   d i scuss ion .  It 
should  be  s t ressed  that   these  problems  have  been 
e a s i l y  managed and  involve  only a sma l l   po r t ion  of 
the   t o t a l   p ipe l ine   sys t em.  The o v e r a l l   p e r f o r n r  
ance   o f   the   t rans-Alaska   o i l   p ipe l ine   has   been  ex- 
c e p t i o n a l l y  good,  and no problem  have  been  en- 
c o u n t e r e d   t h a t   i m p a i r   t h e   s y s t e m ' s   c a p a b i l i t y   t o  
t r anspor t   t he   r equ i r ed  amounts of oil from the  
Alaskan  North  Slope  to  Valdez. 
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INTRODUCTION AND A CASE STUDY 

J.E. Hemming 

During the past   decade,   accelerated  develop-  
ment  has  occurred i n  t h e  Arctic, r e s u l t i n g  in a 
rapid  evolut ion  of   environmental   controls   and 
techniques  to   minimize  negat ive  impacts   during 
cons t ruc t ion .   Essen t i a l ly  a l l  of the   c i rcumpolar  
na t ions   have   exper ienced   o i l   and   gas   explora t ion  
and  development,   pipeline  construction,  and in -  
c reased   min ing   ac t iv i ty .  The primary  problems a r e  
r e l a t e d   t o   t h e   s c a r c i t y  o f  grave l  i n  some tundra  
a r e a s ,   t h e   s e n s i t i v i t y  o f  p e r m a f r o s t   s o i l s   t o   d i s -  
tu rbance ,   and   the   d i sposa l  of d r i l l i n g  muds and 
o ther   was tes   in   f rozen   so i l s .   Recent   research   has  
emphasized be t te r   unders tanding  of the b i o l o g i c a l  
a n d   p h y s i c a l   c h a r a c t e r i s t i c s  of  tundra  ecosystems 
and t h e  development o f  low-impact techniques f o r  
t ranspor ta t ion   sys tems  and  facilities. Ae r e s u l t s  
are   publ ished  and the s i g n i f i c a n c e  of various  de- 
velopment a c t i v i t i e s  i s  better understood,  regula- 
t ions have  been  changed  and new gu ide l ines  and 
standards  have  been  developed. 

ous   a spec t s  of envi ronmenta l   p ro tec t ion  o f  t h e  
permafrost  areas in the United  States,  Canada,  and 
the U.S.S.R. The panel  acknowledges that  environ- 
mental problems  can  be  minimized or avoided by po- 
s i t i ve   approaches   t o   p rob lem-so lv ing   ea r ly   i n   t he  
project  planning  process.  This po in t  was a l s o  
discussed  and  descr ibed in a workshop held in 1980 
i n  Fai rbanks   to   rev iew  s teps   necessary  for t e r r a i n  
protect ion  during  development  (Brown and Hemming, 
1980). 

in format ion  on environmental   conditions  and prob- 
lem in permafrost  regions  (Armstrong.  1981; Ger- 
asimov,  1979;  Grave,  1983;  Hanley e t   a l . ,  1981; 

The panel  papers  that   follow  emphasize  vari-  

Severa l   papers   and   repor t s   p resent   addi t iona l  

National  Research  Council,  1980; Woodward-Clyde, 
1980). 

An example of the  environment  planning  proc- 
ess i s  summarized  below as a n   i n t r o d u c t i o n   t o  t h i s  
panel   report .  The p r o c e s s   i n c l u d e s   i n v e n t o r i e s  o f  
both   the   na tura l   resources   and   the   engineer ing  
c o n s t r a i n t s ,  mapping of s e n s i t i v e  areas. a prelim- 
ina ry   s i t i ng   p l an ,   and  the de ta i l ed   eng inee r ing  
design. 

Natural  Resources  Inventory: Once a new pro- 
j ec t   has   been   i den t i f i ed ,   bu t   be fo re   t he   exac t   l o -  
c a t i o n  of f ac i l i t i e s   has   been   conf i rmed   and  the 
de ta i l ed   eng inee r ing   des ign   has   been   i n i t i a t ed ,  
f i e ld   r e source   i nven to r i e s   a r e   conduc ted .   In fo r -  
mation i s  gathered on b i r d ,  mammal, and f i s h  oc- 
cur rence   and   sens i t ive   habi ta t ,   endangered   spe-  
cies, wet lands ,   and   subs is tence ,   recrea t ion ,   and  
o the r   l and   u se   pa t t e rns .   These   da t a   a r e   u sed   t o  
suppor t   app l i ca t ions   fo r   gove rnmen t   pe rmi t s   and   t o  
provide a b a s i s   f o r   s i t i n g   t h e   p r o j e c t   f a c i l i t i e s  
so t h a t   t h e y  will cause the  Least  adverse  impact. 

Engineer ing  Constraints   Inventory:   Simulta-  
neous ly   wi th   na tura l   resource   inventor ies ,   da ta  
are c o l l e c t e d  by engineer ing   geologis t s   th rough a 
combination of a e r i a l   p h o t o   i n t e r p r e t a t i o n   a n d  
f i e l d   s u r v e y s   i n   o r d e r   t o   d e l i n e a t e   e n g i n e e r i n g  
cons t ra in ts .   In format ion  on g e o t e c h n i c a l   f a c t o r s  
such   as   g rades ,   o rganic  soi ls ,  pat terned  ground,  
s o l i f l u c t i o n   z o n e s ,   a n d   a u f e i s   a r e a s  is used t o  
d e l i n e a t e   c o n s t r a i n t s .  

neer ing   cons t ra in ts   and   na tura l   resource   inven-  
t o r i e s   a r e   c o m p l e t e ,   t h e   r e s u l t s  are i n t e g r a t e d  
i n t o   d e t a i l e d  maps of the s e n s i t i v e   a r e a s .  

of f a c i l i t i e s   i n v o l v e s   a v o i d i n g   s e n s i t i v e   a r e a s .  
When sens i t i ve   a r eas   canno t   be   avo ided ,   spec ia l  
mi t iga t ion   p lans   a re   p repared ,  The reduct ion  of 
environmental  impact  and  mitigation  planning are 

Del inea t ion  of Sensi t ive  Areas:  When engi- 

P re l imina ry   S i t i ng   P l an :   P re l imina ry   s i t i ng  
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FIGURE 1 A map of environmental  and eng inee r ing   cons t r a in t s   t ha t  were avoided   dur ing   se lec t ion  
of   a   t ranspor ta t ion   cor r idor   a l ignment  for the  proposed Red  Dog Mine Project ,   Alaska.  

an i n t e g r a l   p a r t  of t he   pe rmi t   p rocess   i n   t he  
United  States .  

inary   p ro jec t   des igns   and   mi t iga t ion   p lans   have  
been  reviewed  and  accepted by government  agencies, 
a   p ro jec t   can   p roceed   to   de ta i led   engineer ing   de-  
sign. 

Red Dog Mine, a world-class   lead-zinc  deposi t  
a long  the  Alaskan  coast  of t h e  Chukchi  Sea (Daws 
h Moore, 1983). This project   involved  planning 
f o r  110 t o  130 km of road  plus  a new p o r t ,  air- 
f i e l d ,   w a t e r   s t o r a g e   r e s e r v o i r ,  mine t a i l i n g s   d i s -  
posal ,  mill, and  hous ing   fac i l i t i es .  The e n t i r e  
a r e a  is under l a in  with permafrost  with an a c t i v e  
layer   about  0.5 t o  1.0 m th ick .   Wi ld l i fe  and 
fisheries resources   are   abundant  and subs i s t ence  
a c t i v i t i e s  by l o c a l  Eskimos a r e  well es tab l i shed .  

t h e   p o t e n t i a l  impacts of  mine facil i t ies on f i s h  
spawning  and  overwintering  areas,  endangered  or 
tare w i l d l i f e ,  large-mammal overwinter ing   a reas ,  
and  wet land  habi ta ts .  The mining company w a s  most 
concerned  about   construct ion  and  maintenance  costs  
r e l a t e d  t o  the alignment of t h e   t r a n s p o r t a t i o n  
c o r r i d o r s  and h w  t h e   e c o n o d c   f e a s i b i l i t y  of t h e  
p r o j e c t  would  be inf luenced by the environmental  
and engineer ing   cons t ra in ts .  

Natural   resource and eng inee r ing   cons t r a in t s  
inventor ies   involved  review of t h e   l i t e r a t u r e  and 
e x t e n s i v e   f i e l d   s u r v e y s  by eng inee r s ,   geo log i s t s ,  
and biologis ts .   Fish  spawning,   rear ing,   and  over-  

Detailed  Engineering  Design: After prelim- 

The above  process was appl ied   to   the   p roposed  

Regulatory  agencies were most  concerned  about 

w in te r ing   a r eas ,  as well as endangered  species  ha- 
b i t a t s #  large-mammal overwinter ing   a reas ,  wet- 
lands,   pat terned  ground,   areas  o f  shee t   f l ow,   so l -  
i f l u c t i o n ,  and a u f e i s  zones were i d e n t i f i e d  and 
de l inea ted  on 1:63,360 sca le   topographic  maps. 
Once the ind iv idua l   na tura l   resource   va lues   and  
engineer ing   cons t ra in ts  had  been de l inea ted ,  a 
composite msp was prepared. It was then   poss ib le  
t o  select po ten t i a l   t r anspor t a t ion   co r r ido r s   and  
t o   e v a l u a t e  the  compara t ive   cos ts  of cons t ruc t ion .  

The i n t e r d i s c i p l i n a r y   p r o c e s s   a p p l i e d  in t h i s  
c a s e   r e s u l t e d  i n  t h e   s e l e c t i o n  of a t r a n s p o r t a t i o n  
cor r idor   (P ig .  1) t h a t  would meet government  per- 
odt requi rements   wi th   the   fewes t   po ten t ia l   envi -  
ronmental  impacts  and  the lowest est imated con- 
s t r u c t i o n   c o s t .  This approach i s  being  adopted 
for   other   development   projects   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 i n  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 
formulaKing  standards  for  environmental  protection 
which  will  regulate  the  interaction  of  man  and  his 
environment;  these  standards  are  divided  into 
sections on "Soil",  "Landscapel',  and  "Land".  With- 
in  this  last  section  the  sequence  of  restoration 
and  revegetation o f  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  Committee  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 
o f  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 i n  summer  in  the  nine  northern 
districts  of  the  Republic.  Voluntary  societies  for 
environmental  protection  have  been  established  in 
the  republics,  krays  and  oblasts i n  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 

all-union,  regional,  and  departmental  meetings,  con- 
ferences,  and  symposia (e.g. Okhrana okrazhayushchey 
sredy 1980, Geokriologicheskiy p r o g m z ,  1980, 1982, 
Inzhenerno-geokrilogicheskiye aspekty 1981; etc.), 
has  encouraged  the  appearance 01- a  number of envlr- 
omental protection  reconmendations  and  manuals. 
On the  basis of the  Permafrost  Institute's  investi- 
gations,  VSYeGINGYeO  and PNIIIS have  produced an 
Interim manual on the l a y i n g  of pipeZines f n  the 
Abort71 (19801,  which  includes  recommendations on the 
selection  of  construction  sites,  requirements  for 
engineering  preparations,  the  use of thermal  insul- 
ators,  recommendations on methods of biological 
restoration of disturbed  areas,  and  the  use of 
thermal  piles on gas  pipelines,  and  proposals  as 
to  the  regulation o f  the  construction  and  operation 
of installations. A map  of  the  natural-area  com- 
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 t o  the 
degree  of  impact  caused  by  human  activities on the 
environment,  and  the  latter's  response. It vas 
also  important to determine  precisely  the  permafrost 
aspects o f  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  him to con- 
struct  a  functional  thermodynamic  model  of  the 
environmentallspatial  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 o f  the  surface  during  construction 
along  the line o f  the  SaLekhard-Igarka  Railway  (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  Mean  annual  ExoRenic - 
distribution  temp.  Active  layer  processes 

Total  removal  Replacement of Removal of Lowering of Rise of Increase  in  active  Thermokarst 
of  vegetation  sparse  shrub/  peat  layer  permafrost 0 . 5 O C  layer  depth  by 2-3 at  sites  with 
cover  and  level-  sphagnum  forest  to  depth  table  by  times;  in  some  segregation 
ling of surface  by  sparse  willow/  of 0.4 m 3-3.5 m  places  giving  ice;  season- 

birch  forest way to  a  a1  frost 
with  shrubs,  seasonally  heaving 
grass  and  frozen  layer 
Politr-ichwn 
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. 

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  surface  drainage  due  to  artificial 
inundation or drainage;  and  changes  in  the  surface 
topography  (embankments  or pits). 

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 i s  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 e t  aZ. (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  impacts  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  (on  one 
occasion  and for only  a  short time). The  method of 

The  model  includes  such  factors  as  hydrometeoro- 

However,  there  are  some  problems  associated  with 

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 
obsenration;  and  finally,  analysis  of  the  assembled 
data  and  compilation of predictive  tables  and  maps. 

et  al. 1983) the  methodology o f  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 o f  the  ground  both  in  the  first few  years 
after  the  start of development,  and  also  15-20  years 
thereafter,  and  predictions  of  cryogenic  processes 
(themkarst, thermally  induced  settlement,  frost 
heave  and  frost  cracki.ng)  are  examined  in  detail, 

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 e t  al. 1983) .  Over 
an area  of  about 10,000 k m 2  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. 

and  in  geocryological  conditions  as  a  result of 
disturbance of the  surface  along  the  line of the 
Salekhard-Igarka  railroad in terms  of  the  situation 
22 years  after  construction. In practice  the  dis- 
turbances di.d 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 o f  permafrost  coincide  with  peat- 
lands,  palsas  and  bogs.  Several  recommendations  as 
to  development  of  the  area  and as to  protection  of 

In the  previously  cited  monograph  (Grechishchev 

Examples  of  predictions of changes in landscape 

Table 1 presents  examples  of  changes  in  landscape 
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the  environment  have  been  formulated, with applica- 
tion  to  landscapes  of  a  region with various  degrees 
of  sensitivity  to  human  activities  (Grechishchev 
et  al.  1983). In accordance with these  predictions 
development of even  well  drained  sections-slopes, 
hillocks  and  frost-heave mounds-must 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. 

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  thermo- 
physical site investigations o f  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  maritime  areas:  and  in  areas  of 
ContiIlUOUE  permafrost  and  in  areas  near  its 
southern  boundary. These observations  not  only 
confirmed  a  number of earlier  conclusions  but 
plso produced new results. 

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  methods,  fairly simple relation- 
ships  for  calculating  the  depth of thaw  were 
derived,  taking  into  account  the  ground  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  ground 
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 
ground; 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 peatlmoss  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 d. 1982,  Chernyad'yev 
1982,  Kondrat'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  ground.  Thus 
Shversov  (1982)  reached  the  conclusion  that  the 
most  unstable  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  summer. 
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  (Yamal  Penin- 
sula)  over  the  period  1978-1980  (Sergeyev 1982). 
In the  vicinity of the  Kular  mine in the north of 

The  detailed  landscape  and  geocryological  char- 

The  results of regular,  systematic,  long-term 

Eastern  Siberia  (1967-1975)  observations  were 
carried  out  at  experimental  sites on solifluction 
and  the  destruction of the  sides o f  the  pits. 
Some  recommendations  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 
(Mikhaylov  1980). The first  results of long-term 
observations  in  the  eastern  part o f  the BAM zone 
have  been  published  (Zabolotnik  and  Shender  1982, 
Balobayev  et  al.  1979).  The  observations were  made 
in  1978 in theupper Zeya b%-sin (elevation 300 m) 
in an area  with  widely  developed &, i.e. thick 
peat  bogs  underlain with ground  ice.  Removal of 
the moss cover  led  to an abrupt  increase i n  the 
depth  of  summer  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 
-5OC. 

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 pereZeAoks. Cutting  of  forests on high  flood- 
plains  and  levelling of sites on hummocky  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 -23O 
to  -25OC on peatlands  and  sands,  and  below -15'C 
on hams (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 
far  agricultural  purposes,  were  carried  out  using 
cryolithological  and  thermophysical  techniques. 
Despite  the  high  ice  content of the  underlying 
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  summer  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  summers  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) . 
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). 

Investigations of areas  through  which  gas  pipe- 
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A somewhat dif€erent 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. 

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,  Demidyuk  1980,  Garagulya 
et  al.  1982,  Baulin  et  al. 1982, Garagulya  and 
Eordeyeva 1982). 

A quantitative  method  €or  evaluating  the  com- 
plexity  of engineering-geocryological conditions 
has  been  proposed;  it  examines  these  conditions 
as  a  system  of  inter-linked  components. A master 
plan  for  evaluating  these  systems  has  been  develop- 
ed.  The  final  stage o f  the  operation  involves 
special  mapping  of  the  engineering  geology o f  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 o f  various  environmental  factors on 
the  cost of planning,  construction  and  operation 
of a  pipeline  where  special  environmental  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 o f  environmental  protection  have  been 
exaggerated. Both cartographic  and  field  investi- 
gations  have  revealed that the  areas  where  develop- 
ment  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% o f  the  surface of the  areas  investigated  in 
the  most  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, i n  terms of reducing  the 
costs of environmental  protection  measures. 

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- 

A method  has  been  proposed  for  evaluating  perma- 

It  should  be  noted  that  very  little  attention  is 

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. Hence  Domenik 
et  al.  (1979)  have  focussed  particular  attention 
on the  need  to  plan f o r  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 i s  recommended  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  nor  occurred.  Thermo- 
karst  depressions  have in some  cases  been  colonized 
by Arctogracis and  by Equisetum arvense while on 
slopes  and baydzherakhy thick  growths of arctic 
groundsel  have  appeared.  Additional  sprinkling  of 
the  surface  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  Kheta.  They  revealed  that  solar 
radiation  and  heat  were  adequate  for  the  growth of 
sown grasses (Pea) 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 CaZamagrostis kppZan&a (reed  bent- 
grass), Festucu 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  recomnendations  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  types  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 o f  
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. 

Engineering-geocryological conditions 
Topography  Vegetation  Soils Permafrost Mean  annual Active  layer Exogenic 

distribution temp. depth processes 

Subsidence  Replacement of Removal of  No changes  Rise of 1°C Increase  by  Thermal 
around  well  sparse  forest peat  and  recorded in depres- 150% erosion 
sites;  gully- with shrub  and organic  horizon;  sions 
ing on slopes  lichen  communi- reduction of 

ties  with  grass/ soil  moisture 
moss  communities by 50% 

accumulation  of  snow  in  yards  led  initially  to  the 
development o f  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/R) has  led to the  thawing  of  sediments 
to  depths of several  meters;  this  threatens  the 
stability o f  buildings  and  menaces  the  natural 
vegetation  cover as well  as  crops  (Anisimova 
1980, 1981). 

Investigations  are  under  way  and  recommendations 
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 
accumulation  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 t o  reduce  pollution 
of  the  environment  (Orlov  et  al. 1982, Akhmadeyev 
1982). Disruption o f  the  surface  around  gas  flare- 
offs have  been  examine-d  and  calculations t o  deter- 
mine  the  scale of the  problem  have  been  recommended 
(Polozkov et al. 1982).  

paration  of  areas  to  be  developed  has  been  recom- 
mended,  prior to the  erection of any  structures; 
these  precautions  would  obviate  subsequent  disrup- 
tion of the  surface  due  to  cryogenic  processes. 

In the  case of the  tundra  zone  preliminary  pre- 

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  Yakuria 
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). 

achieving a very  general  assessment o f  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  summer.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 
immediate  future.  The  maps  of  distribution  of 
ground  ice  and  of  thaw-subsidence  in  permafrost, 
compiled  for  the  uppermost 10 m layer  €or  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 

A schematic  map  has  been  compiled  with a  view to 
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direct  and  inverse  relationships  between  components 
of the  landscape. 

It is  also  essential  to  develop  specific  environ- 
mental  protection  measures  for  the  permafrost  areas. 
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Unt i l   ve ry   r ecen t ly  a l l  land  and water re- 
sources  in Alaska were owned by t h e   f e d e r a l  gov- 
ernment.  There was very l i t t l e  l o c a l  management 
and  people  could,  without  approval,  search o u t  re- 
sources  and  proceed  to  develop  what was found  with 
very l i t t l e  regula t ion .   In   1959,   the  U.S. Con- 
gress   began a d i v i s i o n  of land   and   respons ib i l i -  
t ies between t h e  newly c r e a t e d   S t a t e  o f  Alaska  and 
t h e  U.S. government. This l ed  t o  some changes i n  
philosophy  and made developers   dea l   wi th  two Own- 
ers. Th i s   l a rge ly  was t h e   s i t u a t i o n   i n  1968 when 
the  Prudhoe Bay o i l  f i e l d  was discovered  and i n  
1972 when t h e  trans-Alaska p i p e l i n e  was proposed, 
In 1971, an o ld   owner sh ip   s i t ua t ion  was so lved  
when Congres s   s e t t l ed   abor ig ina l   r i gh t s   c l a imed  by 
Alaskan  natives  (Eskimos,  Indians,   and  Aleuts).  
This settlement r e s u l t e d  i n  a dec i s ion   t o   conve r t  
about 12% of t h e   S t a t e  of A laska   i n to   p r iva t e  na- 
t i v e  ownership.   Finally,  i n  1981,  the  remaining 
f ede ra l   l ands   i n   A laska  were fu r the r   subd iv ided  
among fou r  major federal   landowners.  The n e t   e f -  
f e c t  of t h e s e   t h r e e   f e d e r a l  laws was t o  create 
shor t - t e rm  unce r t a in t i e s  as to   resource  ownership 
and ,   t he re fo re ,   unce r t a in ty   a s  t o  regula tory  re- 
s p o n s i b i l i t i e s .  

Thus, a resource   deve loper   in   Alaska  must 
have   spec i f i c   goa l s   and   ob jec t ives   t ha t  are t r ans -  
l a t e d   d i r e c t l y   i n t o   r e g u l a t o r y   r e q u i r e m e n t s   f o r  
resource  development  in  permafrost   environments.  
This   mult iple-ownership  regulatory  approach re- 
quires   unusual   coordinat ion  and i s  o f t e n  a cause 
fo r   de l ay   i n   p ro j ec t   app rova l s .   Spec ia l   r egu la -  
t i o n s  that apply i n  permafrost  environments  appear 
o n e r o u s   b u t   r e f l e c t   t h e   f a c t   t h a t  when su r face  
d i s tu rbances  are no t   done   co r rec t ly   t he re  is sub- 
s t a n t i a l   p o t e n t i a l   f o r  long-term  degradation of 
the  permafrost .   Federal   agencies ,  on t h e   o t h e r  
hand, a r e   o b l i g a t e d  t o  assure t h a t   t h e   s p e c i a l  re- 
quirements are necessary, f a i r ,  and  uniformly  ap- 
p l ied .  

NATIONAL  ENVIRONMENTAL  POLICY  ACT 

The National  Environmental   Policy Act (NEPA) 
i s  t h e   b a s i c   n a t i o n a l   c h a r t e r   f o r   p r o t e c t i o n  of 
the  environment.  It requ i r e s   f ede ra l   dec i s ion -  
makers t o  use   an   i n t e rd i sc ip l ina ry   approach  i n  the  
planning  and  approval  processes  and t o  seek com- 
ments   f rom  concerned  c i t izens  before   decis ions  are  
made and  before   act ions are taken. The NEPA ~ K O C -  
ess i s  i n t e n d e d   t o   h e l p   f e d e r a l   o f f i c i a l s  make de- 
c i s i o n s   t h a t  are based on understanding o f  envi- 
ronmental   consequences  and  take  act ions  that   pro-  
tect ,  restore,   and  enhance  the  environment.  The 
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environmental  impact  assessment i s  a sys t ema t i c  
process  that   formally  documents  the  decision-mak- 
er 's  r a t i o n a l e  fo r  t he   dec i s ion   t aken  and t h e  al-  
te rna t ive   courses   cons idered .  The b a s i c   s t i p u l a -  
t i o n s ,  terms, a n d   c o n d i t i o n s   u s e d   i n   t h e   f e d e r a l  
regula tory   p rocess  are direct   by-products o f  t he  
NEPA a n a l y s i s   t h a t   f o c u s  upon how unwanted e f f e c t s  
can be  avoided  ent i re ly  o r  a t  least  reduced t o  an 
acceptab le   l eve l .  

LAND OWNERSHIP I N  ALASKA: ITS PRESENT AND FUTURE 

1959 - Alaska  Statehood Act. This   ac t   p ro-  
v ided   for  103 mil l ion  a c r e s  (42.7 million  hec- 
t a r e s )  of unreserved   federa l   l and   to   be   t rans-  
f e r r e d  t o  s ta te  ownership. The s ta te  h a s   u n t i l  
1994 t o  complete i t s  selection of the  acreage.  
The 1959 a c t   a l s o   g r a n t e d   t o   t h e   s t a t e  t i t l e  t o  
a l l  submerged  lands  under  inland  navigable waters. 
I n  a l l ,  ownership  of  about 110 m i l l i o n   a c r e s  (44.5 
m i l l i o n  h e c t a r e s ) ,  exclusive of o f f shore   a r eas ,  
w i l l  t r a n s f e r   t o   t h e   s t a t e .  

As a cond i t ion  t o  s e t t l i n g   a b o r i g i n a l   r i g h t s ,  Con- 
gress   p rovided   tha t  70 mil l ion   ac re s   (28 .3   mi l l i on  
hec ta re s )  of f e d e r a l   l a n d  and some state  land  be 
set aside  f rom  which  Alaska  nat ives   could  select  
44 mil l ion  acres (17.8 m i l l i o n   h e c t a r e s )   f o r   p r i -  
vate  ownership.  The 1971 act es tab l i shed   Alaska  
n a t i v e   v i l l a g e   c o r p o r a t i o n s   t o  own lands  around 
establ ished  nat ive  communit ies   and  Alaska  nat ive 
r e g i o n a l   c o r p o r a t i o n s   t o  own other   lands  and  sub-  
sur face   resources   under   v i l lage   corpora t ion   lands .  

1981 - Alaska   Nat iona l   In te res t   Conserva t ion  
I_ Act. This act p laced   f ina l   parameters  on major 
f ede ra l   l and   a r eas   i n   A laska  as follows: 

1971 - Alaska  Native  Claims  Settlement  Act. 

76 m i l l i o n  acres (30.8 m i l l i o n   h e c t a r e s )  
i n   n a t i o n a l   w i l d l i f e   r e f u g e s  t o  be man- 
aged by t h e  U.S.  Fish  and  Wildlife  Ser- 
vice. - 52 m i l l i o n  acres (21   mi l l i on   hec t a re s )  
i n   n a t i o n a l   p a r k s   t o   b e  managed by t h e  
U.S. National Park Service.  

i n   p u b l i c   l a n d s   a n d   s p e c i a l  management 
areas t o  be managed by t h e  U.S. Bureau 
of Land Management. 
23 mil l ion  acres (9 .3   mi l l ion   hec ta res )  
i n   n a t i o n a l   f o r e s t s  and   spec ia l  manage- 
ment areas t o   b e  managed by t h e  U.S. 
Forest   Service.  

This 1981 act a lso e s t a b l i s h e d  two major pro- 

68   mi l l ion  acres (17.5 m i l l i o n   h e c t a r e s )  

v i s i o n s   t h a t   r e q u i r e   s p e c i a l   a t t e n t i o n  by f e d e r a l  
land  managers i n  Alaska. The f i r s t   r e q u i r e s   t h e  
f ede ra l   l and  manager t o  e v a l u a t e   a l l   p r o p o s a l s   t o  
u se  any f e d e r a l   l a n d s   f o r  any s i g n i f i c a n t  resrric- 
t i o n  on subs is tence   uses .  The second  es tab l i shed  
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FIGURE 1 D i s t r i b u t i o n  of f e d e r a l l y  managed and s t a t e  and na t ive   l ands  in Alaska. 

un i form  federa l   t ranspor ta t ion   eva lua t ion   and  ap- 
proval  procedures.  

Including  about  2.1 mi l l i on  acres of n a t i o n a l  
defense   l ands ,   the   federa l   government ,   p r inc ipa l ly  
t h e  Department of t h e   I n t e r i o r ,  w i l l  r e t a i n   d i r e c t  
p rop r i e t a ry   r egu la to ry   r e spons ib i l i t y  f o r  about 
59% of  Alaska. 

As o f  June 1983, some 89 m i l l i o n  acres (36  
m i l l i o n   h e c t a r e s )  were unde r   exc lus ive   j u r i sd i c -  
t i o n  of t h e  s ta te  or Alaska  nat ive  corporat ions.  
For f e d e r a l   l a n d s   s e l e c t e d  but not conveyed t o  
s ta te  or n a t i v e   e n t i t i e s ,   t h e r e  is some form of 
mutua l   coope ra t ion ,   coo rd ina t ion ,   o r   ac tua l   sha r -  
i ng  of t h e   r e g u l a t o r y   r e s p o n s i b i l i t i e s .  Ocvnership 

is s t i l l  fluid.  Betueen  June  and  October 1 of 
1983, an a d d i t i o n a l  6 m i l l i o n   a c r e s  (2.4 m i l l i o n  
h e c t a r e s )  w i l l  be   t r ans fe r r ed  Prom f e d e r a l   t o  
s ta te  or native  ownership. 

nat ive  ownership  a lso are becoming a prominent 
f a c t o r  in t ransferr ing  resource  ownership  to   en-  
hance  both  preservation  and  development  opportuni- 
ties. A major focus of recent  exchange  proposals 
has involved  the  Alaska Arctic Slope,  where  devel- 
opment  of energy  resources  is the  primary  use. 

A p r a c t i c a l   q u e s t i o n  of any major resource  
development  project in a permafrost   environmnt 
is, who  Owns the   g rave l?  I n  Alaska, g rave l  is a 

Land exchanges  between  federal, state, and 
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subsur face   resource ;   therefore ,  i f  on n a t i v e  e a corpora t ion   l ands ,  the na t ive   reg iona l   corp-  
o r a t i o n  cwns t he   g rave l .  If the grave l   source  i s  
i n  a non-navigable  waterway,  the  adjacent landown- 
er owns t h e   g r a v e l ;  i f  i n  a navigable  waterway, 
the s ta te  owns t h e   g r a v e l .  

LAND MANAGEMENT OBJECTIVES AND REGULATORY ACTIONS 

Each na t ive   co rpora t ion  has i t s  own land man- 
ageasent o b j e c t i v e s ,  and t h e  state a l s o  has land 
management objec t ives   for   l and   under  its j u r i s d i c -  
t ion .  

ground r u l e s  by the U.S. Congress   for   resource 
protection  and  development  in Alaska. These range 
from strict  p r e s e r v a t i o n   t o   v a r i o u s  form of mul- 
t i p l e - u s e  and  preservat ion.  For example, t h e  U.S. 
Bureau  of Land  Management  manages the  23-mil l ion-  
acre (9.3"mill ion-hectare)  National  Petroleum Re- 
s e r v e   i n  Alaska for   petroleum  extract ion.   While  
j u s t   n o r t h  of Fairbanks,   Congress  had  directed  the 
Bureau  of Land  Management t o  manage the   h igh ly  
mineralized  1-mill ion-acre  (0.4-mill ion-hectare) 
White Mountains  National  Recreation Area for pub- 
l i c  r e c r e a t i o n  and the  adjacent  1.2-mill ion-acre 
(0.5-mill ion-hectare)  mineralized  Steese  National 
Conservation Area. 

func t ions ,  is f u l f i l l i n g  i ts  o b l i g a t i o n   t o  make 
wise d e c i s i o n s   f o r   t h e   b e n e f i t  of the owners. 
This i s  a ba lanc ing  game where most opt ions  are 
n e i t h e r  good nor  bad,  but  "better" or "worse." A 
f ede ra l   agency ' s   cons t i t uenc ie s   i nc lude  227 mil- 
l i o n   s t o c k h o l d e r s   o r   c i t i z e n s   o f  the U.S. ,  t h e  
P res iden t  of t h e  U.S., the Secre ta ry  of the In t e r -  
ior, Congress   (especial ly  the Alaska  delegat ion 
and members of the   appropr ia t ions   commit tees) ,  the 
Governor,  and a l l  t o o   f r e q u e n t l y   t h e   f e d e r a l  
cour t s .  

The state and  native  landowners  have  similar 
cons t i t uenc ie s   t o   be   cons ide red   i n   l and -use   au th -  
or iza t ion   in   permafros t   envi ronments .  

Each f e d e r a l   l a n d  manager is g i v e n   s p e c i f i c  

Each  land  manager,  through its regu la to ry  

REGULATORY ACTIVITIES TO PROTECT 
PERHAFROST  ENVIRONMENTS 

The degree of f e d e r a l   r e g u l a t i o n  i s  usua l ly  
cOmmeneurate with the l e v e l  of t he   expec ted   ac t iv -  
i t y  and its d u r a t i o n ,   t h e   s e n s i t i v i t y   ( p h y s i c a l  
a n d   p o l i t i c a l )  of the area t o  be  dis turbed,   and 
t h e   p u b l i c   a n d   p r i v a t e   i n t e r e s t s  a t  r i s k .  

during  the  design,   operat ion,   and  maintenance 
stages  of  resource  development a t  f o u r   d i s t i n c t  
per iods :  

Explora t ion  - Locate the resource.  
Development - Prepa re   t he   r e source   t o   go  

- Product ion  - Produce  and  transport  the re- 

- Shutdown - Economic l i f e  o f  the   p roduct ion  

Cer t a in   r egu la t ions   have   un ive r sa l   app l i ca -  

Federal   regulat ion  can,   and  does,   take  place 

t o  market. 

source   in to   the   marke t .  

phase is  completed. 

t i o n ,   w h i l e   o t h e r s  are s p e c i f i c   t o  the lands  man- 
aged by a p a r t i c u l a r  owner ( f e d e r a l ,  s ta te ,  o r  na- 
t i v e ) .  

A t  t h e   f e d e r a l   l e v e l   i n  Alaska, there is  a 
s t r i k i n g   d e g r e e  of  s i m i l a r i t y   t o  the r egu la to ry  
process i n  that  Congress   f ixes  the l e v e l  of re- 
source uses and   de te rmines   b road   pr ior i t ies  for 
which  resource  uses come first .  

Each f e d e r a l   l a n d  manager prepares  a land-use 
p lan  that  o u t l i n e s  the cr i ter ia  for r e source   u ses  
and  protect ion  s tandards.  Each land-use  plan und- 
e rgoes  numerous l o c a l ,  s ta te ,  and   o f t en   na t iona l  
reviews  before i t  i s  f i n a l l y  adopted. 

the appl icant   p r imary   respons ib i l i ty   for   showing 
t h a t  there w i l l  be no undue or   unnecessary harm t o  
the  exis t ing  socioeconomic  values  or t o   t h e   n a t u r -  
a l  environments as a r e s u l t  of the proposed re- 
source  development  program. I n  Alaska, these i n -  
c lude   i nves t iga t ions  on subsistence  use,   endan- 
gered   spec ies  of p lan ts   and   an imala ,   and   cu l tura l  
resource  avoidance  as  w e l l  as the more t r a d i t i o n a l  
permafrost   engineer ing  design  quest ions.  

I n  Alaska,   federal   regulatory  act ions  ex-  
pressed by s t i p u l a t i o n s ,  terms, o r   c o n d i t i o n s  i n  
the   l and-use   au thor iza t ions  come i n  t h ree   p r inc i -  
pa l   ca t egor i e s :  

p h y s i c a l  damam to  permafrost   environments.  Exam- 
p l e s   i nc lude :  

There is  a n   a c c e l e r a t i n g   t r e n d   t o   p l a c e   w i t h  

1. Those des igned   t o   p reven t   o r   mi t iga t e  

Avoiding  sensi t ive  permafrost   areas  where 
mass wasting, major dra inage   reconf igura-  
t i o n s  or un t r i ed   eng inee r ing  would be re- 
quired.  
Constructing  temporary ice  roads  and ice 
a i r f i e l d s   ( n a t u r a l  or man-made) dur ing  the 
e x p l o r a t i o n   p h a s e   i n   l i e u  of permanent 
f a c i l i t i e s  where thermal e ros ion  is  a 
l i k e l y  by-product. 
Requ i r ing   e i the r  a l l  upland or a q u a t i c  
g r a v e l   e x t r a c t i o n  sites accord ing   t o  ther- 
mal regimes  and si te r e s t o r a t i o n   c a p a b i l i -  
ties. 
Requ i r ing   g rave l   o r   subs t i t u t e   i n su la t ion  
f o r  work p a d s ,   a i r f i e l d s ,   r o a d s ,   d r i l l i n g  
areas, and  housing areas, a c c o r d i n g   t o  the 
permafrost  regime  and the commitment of 
ava i l ab le   g rave l   r e sources   fo r   o the r   u ses .  
Pe rmi t t i ng   su r f ace  movement of  heavy 
equipment  only when the  ground is  f rozen  
t o  a minimum depth  of 12 i n .  
Using  air-cushion  or  low-ground-pressure 
veh ic l e s  as a laeans to   avo id   cons t ruc t ion  
of either temporary o r  permanent  transpor- 
t a t i o n  faci l i t ies .  
Using  air-transportable  equipment  where 
e i ther   t emporary  o r  permanent  roads would 
be  necessary.  
I n s t a l l i n g   r i p - r a p   o r   c u l v e r t e d   d r a i n a g e s  
to   mi t iga t e   o r   avo id   t he rma l   e ros ion .  
S u c c e s s f u l l y   t e s t i n g  new engineer ing  mth- 
ods   before   sur face   d i s turbance  starts. 
Requiring rehabilitation/restoration when 
t h e   s u r f a c e   d i s t u r b a n c e   a c t i v i t i e s  are 
suspended for a n y   s i g n i f i c a n t   p e r i o d   o r  as  
p a r t  of t h e  shutdown  phase. 
R e s t r i c t i n g   f u e l   s t o r a g e   a n d  waste d ispos-  
a l  sites and  methods. 

L. Those  designed t o   m a i n t a i n   a v a i l a b i l i Q  
of hab i t a t s   no t   phys i ca l ly   d i s tu rbed .  Examples 
inc lude  : - Es tab l i sh ing  minimum f l i g h t   a l t i t u d e s   f o r  
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a dens d r c r a f t   c r o s s i n g  high-' i t y   wa te r fowl  
n e s t i n g  areas dur ing   the   nes t ing   season .  

sites. 
Avoiding  caribou  calving  grounds  during 
the calving  season.  

* Avoiding  major   car ibou  migrat ion  routes   or  
r equ i r ing   spec ia l   eng inee r ing   des igns  
f o r   m i t i g a t i o n ,  

i n g  the nest ing  per iod.  

s t r u c t u r e s   i n   r e l a t i o n   t o   w i n t e r   h a b i t a t  
areas   used by w i l d l i f e .  

Main ta in ing   na tura l   hydro logic   reg ims  
through  f ish  spawning  areas.  
Maintaining minimum flows i n  key  over- 
w i n t e r   f i s h   h a b i t a t s .  

3. Those  designed t o   p r e v e n t   o r   m i t i g a t e  

- Avoiding   ac t iv i ty   near   occupied   bear  

Avoiding  peregrine  fa lcon  nest   areas   dur-  

- Designing  and  locating  snow-collecting 

- Designing   cu lver t s   for  f i s h  passage. 

soc iocul tura l   and   aes the t ic   d i s turbance .   These  
inc lude :  

L o c a t i n g   f a c i l i t i e s  away f rom  ru ra l  com- 
munities. 
P r o h i b i t i n g   f a m i l i e s   a t   c o n s t r u c t i o n   o r  
r emote   ope ra tona l   f ac i l i t i e s .  
Avo id ing   l oca l   subs i s t ence   u se   a r eas   ( f i sh  
camps,  hunting  camps,  traplines,   caches,  
cabins ,   berry-picking areas, l o c a l  f ire- 
wood, o r  house log a r e a s ) ,   e s p e c i a l l y  dur- 
ing per iods  of use. 
Locat ing  and  avoiding  cul tural   and  his tor-  
i c  places.  
Requiring employment of l o c a l  workers. 
I n s t i t u t i n g   j o b   t r a i n i n g  t o  provide skills 
needed by l o c a l   r e s i d e n t s   t o   s e c u r e  em- 
ployment   during  the  explorat ion,   construc-  
t i o n ,   o r   o p e r a t i o n a l   p h a s e s  of the pro- 
posed  project .  
Increas ing  employment oppor tun i t i e s  of mi- 
nori ty   groups  through  minori ty   contracts .  
P roh ib i t i ng   hun t ing  by personnel  while  lo- 
ca ted  a t  remote f a c i l i t i e s .  
Evalua t ing  how the p ro jec t  w i l l  look when 
completed  (color, form, f i t   t o   t e r r a i n ) .  
Evaluating  whether  temporary  or  permanent 
t r a n s p o r t a t i o n  fac i l i t i es  w i l l  be  approved 
a t   t h e   e x p l o r a t i o n  phase. 

TRANSPORTATION FACILITIES 

Major  resource  developments in Alaska  fre- 
q u e n t l y   r e q u i r e   c o n s t r u c t i o n  of new t r a n s p o r t a t i o n  
f a c i l i t i e s .  While t h e  mine si te,  t imber   harves t  
area, o r   o i l f i e l d  may occupy a r e l a t i v e l y   s m a l l  
area, be i n  a single  ownership,   and  impact  only a 
few ecosys t ems ,   t r anspor t a t ion   sys t em  invo lve  
much l a r g e r  areas of  impact,  cross  numerous owner- 
s h i p s ,  and f r equen t ly   i nvo lve  numerous  ecosys- 
tems. The development  and  transportation  deci-  
sions are usua l ly   separa te .  

focus of major cont roversy ,  as new t r a n s p o r t a t i o n  
The t r anspor t a t ion   sys t em is f r e q u e n t l y   t h e  

c r e a t e s  new 
resources.  

deve lopment   oppor tuni t ies   for   o ther  

REGULATORY  UNIFORMITY 

A11 land  managers,   resource  developers,   and 
their  r e spec t ive   i n t e re s t   g roups   des i r e   un i fo rm 
r e g u l a t o r y   p r o c e s s e s   a n d   f a i r   s t i p u l a t i o n s ,  terms, 
and condi t ions .  

The problem is, "Whose process?"   and   "Fa i r   to  
whom? '' 

In Alaska ,   there  are seve ra l   coope ra t ive  ven- 
t u r e s   s t a r t e d  or now going  under   the  auspices  of 
the  Alaska Land Use Council, a f e d e r a l / s t a t e /  
n a t i v e   e n t i t y   c r e a t e d  by Congress  under  the Alaska 
N a t i o n a l   I n t e r e s t  Land Conservation Act. These 
ventures   include:  

* Standards for w i l d f i r e   s u p p r e s s i o n  on 
s t a t e ,   f e d e r a l ,  and nat ive  ownerships .  
A p rocess   fo r   conduc t ing   subs i s t ence  
eva lua t ions .  

ploration,  development,  and  production on 
s t a t e  and  federal   lands.  
Management of f e d e r a l l y   r e s e r v e d  access 
easements   across   nat ive  ownerships .  - Establ i shment   o f   na tura l   cont ro l  areas 
aga ins t   wh ich   t o   measu re   t he   e f f ec t iveness  
of pe rmi t   s t i pu la t ions .  

Un i fo rm  s t anda rds   fo r   o i l  and  gas ex- 

CONCLUSIONS 

Confe rences   such   a s   t h i s   p inpo in t   cu r ren t  
s ta te -of - the-ar t   oppor tuni t ies   and   ou t l ine   po ten-  
t i a l  so lu t ions   be ing   tes ted .  More impor tan t ly ,  
t hey   ma in ta in   e s t ab l i shed   l i nes  of communication 
and  open new ones  between  land  managers,  research- 
e r s ,  and  resource  developers.  

the  concerns  landowners  have i n   p r o t e c t i n g  re- 
s o u r c e s   e n t r u s t e d   t o  their care.  In the case o€ 
federal agencies ,  these concerns are requi red  by 
law. Requirements  imposed in permafrost  areas may 
a p p e a r   p a r t i c u l a r l y   o n e r o u s ,   b u t   t h e y   r e f l e c t   t h e  
po ten t i a l   fo r   l ong- t e rm  se r ious   deg rada t ion  of the 
permafrost  environment. A p r i n c i p a l   f a c t o r   i n   t h e  
dec i s ion   p rocess  mst be "When in  doubt,   be  con- 
serva t   ive .  '* 

o b l i g a t e d   t o   a s s u r e  that  requirements  placed on 
i ndus t ry  are n e c e s s a r y ,   a r e   f a i r l y  and  uniformly 
adminis te red ,   and   a re   reasonable  in r e l a t i o n   t o  
t h e   v a l u e s  a t  risk. 

Government agenc ie s   a l so   have   t he   r e spons i -  
b i l i t y   t o   a s su re   t ha t   p roposed   deve lopmen t s   t ha t  
cu t   across   l and   ownersh ip   boundar ies   a re   eva lua ted  
under similar  criteria. Terms, condl t ions ,  or 
st ipulat ions  should  be  reasonably  compat ible   be-  
tween   ad jacent   l andholders .   Noth ing   s t ra ins   the  
c r e d i b i l i t y  of t he   r egu la to ry   p rocess  more than  
hav ing   r ad ica l ly   d i f f e ren t   s t anda rds  on oppos i te  
s i d e s  o f  an   i nv i s ib l e   owner sh ip   l i ne .  

The r egu la to ry   p rocess  i s  an  expression  of  

Federa l   agencies ,  on the other   hand,  are also 
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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 i s  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  theae  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 o f  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  assessment by federal  government  agencies 
prior  to  the  granting of permits (e.g. Slaney  and 
Co., 1973;  Beak  Consultants,  1975),  establishment 
of  government-eponsored  commissions of inquiry in- 
t o  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). 

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). 

Other  papers  related t o  environmental  prob- 

GENERAL  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. 

of  the  early  environmental  concerns  were  related 
to seismic  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. 
rhe  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  most 
serious  terrain  and  environmental  damage  is now 
associated  with  the  drilling  operation  itself, 
which  often  extends  into  the  critical  summer 
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-moss  cover 
overlying  soft,  ice-rich  shales of the  Christopher 
Formation.  Wherever  possible,  urethane  matting is 
placed  around  the  rip  and  beneath  buildings  to 
compensate  €or  any  gravel  deficiency.  Road  con- 
struction  is  also a problem  because  of  the  lack o f  
aggregate in many  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  summer  months  when  tundra i s  
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  problem6 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  permafrost. In itself,  the con- 
struction of a  sump  is  a  major  terrain  disturb- 

With  respect  to  oil  and  gas  exploration,  some 



ance. In addition,  the  influx  of  relatively warm 
drilling  fluids  can  lead  to  significant  changes in 
the  thermal  regime  of  the  permafrost  adjacent  to 
and  beneath  the  sump  (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  small  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 
muds  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  permafrost-related  issues on the 
part of the  companies  involved,  resulting in an 
overall  decrease  in  environmental  and  permafrost 
concerns.  Evidence of this  desire to cooperate 
and  wark  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/&2  as  an  experimental  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.  Panarctic, 
1982a,b). 

reference t o  a  number of abandoned  well  sites  in 
the  northern  Yukon.  Each is representative of a 
different  stage in the  progression  of  land  use  and 
environmental  management  procedures.  The  northern 
Yukon is an  area  underlain by  widespread  diacon- 
tinuous  permafrost,  and  lies  within  the  boreal 
€orest-shrub  tundra  vegetation  transition  (Oswald 
and  Senyk,  1977;  Wiken  et  al.,  1979).  Since  1962, 
over 50 wells  have  been  drilled  in  the  northern 
Yukon, by  far  the  majority on either  Eagle  Plain 
or  Peel  Plateau. 

Pre-Land  Use  Operations 

These  broad  trends  can  be  illustrated  with 

Typical  of  many  early  well-drilling  opera- 
tions  in  the  northern  Yukon  was  the  Blackstone D- 
7 7 ,  drilled i n  1962  and  1963  to a depth  of 4028 m. 
It  was  a  two-season  operation  that  commenced in 
March  1962  and  finished  in  January  1963. In all 
probability,  there  was  activity  around  the  site 
during  the  summer o f  1962,  but  the  nature  of  this 
activity ia difficult to ascertain  from  the  well 
records. It would  appear  that  the well was 
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 o f  a  north-south 
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tr endink. tributary  valley  of  the  Blackstone  River. 
Poor  drainage  conditions  at  this  site  together 
with  silty  ice-rich  colluvial  sediments  produce  an 
open  forest  woodland  of  black  spruce (picea 
mriana) and  tamarack (rarix sp.)  with a  relative- 
ly  dense  shrub  layer  (dwarf  birch,  willow,  erica- 
ceous  shrubs)  and  sedges (Carex spp.)  . 

During  site  preparation, in the  winter of 
1961/62,  this  vegetation  had  been  cleared  and 
probably  burned.  Recent  ecological  and  forest 
surveys  of  the  northern  Yukon  now  clarify  the  im- 
plications of such  actions.  For  example, in the 
moister  environments of the  interior  Yukon, a 
fire  cycle  occurs  that is slightly  different  from 
that  characteristic of well-drained  sites. Ac- 
cording  to  Zoltai  and  Pettapiece  (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 is the  devel- 
opment of areas  of  fire-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  thermokarst  had  developed  within  the  area  of 
the  well  site.  Thermokarst  mounds,  1-3 rn i n  
height,  together  with  deep  pools  of  standing 
water, 2-4 m deep in places,  surrounded  the  old 
drilling  platform. m a w  depths  in  the  diaturbed 
terrain  commonly  exceeded 90 cm  while  those  in  ad- 
jacent  undisturbed  terrain  were  less  than 45 cm. 
Revegetation  was in the form of  sedges, masses, 
dwarf  birch,  and  cottongrass. 

In the  general  vicinity,  seismic  lines  reveal 
a  similar  history  of  physical  disturbance  and 
thermokarst.  The  removal o f  trees  and  surface  or- 
ganic  material  had  led  to  the  formation  of  water- 
filled  trenches,  80-100  cm  deep,  colonized  by 
aquatic  plants (Equisetum spp., Carex spp., moss- 
e s ) .  

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 (1.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 Operations 

I n  summary,  the  Blackstone  D-77  well  site  il- 

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  Chevron SOBC Wm N. Parkin W61. Not  only 
was  it  drilled  completely i n  the  winter  of  1971/ 
7 2 ,  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.  This 
reflected (a)  the  one-season,  winter  drilling  pro- 
gram  and (b)  the  low  terrain  sensitivity o f  the 
site.  The  absence  of  a  rigpad  probably  reflected 
the  absence  of  easily  accessible  surficial  aggre- 
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DISCUSSION ga te   and   t he   r e luc t ance  of the   l and   use   regula tory  
b o d i e s   a t   t h a t  time t o   e x t r a c t   a g g r e g a t e  from 
l o c a l  bedrock  sources. 

Recent  Operations 

S ince   the   ear ly   1970 ' s ,  there has been a pro- 
gress ive   re f inement  in both   indus t ry   opera t ing  
techniques  and the a p p l i c a t i o n  of t h e   T e r r i t o r i a l  
Land Use Regulations. This t rend  i s  best i l l u s -  
t r a t e d  by t h e  last well d r i l l e d  on Eagle  Plain.  
This was the Aquitaine  Alder C-33 well, d r i l l e d  
du r ing   t he  l a te  winter  of 1977178. 

The w e l l  was loca ted  on a south   fac ing ,   gent -  
l y   s l o p i n g  (2-5') i n t e r f l u v e ,   s e v e r a l   k i l o m e t e r s  
south   o f   the  umin Eagle  Plain  escarpment.   Vegeta- 
tion in t h e  area c o n s i s t s  of an  open  canopy  of 
b lack   spruce  (Picea mariana) t oge the r   w i th  a shrub  
l a y e r  of b i r ch  ( B e t u l a  g l a n d u l o s a ) ,  alder (AlnUS 
sp.),  and some Labrador tea. A moss-lichen  layer 
c o n s t i t u t e s  a s u r f a c e   o r g a n i c  mat  more than  10 c m  
th ick .  A t  t h e  well s i te  the   p resence  o f  whi te  
spruce  (Picea g l a u c a )  and  charred  remnants  of 
b lack   spruce   ind ica ted  a previous  burn. 

i n v e s t i g a t i o n s  were undertaken by consu l t an t s  a t  
the  proposed well s i te  loca t ion .  The depth  of  the 
f r o s t   t a b l e  and ac t ive   l aye r   t empera tu res  were 
measured a t  s e v e r a l  sites. As was to   be   expec ted ,  
t h e  thaw  depths  bore a c l o s e   r e l a t i o n s h i p   t o   t h e  
vegetation  cover  and  type,   and  confirmed  the i m -  
po r t an t  thermal r o l e   t h a t   v e g e t a t i o n   p l a y s  in 
these northern  boreal   forest-shrub  tundra  environ-  
ments.  Shallow d r i l l i n g   r e v e a l e d  10-24 c m  o f  or-  
ganic   mater ia l   over lying  about   2 .4  m o f  s i l t y   c o l -  
luvium, which graded  into  highly  weathered  and 
fissile shale  bedrock. The upper 2 m of c o l l u v i a l  
sediments  possessed excess ice amounts  of  between 
10-25%,  and n a t u r a l  water ( ice)   contents   exceeded 
20%. Ground ice amounts   then  progressively de- 
creased  with  increasing  depth.  The deeper   cores  
re t r ieved  f rom  underlying shale and  sandstone  bed- 
rock   ind ica ted  low ground ice content  and  high 
s t ruc tu ra l   cohes iveness  of the   rock .  

Following these observa t ions ,  a land  use  per-  
mit was i s s u e d   f o r   t h e   d r i l l i n g  of t h e  w e l l  during 
the win te r  of 1977178. G l a r g e   g r a v e l  pad was 
cons t ruc ted  for the operat ion,   to   prevent   thaw  of  
the i c e - r i c h   s u r f i c i a l  material. The aggrega te  
was obta ined  by crushing  sandstone  from a borrow 
p i t  opened  up  along  the crest of t h e  main Eagle 
Plain  escarpment   to   the  north.   Al though a small 
sump was u s e d   d u r i n g   d r i l l i n g ,   t h e   m a j o r i t y  of the 
waste f l u i d s  were t r a n s p o r t e d   t o  the borrow area, 
which  served as a main sump. The ope ra t ion  was a- 
t y p i c a l ,   t h e r e f o r e ,   s i n c e   t h e  main r i g  sump was 
no t  a t  the s i te  i t s e l f ,  During  the summer of 
1978, opera t ions  a t  t h e  si te terminated  and s i t e  
r e h a b i l i t a t i o n  was accomplished the fo l lowing  win- 
ter. 

As a r e s u l t   o f  these p rocedures ,   t e r r a in   d i s -  
turbances  adjacent   to   the  r igpad  were  minimal .  
Moreover, no s igns  of  thawing of the permafrost ,  
as might   be  indicated by slumping  of the pad, were 
v i s i b l e   i n   J u l y  1979. It was concluded   tha t   the  
methods  adopted to   p reven t  thaw were s u f f i c i e n t l y  
e f f e c t i v e   t o   o f f s e t  a n y   i n c r e a s e   i n  thaw due t o  
the  removal  of trees and the su r face   vege ta t ion  
layer .  

During  June 1977, geo techn ica l   and   t e r r a in  

These t h r e e  selected c a s e   h i s t o r i e s   i l l u s -  
t r a t e  the  e f f e c t i v e n e s s   a n d   a p p l i c a t i o n  of t h e  
T e r r i t o r i a l  Land Use Regula t ions  in the bo rea l  
forest-shrub  tundra  environments   of   northern 
Yukon. 

the T e r r i t o r i a l  Land Use Regulations  In  minimizing 
d is turbance  are c l ea r ly   appa ren t .  The r e l a t i v e  
s o p h i s t i c a t i o n  of  the   Aquitaine C-33 opera t ion ,  
where a la rge   g rave l   pad  was constructed  and ac- 
t i v i t y  was l imi ted   to   the   win ter   months ,   can   be  
compared t o  the earlier Blackstone E 7 7  well s i t e  
where  typical  man-induced thennokarat  occurred 
f o l l o w i n g   l a n d   c l e a r a n c e   a n d   d r i l l i n g   a c t i v i t y   i n  
the summer i n   an   i ce - r i ch   l oca l i t y .   Obse rva t ions  
a t  the  Blackstone s i t e  sugges t  t ha t  over  the long  
term (1.e. 15-25 y e a r s )   n a t u r a l   r e c o l o n i z a t i o n ,  
similar t o   t h e   c h a n g e s   f o l l o w i n g   f i r e ,  i s  as suc- 
c e s s f u l  as a r t i f i c i a l  seeding  in s i te  rehabili ta- 
t i on .  

The containment of w a s t e   d r i l l i n g   l i q u i d s   i n  
below-ground  sumps has been a s tandard   opera t ing  
c o n d i t i o n   f o r  wells d r i l l e d   u n d e r   t h e   T e r r i t o r i a l  
Land Use Regulations i n   b o t h  the  N.W.T. and the  
Yukon. Equally,  i t  has  been  one of the cond i t ions  
t h a t   h a s   p r e s e n t e d   t h e  most problems. The Aqui- 
ta ine   Alder  C-33 I l l u s t r a t e s  how an   i nnova t ive  
waste disposal  program was undertaken  and i s  rep- 
r e s e n t a t i v e  of an  increased  awareness  of the need 
f o r   f l e x i b i l i t y  i n  the a p p l i c a t i o n  of t h e   T e r r i -  
t o r i a l  Land Use Act and  Regulat ions,   especial ly  as 
t h e y   p e r t a i n   t o   t h e   d i s p o s a l  of waste f lu ids .  Al -  
t e r n a t e   d i s p o s a l  methods are ac t ive ly   be ing   inves-  
t i g a t e d ,   i n c l u d i n g   s u r f a c e   d i s p o s a l ,   d e t o x i f i c a -  
t i on   p rocedures ,   t ruck ing   t o   des igna ted   d i sposa l  
sites, a n d   d i l u t i o n  i n  su r face  water bodies. The 
sur face   d i sposa l   exper iment  on Ellef Rlngnes Is- 
l a n d   i n   t h e  High Arctic (Panarctic,   1982a, b) i s  
t h e  most recent   approach,  However, t h e   v a r i a b i l i -  
t y  o f  l o c a l   t e r r a i n   c o n d i t i o n s   i n   n o r t h e r n  Canada 
and the Inherent   uncer ta in ty   involved  in explora- 
t i o n   d r i l l i n g   c o n t i n u e s  t o  prevent  any one Waste 
disposal  procedure  from  being  adopted i n  prefer -  
e n c e   t o   o t h e r s .  

The changes   e f fec ted  by t h e   i n t r o d u c t i o n   o f  

CONCLUSIONS 

There   appea r s   t o   be   no   ea sy   so lu t ion   t o   t he  
t e r r a i n  and  environmental  problems of o i l   e x p l o r a -  
t i o n  in nor thern  Canada.  However, the continued 
a p p l i c a t i o n  of the T e r r i t o r i a l  Land Use Act  and 
R e g u l a t i o n s ,   t o g e t h e r   w i t h   t h e   p o s i t i v e   a t t i t u d e s  
increasingly  adopted by the   opera tors   themselves ,  
are leading  to   fewer   problems that  c a n n o t   e i t h e r  
be reso lved  or minimized. I n   t h e   b o r e a l   f o r e s t -  
shrub  tundra  environments   of   northern Yukon, ter- 
r a i n   d i s t u r b a n c e s   a s s o c i a t e d  wi th  well d r i l l i n g  in 
recent  years  have  been  minimized. Where t h e r e  i s  
a lack  of i c e - r i c h   s u r f i c i a l   d e p o s i t s ,   t h e  rela- 
t i v e   r a p i d i t y  of n a t u r a l   r e v e g e t a t i o n  is important 
in r e d u c i n g   t e r r a i n  damage. In s p i t e  of th is ,  
te r ra in   d i s turbance   and   sump-re la ted   p roblem  do  
s t i l l  o c c u r   i n   o t h e r   l o c a l i t i e s   i n   n o r t h e r n  Can- 
a d a ,   e s p e c i a l l y   n o r t h  of t r e e l i n e  in the ecologic-  
a l l y  more de l ica te   tundra   and   po lar ,   semi-deser t  
environments. They e m p h a s i z e   t h e   d e s i r a b i l i t y  of 
s i t e - s p e c i f i c   s o l u t i o n s   t o  minimize  impact  and a 
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thorough  understanding  of  permafrost-vegetation 
r e l a t i o n s h i p s ,   i n   a d d i t i o n   t o   t h e   i m p o s i t i o n  of 
general   land  use  operat ing  condi t ions.  
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PETROLEUM EXPLORATION AND PROTECTION OF THE  ENVIRONMENT ON THE NATIONAL PETROLEUM RESERVE IN ALASKA 
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The  National  Petroleum  Reserve  in  Alaska 
(NFRA) comprises  almost 96,000 km2 of  the  tundra- 
covered  area  of  the  North  Slope.  Its  northern 
boundary  is  the  Arctic  Ocean,  including  almost 
equal  portions  of  the  coastline o f  both  the  Chuk- 
chi  and  the  Beaufort  Seas. A little  more  than 
one-half of its  southern  boundary  follows  the  di- 
vide of the  Brooks  Range. 

which i s  approximately 810 km2 in  area,  the  entire 
Reserve is underlain by permafrost  ranging in 
thickness, to  the  best  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 . O l " C ) ,  i s  -10.7'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 o f  
snow.  Thus,  the  area  has  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.  Most  of  the  Reserve,  except  near  the 
mountain  front,  is  almost  devoid of gravel  that 
could  be  used  for  construction,  although  approxi- 
mately  13,000 h2 of  the  area  is  covered  by  mostly 
stabilized  sand  dunes. 

potential  generally  has  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.  This  was 
followed  by  the  Navy's  exploration  program, in- 
volving  geologic  mapping,  geophysical  prospecting, 
and the  exploratory  drilling of 36 generally  shal- 
low test  wells  and 44 core  test  wells  from  1944 to 
1953 (Reed, 1958). The  most  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. 

gan  under  wartime  conditions  and  even  used  some 
military-type  equipment,  such  as  tracked  landing 
vehicles  €or  transporting  men  and  equipment  across 
the  tundra.  It  was a pioneering  effort in which 
one o f  the  goals  was  to  see  what  equipment  would 
work  in  the  rigorous  arctic  environment  and  what 
modifications  might  be  required in exploratory 
techniques.  The  most  important  finding  of  the 
latter  was  the  knowledge  that  overland  travel 
could  only  be  successfully  accomplished  during the  
winter.  The  environmental  protection  ethic  was 

Except  beneath a portion of Teshekpuk  Lake, 

Exploration  of  the  Reserve  for  oil  and  gas 

The  Navy's 1944-1953 exploration  program  be- 
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not  emphasized i n  those  days, nor was  research  far 
advanced  concerning  the  impact  of  this  type  of op- 
eration on the  arctic  environment. I n  retrospect, 
there  were two serious  environmental  results.  The 
first  involved  overland  transportation,  especial- 
ly  during  the  summer  periods  when, fn order  to  ob- 
tain  traction  and  to keep from Mgh-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 i n  Britain.  The  second  major 
environmental  impact  was  that  debris,  especially 
empty  fuel  drums,  was  scattered  across  the  tundra. 
The  latter  has  been  largely  rectified,  the  debris 
gathered  up  and  burned or buried,  but  at a very 
large  financial  cost  (Schindler,  1983b). 

ploration  was  that,  in  1947,  the  Navy  introduced a 
program of research in arctic  environmental.  mar- 
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). 
This  included  information  regarding  casing  col- 
lapse i n  wells;  knowledge o f  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 t o  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. 

generally  has  been  cited  as a model  for  accom- 
plishing a  task,  where  a  decision  has  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  environrnen- 
talists  to  want  to  use  methods  and  parameters 
shown to  work  at  Prudhoe  and  to  leave a neat  and 
tidy  appearance.  The  former  has  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  transporation  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  is 
made.  Impermanence  not  only  provides  greater  en- 
vironmental  protection,  but  it is less  expensive. 
In an  exploration  program, one wants to "tip-toe'' 
into  an  area, run the  seismic  surveys,  drill  any 

One very  positive.result of  that  earlier ex- 

The  oil  development  program at Prudhoe  Bay 



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  sea-son,  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- 
pleting  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 o f  
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 201n3 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 m 3  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 no 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  moisture. A thick  pad,  however, i s  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 no added ma- 
terial  to  be  hauled  to  the  site  since  sufficient 
material is available  after  digging  a  reserve 
(mud)  pit;  it  retains  sufficient  moisture  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  eliminated  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 t o  prepare. 

received  few  complaints  from  environmental  groups, 
and  since  its  completion  it  has  occasionally  been 
cited  by  such  groups as the  model  way  to  accom- 
plish  an  exploratory  program  in  the  Arctic.  The 
program  also  was  completed  approximately  12%  under 
its  budgeted  funding. 

The  recent  exploration  program  on  the  NPRA 
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TERRAIN SENSITIVITY AND RECOVERY fN ARCTIC REGIONS 
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The p ro tec t ion  o f  vegetation,  and i t s  sens i -  
t i v i t y   t o  and  recovery  from  various  impacts,  such 
as s u r f a c e  damage, o i l   s p i l l s ,  and  dredge-and-fill 
ac t iv t t i e s ,   have   been   unde r   i nves t iga t ion  on t h e  
tundra  of  the  Alaskan Arctic S l o p e   f o r   t h e   p a s t  15 
years. Much of  what I w i l l  d i s c u s s   a p p l i e s   t o  
similar permafrost  terrain,  both i n  Alaska  and 
elsewhere. 

f i c u l t i e s   c o n c e r n i n g   t h e   p r o t e c t i o n  o f  tundra  and 
the  necessary  development  of i t s  resources:  

There seem t o   b e  two generic   problems  or   dif -  

The f i r s t  problem is the   complexi ty  of 
land  ownership,   permit t ing,   and  regulatory 
matters. 

* The second  problem is the   l ack  of  knowl- 
edge  of  ecosystem  dynamics  and  variabil- 
i t y .  

The f i r s t  problem has been  discussed by sev- 
e r a l  of the  previous  speakers   and I will conf ine  
my remarks t o  the  second  problem. 

Lack of knowledge  and  Understanding of t h e  
ecosystem is due in p a r t   t o   t h e   v a s t n e s s  of  t h e  
reg ion   under   cons idera t ion ,  i t s  l a r g e   v a r i a b i l i t y ,  
and the  complexi ty  of i ts systems.  Permafrost re- 
gions vary  f rom  polar   and  a lpine  deser ts   through 
tundra  to   forests .   Their   hol is t ic   and  complex  na-  
t u r e  i s  w e l l  i l l u s t r a t e d  by the  many e f f e c t s   t r i g -  
gered by seemingly  simple  events,   such  as  compres- 
s i o n  of t he   t undra   vege ta t ion  mat. Th i s   va r i ab i l -  
i t y  and  complexity make g e n e r a l i z a t i o n s   d i f f i c u l t ,  
a n d   p r e d i c t i v e   c a p a b i l i t i e s  are poor. A t  p resent ,  
the  problems are bes t   ana lyzed   and   t rea ted  by ex- 
amining   each   case   o f   po ten t ia l   o r   ac tua l   impact   in  
i t s  s p e c i f i c  s i t e  context.  It is t o   b e  hoped t h a t  
with  increased  knowledge,   predict ion  based on es- 
t a b l i s h e d   p r i n c i p l e s  w i l l  be poss ib le .  

mantic  confusions in t he   u se   and   de f in i t i ons  of 
terms. There are a t  least t h r e e   c a u s e s   f o r   t h e  
semantic p r o b l e m   a s s o c i a t e d   w i t h   t h e   p r o t e c t i o n  
of   permafrost   terrain.  The f i r s t  is c a r e l e s s   u s e  
of terms and  terminology. The second i s  t h e   i n -  
t e r d i s c i p l i n a r y   n a t u r e  of  environmental  protec- 
t i o n ,  and t h e   t h i r d  is t h e   l a n g u a g e   d i f f i c u l t i e s  
a s soc ia t ed   w i th   t h i s   In t e rna t iona l   conce rn .  

t i o n  of new knowledge. It se rves   t o   r educe  commu- 
n i c a t i o n  among t h e   v a r i o u s  interest  groups,   such 
a$ developers   and   envi ronmenta l i s t s ,   s ince   they  
may use  term i n  d i f f e r e n t  ways. A few  examples 
of semantic  problems w i l l  s u f f i c e   t o   i l l u s t r a t e  
t he   p rospec t s   fo r   con fus ion :  

Our lack  of unders tanding   a l so  rises from se- 

The semant ic   confus ion   inh ib i t s   the   acquis i -  

* The use  of  the term " f r a g i l e "   f o r   t u n d r a  
vegetation  can  be  misleading.  While some 
tundra  is f r a g i l e  and e a s i l y   d i s t u r b e d ,  
t he   ma jo r i ty  of i t ,  in my opin ion ,  is rea- 
sonably  robust. Of course,   "robustness" 
i s  another  term t h a t  would need   def in ing!  
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The concept o f  t u n d r a   f r a g i l i t y   r e l a t e s  
more t o  i t s  s lowness   t o   r ecove r   r a the r  
than  i t s  ease  of d i s r u p t i o n  o r  breakage. 
I f  we are t o   u s e   t h e  term " f r a g i l e , "  
t hen  It must  be  done wi th  more prec l -  
sion. 
The use  of t h e  terms "resis tance"  and 
" re s i l i ence"  of ecosys tems  to  s tress   i s  
another  example o f  the  confusion  from 
semantic  problems.  These  are two very 
d i f fe ren t   no t ions .   "Res is tance"  vari- 
ously e a n s   t h e   r o b u s t n e s s  of t h e  vege- 
t a t i o n   o r   s y s t e m   t o   d i s r u p t i o n   o r   t h e  
ease  with  which i t  r e t u r n s   t o  i t s  f o r m r  
s t a t e   a f t e r   d i s r u p t i o n ,   a n d   " r e s i l i e n c e "  
i s  a b e t t e r  term for  recovery  from  dis- 
turbance. 
One f i n a l  term tha t   causes   confus ion  i s  
t h e  term and  idea of "cumulative im- 
pact." This idea  i s  an  easy  one t o  en- 
visage--just  as i s  f r ag i l i t y - -bu t  a 
working  concept of "cumulative impact" 
i s  n o t   r e a d i l y   a v a i l a b l e :   t h e r e  is no 
theory  o f  "cumulative  impact."  Since 
t h e  not ion  is Incorpora ted  I n  the  U.S. 
l e g i s l a t i o n  t o  protect  wetlands  from 
d redge -and- f i l l   a c t iv i t i e s ,  i t  r equ i r e s  
c lear ,   uniform  understanding.   This  is 
an   a rea   in   need  of fu ture   research .  

Un t i l  we e x e r c i s e  care with our use  of  terms 
and  reduce  semantic   confl ic ts ,   our   progress   toward 
a c c e p t a b l e   p r a c t i c e s   t o   r e g u l a t e   a c t i v i t i e s .  mini- 
mize  impacts,  and  enhance  recovery is l i k e l y   t o   b e  
impeded or  confused. I should like t o  make a p lea  
f o r  someone t o  make a thorough  review o f  appropri-  
a t e   t e r m  and  terminology  with  recommendations f o r  
appropr ia te   use  i n  t h e   p r o t e c t i o n  of  permafrost 
t e r r a i n .   U n t i l   t h i s  is done,  however, we rmst de- 
f i n e   o u r  terms with  each  usage or r e f e r   t o  similar 
usage in t h e   r e l e v a n t   l i t e r a t u r e .  

A fur ther   concern  in t h i s  area of d e f i n i t i o n s  
is t h a t  o f   l andform,   so i l ,   and   vege ta t ion   c lass i -  
f i ca t ion . '   The re  is a remarkable  lack of r i g o r  in 
doing   th i s ,   which   can   on ly   l ead   to  misinformation 
o r  miscommunication. 

Adequate   protect ion  and management  of  perma- 
f r o s t   t e r r a i n   r e q u i r e s  good t e r r a i n   d e s c r i p t i o n ,  
adequate  mapping,  and  inventory o f  t he   l ands   be ing  
affected.   Adequate   large-scale  mapping (1:6000) 
w i l l  h e l p  i n  the   p l ann ing ,   l oca t ing ,   pe rmi t t i ng ,  
and  construct ion  design o f  var ious   s t ruc tu res .  
The North  Slope  Borough,  the  principal  Local  gov- 
ernment of the  Alaska Arctic Slope, is encouraging 
t h e  mapping  and inventory  of  i t s  lands.  The North 
Slope Borough is c u r r e n t l y  mapping, a t  a v a r i e t y  
of scales, the   geology,  soi ls ,  t e r r a i n ,  and  vege- 
t a t i o n  of i t s  lands. The d a t a   f r o m   t h i s   l a r g e  
p ro jec t   a r e   be ing   i nco rpora t ed   i n to   an   au tomated ,  



computer-retrievable,  ;eoRraphi c-based  information 
system. This s y s t e k w i l l - b e - o f   g r e a t   v a l u e  i n  t h e  
pe rmi t t i ng   p rocess ,   fo r   t he   r e sea rche r ,   t he   deve l -  
oper ,   and  the  landowner ,   Similar   effor ts   have 
been  undertaken by several   organics   and  petroleum 
companies in t h e  Prudhoe Bay reg ion   and   the   Arc t ic  
National  Wildlife  Refuge  (Walker e t  al . ,  1980, 
1982). 

bas i c   app l i ed   r e sea rch   and  more d i scuss ion  among 
s p e c i a l i s t s .  This will, I b e l i e v e ,   b e t t e r   e n a b l e  
u s  t o  protect  cold-dominated  ecosystems, but i t  
r e q u i r e s  time, funds,  and  people.  Perhaps,  of 
these   th ree   requi rements ,   t ime i s  t h e  most  impor- 
t an t .  Time i s  also  a t  a premium i n  the   p rocess  of 
p e r m i t t i n g   s p e c i f i c   a c t i v i t i e s .  Thus, we see  a 
c o n f l i c t  between  the  researcher who needs  mote 
time t o  document a potent ia l   impact   and  the  devel-  
oper  and  consumer who does  not  want  to wait f o r  
t hese   conc lus ions   o r  t o  f i n d  ways t o  mi t iga t e  
them. C l e a r l y ,   t h e   s o l u t i o n  i s  a compromise,  and 
both  development  and  research  need  to  be accom- 
pl ished  s imultaneously.  However, development t h a t  
would potent ia l ly   leave  impacts   should  not   proceed 
wi thout   adequate   concurren t   research   or   equiva len t  
m i t i g a t i v e   a c t i o n s .  

s t a n d i n g   a p p e a r   t o   f a l l   i n t o  two r e l a t ed   ca t egor -  
ies ( s e e   f o r  example  National Academy Press,  1983) 

Our lack  of knowledge  can  be  remedied by more 

Research   pr ior i t ies   to   increase   our   under -  

- The f i r s t   p r i o r i t y  i s  t o   e s t a b l i s h   s i t e s  
f o r  long-term  studies  of man-made and  na- 
tu ra l   changes ,   to   inc lude   changes  in at-  
mospheric  carbon  dioxide,   permafrost  tem- 
pe ra tu re ,  and biological  communities.  
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* The second   r e sea rch   p r io r i ty  is t o   b e t t e r  
document  and monitor c a s e   h i s t o r i e s  of im- 
pacts  and  recovery  from damage. This   in -  
cludes  the  development  of  better  methods 
of measurement  and p r e d i c t i o n  of impacts 
and  recovery  from damage. 

Final ly ,   the   cont inuing  development  o f  perma- 
f ros t   l ands   can   be   done   in   a   fash ion   compat ib le  
wi th   p re se rv ing   t he i r   b io log ica l   wea l th   and   he r i -  
tage. Construct ion  and  maintenance  costs   to   pro-  
v ide   envi ronmenta l   p ro tec t ion  may a t  times be  con- 
sidered  excessive.   Development  and  protection  can 
be  achieved  through  a  better  knowledge  of  the nat- 
u r a l   s c i e n c e  of these  systems  and  appropriate  
p lanning   as   eva lua ted  in t h e   i n t r o d u c t i o n   t o   t h e  
panel   report .  Such  knowledge,  once  gained,  should 
be  exchanged  freely. 
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INTRODUCTION 

A. Judge  and J. P i lon  

The  energy crisis i n  1973  emphasized  the  need 
t o   f i n d  and  develop  arct ic   hydrocarbon  reserves .  
A similar need f o r   o t h e r  mineral resources  will 
deve lop   i n   t he   nex t  few  decades.   Exploitation  of 
t hese   r e sources   and   t he   a s soc ia t ed   i n f r a s t ruc tu res  
of bu i ld ings   and   t r anspor t a t ion  fac i l i t i es  will 
occur on and i n  permafrost ,   which  underlies 24% of 
t h e   l a n d  area of the   g lobe .  Much of the  near-sur-  
face  permafrost   contains   massive  ice .  Numerous 
reports  and  papers  have  docurented  the  immediate 
impact of development  through  clearing  vegetation, 
i n t e r rup t ing   d ra inage ,   and   ope ra t ing   ho t   o i l   and  
c h i l l e d   g a s   p i p e l i n e s .  A 2-m-diameter p i p e l i n e  
buried  in   permafrost ,   for   example,  will thaw t o  9 
m i n  5 years.  Mean air   temperature   changes of 
severa l   degrees   can   be   expec ted   to   occur   over   the  
l i f e t i m e  of   such  projects ,   wi th   possible   long-term 
r e g i o n a l   e f f e c t s   o n   t h e   t e r r a i n   t r a v e r s e d  by a 
p i p e l i n e   o r  highway as   impor t an t  as the  short- term 
localized  impact of t he   deve lopmen t   i t s e l f .  
Knowledge o r   p r e d i c t i o n  of such   c l imate   t rends  be- 
c o w s  a c r i t i c a l   a s p e c t  of  design  for  long-term 
performance. 

The r e g i o n a l   d i s t r i b u t i o n  of permafrost  i s  a 
f u n c t i o n  of   c l imate ,   a l though  wide   var ia t ions   in  
ground  thermal  conditions  do  occur in smal l   a reas  
of uniform climate due t o   s i t e - s p e c i r i c   c o n d i -  
t ions .  Where mean annual  ground  temperatures  are 
c l o s e  t o  O'C, s p e c i f i c   l o c a l   f a c t o r s   c a n   d e t e r m i n e  
whether or   no t   permafros t  is  present.  Changes in 
the  ground  thermal  regime,  and  hence  in  the  dis-  
t r i b u t i o n  and  thickness of permafros t ,   can   resu l t  

from  changes i n   b o t h  climate and l o c a l   c o n d i t i o n s .  
The s p e c i f i c   e f f e c t s  on permafrost  o f  a macro- 
s ca l e   c l ima te   change   a r e   no t   necessa r i ly   s imp le ,  
depending on t h e  complex i n t e r a c t i o n  of climate, 
microclimate,   surface,   and  ground  thermal  condi- 
t ions .   I f ,   €or   example ,  a g l o b a l  warming,  concen- 
t r a t e d  in t h e   h i g h   l a t i t u d e s ,   r e s u l t s  from  in- 
c reas ing  COP levels, t h e   e f f e c t  will ce r t a in ly   be  
profound.   Several   recent   papers   report   on  the 
possible  consequences of increased  temperature  and 
changes i n  p r e c i p i t a t i o n  on permafrost   condi t ions 
i n  Alaska (Goodwin e t  a l . ,  1984;  Osterkamp, 1 9 8 4 ) ,  

Assuming t h a t  a rise i n  mean annual a i r  tem- 
pe ra tu re  i s  t r a n s l a t e d   d i r e c t l y   i n t o  a s imi l a r   i n -  
c r e a s e   i n  mean annual  ground  temperature, perma- 
f r o s t   a t   t h e   s o u t h e r n  limit may re t r ea t   no r thwards  
by as much as 100 km per   degree warming. This   has  
been  observed in Manitoba  where  over  the  past 200 
y e a r s   t h e   a r e a l   e x t e n t  o f  permafrost  has  dimin- 
ished  from 60 t o  15%. With  the  discontinuous  per- 
= f r o s t  a t h i c k e r   a c t i v e   l a y e r  w i l l  develop,  wide- 
spread thaw s e t t l e m e n t   i n   a r e a s  of mass ive   i ce  
w i l l  occur ,   south-facing  s lopes w i l l  become  perma- 
frost-free ,   and  surface  and  groundwater   pat terns  
will change.  Extensive  thermokarst   features w i l l  
form  from t h e  thaw of massive ice l e a d i n g   t o   t h e  
formation of l akes ,  new d r a i n a g e   p a t t e r n s ,  alas 
a r e a s ,   e t c .   S l o p e s   i n   g e n e r a l  w i l l  become less 
s t a b l e ,   l e a d i n g   t o   e x t e n s i v e   f a i l u r e s   a n d   e r o s i o n .  
Rivers  less confined by frozen  banks will change 
course  and  carry  increased  sediment   loads.   Coast-  
a l  areas   could well be  inundated by t h e  sea a s   t h e  
thaw  se t t lement   lowers   e leva t ions   to   be low  sea  
l e v e l ,   e s p e c i a l l y   i f  a gene ra l  rise i n   s e a   l e v e l  
occurs. The impact of d i f f e r e n t i a l  thaw s e t t l e -  
ment  of as m c h   a s  a meter on cons t ruc t ion   such   a s  
roads ,   p ipe l ines ,   and   bu i ld ings  i s  n o t   d i f f i c u l t  
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t o   v i s u a l i z e .  In the  continuous  permafrost   zone, 
the southern  boundary of which w i l l  a l s o  move 
northward,  ground  temperature w i l l  a l s o  rise, 
l e a d i n g   t o  some thawing  and  re la ted  set t lement  
problems. Most of the immediate  impact of  warming 
and  thawing w i l l  o c c u r   c l o s e   t o   t h e  ground  surface 
where human a c t i v i t i e s   a r e  most   dramatical ly   af-  
fec ted .  

l e a d   t o  a r e v e r s a l  of the   above   fea tures ,   inc lud-  
ing  a souther ly   advance o f  the discont inuous  and 
continuous  boundaries of permafrost   and  corre- 
sponding  vegetation  zones. More impor tan t ly  i t  
will lead   t o   t he   g rowth  of massive ice bodies ,  a 
r e a c t i v a t i o n  o f  the  growth of ice wedges i n  more 
sou the r ly   a r eas ,   and  a genera l   th ickening  of per- 
mafrost  and  consequent  changes  in  surface  morphol- 
ogy and   d ra inage   pa t t e rns   ( s ee   Os te rkaq ,  1984, 
and Brown and  Andrews, 1982, for a d d i t i o n a l   d i s -  
cussion).  

C l i m a t i c   f l u c t u a t i o n s  seem t o  b e   r e f l e c t e d   i n  
permafrost   behavior ,  for example the northward re- 
treat of the  southern  permafrost   boundary, the in- 
i t i a t i o n  of   ex tens ive   thermokars t ing   in   the   south-  
ern  Mackenzie  Valley in the past   hundred  years,  
and  within  the las t  decade ,   t he   r eac t iva t ion  of 
ice wedges on the  arctic coast .  

o f  c l imat ic   change   in  the A r c t i c  i s  l imi t ed ,  so 
proxy  methods  such as  palynology,  oxygen  isotope 
d i s t r i b u t i o n ,  and  geothermal   analysis  become im- 
por t an t  ways  of extending  the  record  of   the  past .  
Geothermal   ana lys i s   does   o f fe r  a d i r e c t ,  if reso- 
lu t ion- l imi ted ,  method of examining  past  changes 
i n  mean ground  temperature. 

trends  from many a r c t i c   s e r i e s  of proxy  informa- 
t i o n   a s  follows: 

A d e c r e a s e   i n   a i r  and  ground  temperature w i l l  

In g e n e r a l ,   d i r e c t   o b s e r v a t i o n a l  measurement 

Brown and Andrews (1982) have  summarized the 

A long-term  cooling  trend of the o rde r  of 
0.7OC per  thousand  years. 

s e r i e s  of  major o s c i l l a t i o n s   w i t h  wave- 
l eng ths  of 500 t o  600 yr. - Evidence from t h e   e a s t e r n  Canadian Arctic 
tha t  summer temperatures f e l l  below t h e  
mean of the p a s t  6000 years  between 2500 
and  1500 years  ago  and d i d  no t  rise 
above t h e  mean u n t i l   t h e  l as t  100 years. 
Tempera tures   in  the 20th   cen tury   tha t  are, 
on average ,   as  warm as they  have  been  for  
several   hundred  years ,   i f   not   thousands of 
years. 

Superimposed  on  the  long-term  trend, a 

The las t  poin t  may be an exaggeration, al- 
though  cer ta in ly  no warmer per iods  have  occurred 
s ince   t he   11 th   cen tu ry .  Whether o r   n o t  the gener- 
a l   t r e n d s  will cont inue  o r  whether the impact  of 
C o p  in   the   a tmosphere  will reverse   such   t rends  re- 
mains a poin t  of cons iderable  debate. 

s t r o n g l y   a t t e n u a t e d   e v e n t s   i n   t h e   d i s t a n t   p a s t ,  
geothermal   ana lys i s  of more recent c l i m a t i c   e v e n t s  
has   had  notable   success .  I n  temperature   logs 
throughout  eastern  North  America, the Mackenzie 
Va l l ey ,   and   t he   a r c t i c   coas t a l   p l a in ,   t he   ev idence  
f o r  a gene ra l  warming t r e n d   s t a r t i n g  a century  ago 
followed by a recent  downturn  agrees well wi th  me- 
t eo ro log ica l   da t a .  In gene ra l ,  the evidence  indi-  

Aside  from  the  problems  of  interpreting the 

cates   that   ground  temperatures   increased more 
than  a i r  temperatures.  A d e t a i l e d   s t u d y   i n   t h e  
uniform  shield  rocks of no r the rn   On ta r io   r evea led  
per turba t ions   caused  by surface  ground  tempera- 
t u r e s   i n c r e a s i n g  by  1.5'C i n   t h e   L i t t l e  Climate 
Optimum from 1000 t o  1200 A.D.  and  decreasing by 
1°C d u r i n g   t h e   L i t t l e   I c e  Age from  1500 t o  1700 
A. D. 

t he rma l   ana lys i s  as a proxy  technique arises from 
the  non-uniqueness of the so lu t ions .  Given a ser- 
ies of d a t e s   a t  which climate change  occurred  from 
other   sources ,   the   t echniques  w i l l  success fu l ly  
resolve  ampli tudes of t h e  change f o r  up t o  about 
four  events.   Improved  continuous  or  semicontinu- 
01.18 logging  lnethods may even tua l ly  improve  upon 
th i s .  In summary, the p resen t   s t r eng ths   and   u ses  
o f  t h i s   t y p e  of a n a l y s i s  of borehole  temperatures 
are probably as follows: 

One of the ser ious  problems  with  using geo- 

Given  good  meteorological  inforlaation on 
climate change   over   the   pas t   100   years ,   to  
determine how t h a t  change  has  been  trans- 
la ted  into  ground  temperature .  The 
a n a l y s i s  w i l l  enable  some p r e d i c t i o n   o f  
how f u t u r e   t r e n d s  w i l l  a f fec t   permafros t .  
I n   a r e a s  where  laeteorological  data are 
non-ex i s t en t   o r   o f   sho r t   du ra t ion ,   t o  de- 
termine the  long- te rm  f luc tua t ions  of 
ground  temperature   over   the  past   several  
cen tu r i e s .  Some answers will be   der ived  
as t o  whether  areas  such as t h e  High Arc- 
t i c  fo l low  g loba l   t r ends .  
Given  proxy  information on the dates   and 
dura t ion  of c l i m a t i c   e v e n t s ,  some i deas  of 
amplitude  can  be  derived  from  geothermal 
ana lys i s .  - Promis ing   a r eas   o f   app l i ca t ion   t o  more re- 
mote c l ima te   even t s ,   i nc lud ing   t he   de r iva -  
t i o n  of ice-base  condi t ions  during Wiscon- 
s i n   g l a c i a t i o n ,   r e q u i r e   f u r t h e r   r e f i n e -  
ment. 
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LATE PLEISTOCENE STAGE 

I n  China, there are no r e p o r t s  of double-lay 
ered  permafrost  o r  t h e   t y p i c a l   i c e  wedge c a s t s .  
The depth o f  the  measured  ground  temperature  in 
permafrost   regions i s  less than  200 m. Therefore,  
most of the env i ronmen ta l   r econs t ruc t ions   i n  geo- 
cryology  depend on r e l i c t   p e r i g l a c i a l   f e a t u r e s ,  
e spec ia l ly   i nvo lu t ions   and  soil wedges. 

Qlnghai-Xizang  Plateau 

Cui (1980a) has  suggested that  the  lower l i m -  
its of permafrost  on the  Qinghai-Xizang  Plateau in 
t he   La te   P l e i s tocene  are ind ica t ed  by t h e  wide- 
spread   involu t ions   on   the   second  te r race  (3900 m) 
of the Pingchu  River a t  Xigaze i n  the south  and 
t h e   i n v o l u t i o n s  on the   second  te r race  (3600 m) a t  
Naij T a l  i n   t h e   n o r t h   ( F i g .  1). The mean annual 
air temperature a t  Naij Tal  i s  about -0 .6"C a t  

present ,   and  the mean annual a i r  t empera tu re   a t  
the   lower  limit of t h e   e x i s t i n g   p e r m a f r o s t  on t h e  
p l a t eau  16 from -2 t o  -3°C. Accep t ing   t ha t   t he  
mounta ins   have   l i f ted  600-900 m s i n c e   t h e  end of 
the Late   Pleis tocene,  i t  has been  deduced t h a t  
t h e r e  was a probable   temperature   depression of 5- 
6'C on the p l a t eau   du r ing   t he   La te   P l e i s tocene .  
But Pu e t  a l .  (1982)   argued  that   the   lower limit 
o f  permafrost   dur ing the Late   P le i s tocene   reached  
the l a t i t u d e  o f  30'N a n d   a n   a l t i t u d e  of 4200 m i n  
the south ,   a long  the Qinghai-Xizang Highway, bu t  
was lower  than 3600 m in the nor th .  

p r o f i l e s   h a v e   b e e n   f o u n d   i n   l a r g e   q u a n t i t i e s  on 
the  Qinghai-Xizang  Plateau. Most of the s o i l  
wedges a r e   l o c a t e d   o n  the second terrace of r iv -  
ers .  Carbon-14 da t ing  o f  t h e  material a t  the   bo t -  
tom of a s o l 1  wedge loca ted  on the second   t e r r ace  
of Zuomaokong Qu, on the nor the rn   s lope  o f  Feng- 
huoshan,  gives 23,500 * 1200 years  B.P. The roean 

Polygons  and s o i l  wedges in corresponding 

8ooo 1 Lower limit of permafrost: 

----- Contemporary A 
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FIGURE 1 Lower limits of p e r m f r o s t  a t  various ages  along  Qinghai-Xizang Highway (af ter  Cui, 1980). 
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annual air temperature   there   today i s  about -5OC. t h e  las t  a l a  
Assuming t h a t   a n  a i r  temperature of -8'C is neces- 
s a ry  for the   formation o f  s o i l  wedges in coarse- 
g ra ined   so i l s ,   and   aga in   accep t ing   t ha t   t he  moun- 
t a i n s  have u p l i f t e d  600-900 m s ince   t he   end  of t h e  
Late P le i s tocene ,  i t  i s  i n f e r r e d   t h a t   t h e  tempera- 
t u r e  was 6-8°C lower when t h e   s o i l  wedge was 
formed  than a t  present.  T h i s  temperature  approxi- 
mates the   t empera ture   in fer red  from t h e  lower l i m -  
i t  of  permafrost,  based on the   involu t ions ,   and  
a l so   co inc ides   wi th   the   conclus ion   in fer red   f rom 

c i a t i o n  in nor the  ast China  (Fig.  1). 
This lid; roughly   co inc ides   wi th   the   p resent   day  
7-8'C isotherm of mean annual a i r  temperature. It 
i s  deduced tha t   t he   t empera tu re   dep res s ion   du r ing  
t h e  last g l ac i a t ion   i n   no r theas t   Ch ina  was a l s o  
7-8'C. Cui and Xie (1982)  suggested  that  a t  t h a t  
time the   sou the rn  limit of permaf ros t   i n  East 
China  reached t o  39'W-40°N, and t h e   s o u t h e r n   l i m i t  
o f  continuous  permafrost  was loca ted  a t  45'N, but  
Pu e t  a l .  (1982) s t a t e d   t h a t   t h e   s o u t h e r n  perma- 
f r o s t  boundary  reached t o  34'N. It i s  questlon- 

the  paleontologic  evidence  (carbon-14  dating) a t  a b l e   t o   u s e   i n v o l u t i o n s   a l o n e   t o   i n d i c a t e  perma- 
23,100 f 850 yea r s  B.P. on t h e   n o r t h   s l o p e  of g i n  f r o s t ,   u n t i l   t h e i r   o r i g i n  is b e t t e r  known. Cui 
Ling  (Shi e t  al., 1979) ,   tha t   the   t empera ture  was (1980b)   has   p roposed   tha t ,   to   be   an   ind ica tor   o f  
8'C lower dur ing   t he  Last g l ac i a t ion .  Zhang permafrost ,  an invo lu t ion  must show the   fo l lowing  
(1979)  argued Khat t h e  wedge i s  an  ice wedge, and c h a r a c t e r i s t i c s :   ( a )   t h e   d i s t u r b e d   l a y e r   c o n s i s t s  
t ha t   t he   t empera tu re   fo r   t he   fo rma t ion  of t h e   i c e  mainly of sand   or   sand   wi th   g rave l ;   (b )   there  i s  a 
wedge c a s t  ought t o   b e  -12'C. clear  boundary  between a d is turbed   layer   and   an  

under ly ing   hor izonta l   l ayer ;   and  ( c )  t he   " fo ld"  is 
Northeast   China symmetrical and  extends t o  a c e r t a i n   d i s t a n c e .  

T h e r e   a r e   a l s o  many problems of d i s t ingu i sh ing  ice 
Based on  the   sou the rn  limits o f   b o t h   t h e   s o i l  wedge casts from s o i l  wedges; the  temperature  re- 

wedges  and the   i nvo lu t ions ,  Guo and L i  (1981) have qu i r ed   fo r   t he   g rowth  of s o i l  wedges  must  be  de- 
ou t l i ned   t he   sou the rn   l imi t  of permafrost   during termined by f u r t h e r   i n v e s t i g a t i o n s .  

TABLE 1 Comparison of climatic  changes  during  postglaciation  between  Europe  and  East   China.  

Europe  East  China* 
Temperature Years 

Date   Stage  Per iod  Per iod  f luctuat ion  ("C)  ago 

"2000 

- A.D. 

- -0 

- B.C. 

-- 2000 

- 

-- 4000 

- 

-- 6000 

- 

-- 8000 
- 

"1 0,000 

- 

"1 2,000 

- 

--1 4,000 

Sub-Atlantic 

Sub boreal 

Post 
G lac i a l  

A t l a n t i c  

L i t t l e   I c e  Age -1 0- 
500 

Pu Lan  Dian - 
l i t t l e  c l ima te  +1 - +2 
optimum 1400 2000" 
Zhou Han -1 

Neoglaciation 3000 - - 

4000- 

Yang Shao +2 - +3 - 

6000- 

Boreal Hypsithermal 8000 8000" 

Preborea l  
Upper  Dryas 

Allerod 
Late 
G l a c i a l  Lower Dryas 

Bolling 

Oldest  Dryas 
Fu l l  
Glacial Arctic 

Xie Hu -5 - -6 
10,700 10,000- 

Pre-Cold - 

12,000- 

14,000- 

16,000- 

*After Duan e t  a l .   (1981) .  
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THE:  LAST 10,000 YEARS 

Chu (1973) ,   the   outs tanding  Chinese  meteorol-  
og i s t ,   has   s tud ied   t he   c l ima te   changes  in China 
du r ing   t he  last 5000 years   based on meteorology 
and  phenology  records i n  C h i n e s e   h i s t o r i c a l   l i t e r -  
a t u r e  and materials found In archaeologica l   s tud-  
ies, On t h e   b a s i s  of Chu's  works, t h e   c l i m a t e  
change  during  the  postglaciat ion i n  East  China  has 
been   rough ly   ou t l i ned   (han  e t  al.,  1981) as fo l -  
lows: t h e  Xie Hu cold   per iod  (10,700-8000 B.P.), 
5-6'C lower  than  today;  the Yang Shao warm per iod  
(8000-3000 B.P.), 2-3'C higher   than  today;   the 
Zhou Han cold   per iod  (3000-1400  B.P.), 1-2°C lower 
than  today;   the Pu Lan Dian warm per iod  (1400-500 
B.P.), 1-2'C higher   than  today:   and  the L i t t l e  I c e  
Age (500 B.P.-present), I-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 t he   wor ld ,   bu t   t he re   a r e  some d i f f e rences  
i n  timing.  Table 1 provides  a comparative  base 
fo r   r econs t ruc t ing   t he   pa l aeoc l ima te  in permafrost  
regions  of  China. 

qinghai-Xizang  Plateau 

From carbon-14  dating, we know t h a t   t h e   p e a t  
buried i n  t he   midd le   s ec t ion  of Qinong a t  Yangba- 
j a i n  i s  9180 + 100 years   old.  The invo lu t ions  in 
t he   ove r ly ing   s and   l aye r  may have  been  formed i n  
t h e  Xie Hu cold  period  (Pu et al . ,   1982) ,  I n  t h i s  
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 p r e c i p i t a t i o n   a n n u a l l y .  A wind-eroded  land- 
scape  developed i n  t h e  East Kunlunshan, t h e   e a s t  
slope  (3000 m) of  Riyue  Shan,  and  the  upper  part 
(4600 m) of t h e  Gongba r e l i c t  mountain i n   t h e  Din- 
gri basin. The s t r a t i f i e d   d e p o s i t s  on t h e  west 
slope  (4000 rn) of Xiaonanchuan in Kunlunshan may 
have  formed in th i s   per iod   (Cui ,   1980a) ,  The per- 
i g l a c i a l   l o e s s  of t h i s   p e r i o d  is a l s o  well devel-  
oped. 

The carbon-14  age of mst of t h e   p e a t  on t h e  
Qinghai-Xizang  Plateau i s  between 8000 and  3000 
B.P., implying a r i s e  in temperature   during  the 
Yang Shao warm period,  i.e.  the  Holocene  Hypsi- 
thermal. The 4- to   6 -nr th ick   so l i f luc t ion   depos-  
i t s  i n  Fenghuoshan  and t h e   s o l i f l u c t i o n  terrace, 
up t o  10 m, i n  Tanggulashan  are   a lso  evidence  of  
r i s i n g   t e m p e r a t u r e s   i n   t h i s   p e r i o d .  The pe r ig l a -  
c i a 1   l o e s s ,  formed i n   t h e  Xie Hu cold  period,  usu- 
a l l y  became p a r t  of t h e   s o l i f l u c t i o n .  The s t a b i l -  
i z i n g  of t h e  dunes by v e g e t a t i o n   r e f l e c t e d  a warm, 
w e t  environment,   with more than  400 mm of p tec ip i -  
t a t i o n .   P a r t  of t h e  dunes s t a b i l i z e d  by vegeta- 
t i o n  was covered by a c t i v e   s o l i f l u c t i o n .  Accord- 
i n g   t o  Ding and Guo (19821, the  average  thawed 
depth  in the  Holocene  Hypsithermal was 15 m, which 
means the  permafrost   had not d i sappea red   en t i r e ly  
a t  t h a t  time, although i t  had largely  degraded. 

c i a t ion ,   t he   t empera tu re  on the  Qinghai-Xizang 
Plateau  dropped  again. A group  of f o s s i l   p i n g o s  
has  been  found a t  Xidatan  (4300 m) i n   t h e   n o r t h  
p a r t  of the   p la teau .  The carbon-14  age  of i t s  
equiva len t   l ayer  i s  7530 + 300 B . P .  It seems 
l i k e l y   t h a t   t h e s e   p i n g o s  formed i n   t h e  Neoglacia- 
t i o n .   I f   t h e   a l t i t u d e   a t  which the  pingos  formed 

During  the Zhou Han cold   per iod ,  i.e. Neogla- 

was 100 m higher   than  the  permafrost  lower limit 
(Cui,   1980a),   and  accepting  that   the  mountains 
have u p l i f t e d  300-500 m s i n c e   t h e  end o f  t h e  
Hypsithermal, i t  i s  i n f e r r e d   t h a t   t h e   t e m p e r a t u r e  
in   t he   Neog lac i a t ion  was about 2°C lower than 
now. The invo lu t ions  of t h i s   p e r i o d  are widely 
d i s t r i b u t e d  on the   p la teau .  In t he   no r th ,   t hey  
are encountered on t h e   f i r s t   t e r r a c e   a t   N a i j   T a l  
(3600 m) w i th  a carbon-14  age of  4190  100 B.P.; 
i n  the   sou th ,   t hey   a r e   found   a t  Langkaze  (4400 m) 
near Yamzho  Yumco, Yal i   (4400  m),   the   Dingri   basin 
(4300 m) ,  and  Yangbajain  (4200 m) ,  wi th  a carbon- 
14 age of 3270 + 70 and  6130 i 90 B.P. All these  
i n d i c a t e  a cold  environment a t   t h a t  time. 

Northeast  China 

From p o l l e n   a n a l y s i s ,  i t  i s  known t h a t   d u r i n g  
the  Hypsi thermal   broad-leaf   forest ,   consis t ing 
mainly  of oak, elm,   a lder ,   and  birch  grew  f rom  the 
Sanj iang   p la in   to   South   L iaoning .  The a i r  temper- 
a t u r e   a t   t h a t  time on   t he   San j i ang   p l a in  was about 
6-8'C, which i s  2-4'C higher  than  today's.  Taking 
1°C per  degree of l a t i t u d e  as t h e   l a p s e   r a t e  of 
temperature, i t  i s  ca lcu la t ed   t ha t   t he   t empera tu re  
t o   t h e   n o r t h  of Mangui was about O'C. Analysis of 
l i g h t  and  heavy  minerals i n  samples  taken  from a 
d r i l l   h o l e   a t  Amur shows a l a r g e   c o n t e n t  of s c r e e  
mater ia l ,   which   impl ies   tha t   the   a rea   to   the   nor th  
of Mangui had   no t   been   a f fec ted  by t h e  warm. wet 
climate.  Based on t h i s   e v i d e n c e ,  Guo and L i  
(1981)  have  concluded  that   there were r e l i c t   p e r -  
maf ros t   i s l ands  to t h e   n o r t h  of Mangui du r ing   t he  
Hypsithermal  (Pig. 2). This  ha6  been  confirmed by 
t h e   c a l c u l a t i o n s  of Fu e t  aL. (1983). 

During the   Neog lac i a t ion ,   t he   t empera tu re  
dropped  again.   Involutions  of  the  black-grey  f ine 
sand  and s i l t  layer  with  hums  (carbon-14  age of 
3010 i 80 B.P.) have  been  found in   bo th   t he   i so -  
l a t e d   t a l i k s   n o r t h  o f   bo th   t he   ex i s t ing   sou the rn  
permafrost   boundary  and  the  seasonally  frozen 
ground  boundary  south  of i t .  In other  words,  dur- 
ing  the  Neoglaciation  the  permafrost   exceeded  to- 
day's  southern  permafrost   boundary. 

THE LAST 1000 YEARS 

Zhang e t  al .  (1981) have  analyzed  the  r ings 
of a 900-year-old  cypress tree (Sabina  przewalski i  

(3760 m) a t  Tianjim  (37"24'N, 99'56'E) i n  Qi l ian-  
shan. Here v a r i a t i o n s  of r ing  widths   are   mainly 
due t o   f l u c t u a t i o n s   i n  a i r  temperature,  so they 
r e f l ec t   t he   t empera tu re   changes  on the  Qinghai- 
Xizang  Plateau. The r e s u l t s  of t h e   a n a l y s i s   a r e  
shown i n  Figure 3. 

Chu (1973)  has shown t h a t   t h e r e  were two ob- 
v ious   co ld   per iods   dur ing   the   l as t  1000 y e a r s   i n  
East China. The f i r s t  was i n  1000-1200 A.D., and 
the  second was i n  1400-1900 A.D. with  temperature  
ranges of 1-2'C in t h e  mean annual  temperature.  
The l a t t e r   c o r r e s p o n d e d   t o   t h e  L i t t l e  Ice Age i n  
Europe  (1541-1890 A.D.). It was a l s o   i n d i c a t e d  by 
t h e   r e s u l t s  of t he   t r ee - r ing   ana lys i s  of the  cy-  
p re s s  tree a t   T i a n j i m  in Qilianshan. 

During  the  cold  per iod of t h e  las t  500 yea r s ,  
t h e  climate i n  China s t i l l  fluctuated  between  cold 
and warm periods  (Table  2).  Based on t he  pheno- 

- kom.) t h a t  i s  l o c a t e d   a t   t h e   u p p e r   t r e e  limit 
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FIGURE 2 Boundaries of permafrost   dur ing  the la te  Quaternary  (modified  from Guo and ti, 1981). 1) Zone of 
present-day  permafromt; 2 )  Alpine  permafrost;  3)  Southern  boundary of present-day  permafrost; 4) Southern 
boundary o f  permafrost   dur ing  la te-Pleis tocene;  5 )  Present-day  boundary  between  "widespread  continuous  per- 
mafrost"   and  "Is land  or   val ley  bot tom  permafrost" ;  6 )  Inferred  southern  boundary of permafrost   during the 
Hypsi thermal   In te rva l  (areas shown by h o r i z o n t a l   c r o s s   h a t c h ) ;  7) I n v o l u t i o n   l a y e r s ;  8 )  Sand  wedges. The Q 
symbols refer t o   d i f f e r e n t  aged  deposits.  
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1800 2000 
Year,  A B .  

FIGURE 3 Climatic f l u c t u a t i o n s   d u r i n g   t h e  las t  1000 years. a)  Running 10-yr m a n s  of tree r ing   w id th  
i n d i c e s  of Qi l i anshan   cypres s  tree (Zhang e t  al., 1981). b) Temperature   f luctuat ion  during  the las t  1000 
years  i n  China  (Chu, 1973). 
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$ 0.3  Whole Earth 

FIGURE 4, Comparison of average  temperature   changes  s ince 1870 in the  world  and i n  China.  Successive 5-yr 
means expressed as depar tures   f rom  the  means f o r  1880-84, i n   t h e  whole   Ear th   (a f te r  Zhang Jiacheng),  

TABLE 2 Comparison  of  cold  and warm periods  be- 
tween  East  and West China. 

West China 
East China  (from  dendro- 

Periods  (from  phenology)  climatology) 

1470-1520 A.D. 1428-1537 A.D. 

1620-1 720 
( e spec ia l ly  1622-1740 
1650-1700) 

Cold 1840-1890  1797-1870 

A f t e r  1945 
( e spec ia l ly   Af t e r  1924 
1967-present) 

1550-1600 A.D. 1538-1621 A.D. 
Warm 1770-1830 1741-1796 

1916-1945 1871-1923 

l og ica l   r eco rds .   t he   co ld   pe r iod  of t h e  l as t  500 
yea r s  i n  East  China can   be   d iv ided   in to   four  smal- 
ler cyc les ,   inc luding   four   per iods   o f   cool ing   and  
three   per iods  o f  warming w i t h   p e r i o d i c   l e n g t h s  of 
50-100 years  and  a  temperature  range  of 0.5-l.O°C. 
A l l  t h e s e   o s c i l l a t i o n s  were r e c o r d e d   i n   t h e   r i n g  
wid th   va r i a t ions  of t he   cypres s  tree a t  Tianjim, 
b u t   t h e  time phase  of East China i s  s l i g h t l y   d i f -  
f e r e n t  from t h a t  o f  West China. 

By cor re l a t ing   t he   t r ee - r ing   w id th   i nd ices  
and t h e  a i r  temperatures  recorded a t  meteorologi- 
cal s t a t i o n s  on the   P la teau ,  it is deduced t h a t  
du r ing   t he  las t  500 years   the   t empera ture   range  
was about 1.0-1.5"C, and  the   t empera ture   in   the  
co ldes t   pe r iod  was  0.8'C lower  than  today. 

From the   ins t rument   records ,   the   t rends  of 
climatic changes i n  Xining i n  West China  coincide 
wi th   t hose  of  both East China  and  the rest o f  t h e  
globe  (Fig. 4). The warming i n   t h e   N o r t h e r n  Hemi- 
sphere,  which  began i n   t h e  1880s, reached i t s  max- 
i m u m  i n   t h e  1940s. But the  r ing-width  index ser- 
ies shows t h a t   t h e  warming t r end  i n  West China be- 
gan in t h e  18708, and  reached i ts  maximum i n  1924. 
The time of t r a n s i t i o n  from  warming t o   c o o l i n g  ad- 
vanced by 10 t o  15 years. The reason  for t h i s  is 
n o t   y e t  clear. 

REFERENCES 

Chu Kochen, 1973, A pre l iminary   s tudy  on t h e   c l i -  
m a t i c   f l u c t u a t i o n s   d u r i n g   t h e   l a s t  5000 yea r s  
i n  China: S c i e n t i a   S i n i c a ,  V. 16, p. 226-56. 

Cui  Zhi j iu ,  1980a, P e r i g l a c i a l  phenomena and  envi- 
ronmental   reconstruct ions on t h e  Qinghai- 
X izang   P l a t eau ,   i n   Sc i en t i f i c   Pape r s  on Geol- 
ogy f o r   I n t e r n a t i o n a l  Exchange, No. 5: Bei- 
j ing ,   Pub l i sh ing  House of Geology, p. 109- 
117. 

Cui  Zhi j iu ,  1980b, On t h e   p e r i g l a c i a l  mark i n  per- 
mafros t   a rea   and   the   re la t ion   be tween  g lac ia -  
t i o n  and   pe r ig l ac i a t ion :   Jou rna l  of Glaciol-  
ogy and  Cryopedology, V. 2,  p. 1-6. 

c e n e   p e r i g l a c i a l   e n v i r o n m e n t s   i n   t h e   n o r t h e r n  
p a r t  of China, 11 Quaternary  Geology  and En- 
vironment of China:  China  Ocean Press ,  p. 

Cui  Zhijiu  and Xie Youyu, 1982, On La te   P l e i s to -  

167-171. 
Ding Dewen and Guo Dongxin, 1982, Primary  research 

about  the  development  history  of  permafrost  
i n   t h e  Qinghai-Xizang  Plateau, in Proceedings 
of t h e  Symposium on Glaciology  and  Cryopedol- 
ogy he ld  by Geographical  Society of China 
(Cryopedology), Lanzhou (1978): Bei j ing ,  
Science  Publishing  House, p. 78-82. 

l iminary   s tudy  on cl imat ic   change  during Qua- 
t e r n a r y   i n   C h i n a ,  & Proceedings of t h e  Na- 
t ional   Conference on Climatic Change (1978): 
Beijing,  Science  Publishing  House,  p. 7-17. 

Fu Liandi,  Ding Dewen, and Guo Dongxin, 1983, Num- 
e r i c a l   c a l c u l a t i o n   a b o u t   t h e   e v o l u t i o n  of 
permafrost  i n  Northeast  China, in Proceedings 
of t h e  Second  Second  National  Conference on 
Permafrost ,  Lanzhou (1981): Lanzhou,  Gansu 
People 's   Publishing  House,  p. 165-169. 

Guo Dongxin and Li Zuofu, 1981, Prel iminary  ap-  
proach t o   t h e   h i s t o r y   a n d   a g e  of permafrost  
i n   Nor theas t  China: Jou rna l  of Glaciology 
and  Cryopedology, v. 3,  p. 1-16. 

Pu Qinguy, Wu Xihao,  and  Qian  Fang, 1982, His to r i -  
cal changes of the  perma-frost   a long  the 
Qinghai-Xizang Highway, Q Proceedings  of   the 
Symposium on Glaciology  and  Crypedology  held 
by the   Geographical   Society of China  (Cryo- 
pedology), Lanzhou (1978): Bei j ing ,   Sc ience  
Publ i sh ing  House, p. 74-77. 

Duan Wanti, Pu Qingyu,  and Wu Xihao, 1981, A pre- 



1 4 4  

Shi  Yafeng, Li J i jun ,   and  Xie Zhichu, 1979, The the Quaternary:  Lanzhou, Lanzhou Univers i ty  
u p l i f t  of t h e  Qinghai-Xiang  Plateau  and its 
e f f e c t  on China dur ing   i ce   age :   Jou rna l  of Zhang Xiangong,  Zhao Qin, and Xu Ruizhen, 1981, 
Glaciology  and  Cryopedology, V. 1, p. 6-11. T r e e   r i n g s   i n   Q i l i a n  Shan and the t r end  of 

Xizang  Plateau  and i t s  e f f e c t  on environment- t h e  National Conference on Climatic Change 
a1   evolu t ion   dur ing   Quaternary   in   China ,  i n  (1978): Bei j ing ,   Sc ience   Publ i sh ing  House, 
Contr ibut ions  t o  Third  National  Conference on p. 26-35. 

Press ,  p. 24-33. 

Zhang Linyuan, 1979, The u p l i f t  of the  Qinghal-  cl imatic  change in China, in Proceedings of 



RESPONSE OF ALASKAN  PERMAFROST TO CLIMATE 

T.E. Osterkamp 

G e o p h y s i c a l   I n s t i t u t e  
Fairbanks,   Alaska,  USA 

Permafros t   form by freezing  from  the  ground 
s u r f a c e  downward  when  mean annual   surface  tempera-  
t u r e s  (MAST) are less than  O'C. The MAST i s  con- 
t r o l l e d  by climate, so i n   t h i s   s e n s e ,   p e r m a f r o s t  
i s  a product  of climate. Climate may n o t   b e   t h e  
only  control l ing  factor .   For   example,   the   geolog-  
ica l   se t t ing ,   topography,   geothermal   hea t   f law,  
and  vegetat ion may have a s t r o n g   e f f e c t  on l o c a l  
permafrost   conditions.   This  paper i s  a review o f  
pas t   and   present  climate i n  Alaska  and  the re- 
sponse  of  permafrost   to  cl imate.   Surface  heat and 
mass t r ans fe r   p rob lems ,   t he   e f f ec t  of a i r  tempera- 
t u r e  on MAST th rough  the   in te rvening  snow and  veg- 
e t a t i o n   c o v e r  and ac t ive   l aye r ,   and   t he   e f f ec t s  o f  
prec ip i ta t ion ,   winds ,   and  water bod ies   a r e   d i s -  
cussed  elsewhere i n  t h i s   p a n e l  and w i l l  not   be  
considered  here.  

PAST AND PRESENT  CLIMATE 

An understanding  of   the  present   thermal  re- 
gime of  permafrost  and i t s  t h i c k n e s s   r e q u i r e s  con- 
s i d e r a t i o n  of c l ima te   t r ends   fo r  many t e n s  of 
thousands of years.  Figure 1 shows a composite o f  
t r ends  in global  and  Alaskan climate. The USC/ 
GARP (1975)   curve  represents   the  general ized 
Northern  Hemisphere a i r  temperature   t rend  based on 
mid-lat i tude  sea  surface  temperature ,   pol len  rec-  
ords,  and  worldwide  sea-level  records. The second 
curve was se lec ted   f rom Brigham (1984)  where t h e  
e f f ec t ive   d i agene t i c   t empera tu re  (EDT) i n  the   per -  
mafrost i n   t h e   w e s t e r n  Arctic was obtained  from 
amino acid  geochronology. The d a t a  of Brigham  and 
Miller (1983)   require   an EDT - -14'C f o r   t h e   p a s t  
125,000  yr,  which is = 4'C o r  more co lde r   t han   t he  
present  MAST a t  Barrow  and about 2°C co lde r   t han  
t h e  MAST about a century  ago  (Lachenbruch e t  a l . ,  
1982).   This  suggests  permafrost   temperatures 
co lder   than  -14'C between  the  present  and  past  i n -  
t e r g l a c i a l   p e r i o d s .  The main f e a t u r e s  o f  t h e  two 
climate models i n   F i g u r e  1 a r e   t h e  two i n t e r g l a -  
c i a l   p e r i o d s   s e p a r a t e d  by a period of about l o 5  
y e a r s   t h a t  was cha rac t e r i zed  by c o l d e r ,   o s c i l l a -  
tory  temperatures.   These  models  suggest that t h e  
g l a c i a l   p e r i o d  14,000-30,000 y r  B.P. a p p e a r s   t o  
have  had w a n   a n n u a l   a i r   t e m p e r a t u r e s  (MAAT) of 
about -18'C or colder,  assuming  temperatures  of = 
-9'C fo r   t he   pe r iod   f rom 8500-14,000 yr B .P. and = 
-12'C for t h e   l a s t  8500 yr  (Brigham,  1984). 

These  paleocl imate   considerat ions  suggest  
tha t   the   permafros t   on   Alaska ' s   Nor th   S lope  was 
t h i c k e r  a t  t h e  end  of t h e  l as t  g lac ia l   per iod   and  
t h a t  i t  may s t i l l  be  thawing from t h e   b a s e   i n  re- 
s p o n s e   t o   t h e   p r e s e n t ,  warmer MAST. This i s  a 
very  simplified  assessment,   and a number  of as- 
sumpt ions   (e .g .   the   in i t ia l   permafros t   th ickness  
a t   t h e   s t a r t i n g   p o i n t  of t h e   c a l c u l a t i o n s )   a r e  
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FIGURE 1 (A)  Generalized  Northern  Hemisphere air- 
temperature   t rends  based on mid-lati tude  sea-sur- 
face  temperature,   pollen  records,   and  worldwide 
sea-level  records.   Modified  from USC/GARp (1975). 
( B )  A poss ib l e  model f o r   t h e   e f f e c t i v e   d i a g e n e t i c  
temperature   in   permafrost  (EDT) on  the  western 
Arctic Alaska  coastal   p la in   based  on  amino  acid 
geochronology.  Modified  from  Brigham  (1984). 

c r i t i c a l   f o r   d e t e r m i n i n g   t h e   p r e s e n t  state of t h e  
permafrost.  Obviously much more r e sea rch  on pale- 
ocl imates   and  the effect  o f  cl imate   on  permafrost  
i s  required.  However, i t  shou ld   be   no ted   t ha t ,  
g iven   the  unknowns  of paleoclimate  models  and  per- 
m a f r o s t / c l i m a t e   i n t e r a c t i o n s ,  i t  may never   be poo- 
s i b l e   t o   d o  more t h a n   t o   a r r i v e   a t   g e n e r a l  con- 
s t r a i n t s   o n   t h e   p a l e o c l i m a t e   m o d e l s   o r  a gene ra l  
assessment  of  the  present s ta te  of the  permafrost ,  
p a r t i c u l a r l y   f o r  time periods  extending  back  to  
t h e   l a s t   g l a c i a l   p e r i o d  and  beyond. 

The above   s t a t emen t s   app ly   t o   t he   t h i ck   pe r -  
mafrost on Alaska's  North  Slope. The d iscont inu-  
ous  permafrost  south of t h e  Brooks Range i s  much 
thinner   and  has  much shor te r   response  times t o  
c l i w t e  changes. Brown and Andrews (1982)  have 
reviewed  recent   research  on climate and  permafrost 
i n   t h e  North  American  Arctic,  and  Greenland and 
Alaskan  weather  records  have  been  examined by  Ham- 
i l t o n  (1965) and  Juday  (1984).  Hamilton  (1965) 
sugges t s   t ha t   t he   absence  of  pronounced  regional 
t r e n d   d i f f e r e n c e s   i n d i c a t e s   t h a t  a composite of 
the  Alaskan  data  would  be f a i r l y   r e p r e s e n t a t i v e  
f o r   t h e  s ta te  a s  a whole.  Figure 2 shows h i s  com- 
p o s i t e  MhAT (mean annual   a i r   t empera ture)   €or  
Alaska  based on 8-yr running  mans.  Juday  (1984) 
cons t ruc t ed   t he  5-yr running MAAT € o r  Barrow and 
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the Universi ty   Experiment   Stat ion  near   Fairbanks 
(Fig. 3). These  graphs are open t o   i n t e r p r e t a -  
t i o n ;  however,  one i n t e r p r e t a t i o n  is t h a t  there 
has been a gene ra l  warming t r e n d   i n  Alaska s i n c e  
the la te  1800s u n t i l  the e a r l y  1940s  amounting t o  
= 1-2% This warming t r end  was followed by a 
sharp  cool ing  t rend  amounting  to  = l 'C,  which 
l a s t e d   f o r   a b o u t   t h r e e   d e c a d e s   u n t i l   t h e  mid- 
1970s. Since the mid-19708, there has  been a 
s h a r p   i n c r e a s e   i n  MAAT amounting t o  = 1-2°C. An 
examination of recent  Alaskan  weather  records  sug- 
g e s t s  that t h e  climate warming s i n c e   t h e  mid-1970s 
has  been  s ta tewide (Hoffman and Osterkamp,  unpub- 
l i shed   r e sea rch ) .  

While the i n t e r p r e t a t i o n  of Alaskan  weather 
records  i s  f a r  from  complete, i t  seem clear t h a t ,  
dur ing  the past   century,   Alaskan  climate  has  ex- 
per ienced  a warming trend  followed by a s h o r t  
cooler   per iod  and  then a very  recent   sharp warm- 
ing .   Qua l i t a t ive ly ,  the Alaskan  trend is similar 
to   g loba l   c l ima te   t r ends .  A key  quest ion is, what 
has been the response of Alaskan  permafrost   to  
these climate changes? 

I 1 I I 
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FIGURE 2 An Alaska  composite of 8-yr  running 
means for  the   man   annua l  a i r  temperatures.  Modi- 
f i e d  from  Hamilton (1965). 
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FIGURE 3 Five-year  running means f o r   t h e  mean an- 
nua l  air temperatures a t  Barrow (upper  graph)  and 
the  Universi ty   Experiment   Stat ion,   Fairbanks (low- 
er graph).  Modified  from  Juday (1982). 

THERMAL REGIME OF AL ASK AN PERMAFROST 

There is l i t t l e  in fo rma t ion   ava i l ab le  on t h e  
thermal regime of  Alaskan  permafrost. The most 
extensive  and  long-term  data  are  from  holes  logged 
i n  the las t  three decades by the U.S. Geological 
Survey,  mostly  near  Alaska's arct ic  coas t s  (Lach- 
enbruch e t  al . ,  1982; Gold and  Lachenbruch, 1973; 
Lachenbruch  and  Marshall, 1969; Lachenbruch e t  
al.,  1966;  Lachenbruch e t  al., 1962; Brewer, 
1958). Figure 4 shows fou r   t empera tu re   p ro f i l e s  
t h a t   i l l u s t r a t e  the main f e a t u r e s  of t h e  thermal 
regime  of t he   pe rmaf ros t   i n  these c o a s t a l  areas. 
These are a strong  curvature  towards warmer tem- 
p e r a t u r e s   i n  the upper 100-160 m of t h e   p r o f i l e s ,  
similar pas t  MAST, s i m i l a r  and  near-normal  conti- 
nenta l   hea t   f lows ,   d i f fe r ing   grad ien ts   (and  perma- 
f r o s t   t h i c k n e s s e s )   t h a t   a p p e a r   t o   b e   r e l a t e d   t o  
l a r g e   v a r i a t i o n s  in t he   l oca l   t he rma l   conduc t iv i ty  
and small v a r i a t i o n s  i n  MAST, g r a d i e n t   c o n t r a s t s  
across   the   base  of the  ice-bear ing  permafrost  for  
the  porous  formations  near  Prudhoe Bay, and  what 
appea r   t o  be near-s teady-state   condi t ions  (except  
for  t h e   t o p  100-160 rn)? 

Osterkamp e t  al .   (unpubl ished  research)   have 
r e c e n t l y   e s t a b l i s h e d  15 d r i l l   h o l e 6  i n  permafrost  
on a nor th-south   t ransec t  of  Alaska along the 
trans-Alaska o i l   p i p e l i n e  for the purpose  of i n -  
ves t iga t ing   permafros t /c l imate   ques t ions .   F igure  
5 shows a prel iminary  temperature   prof i le   f rom a 
hole  near  Deadhorse  Airport   compared  to a nearby 
ho le  of Lachenbruch e t  al .  (1982). The s t r a i g h t  
l i n e  is an   ex t r apo la t ion  of the deeper  thermal 
g rad ien t   t o   t he   su r f ace   and   r ep resen t s   ave rage  
temperatures a c e n t u r y   i n  the past .  The p resen t  
MAST -7'C or s l igh t ly   co lde r ,   and  the v a r i a t i o n  
from past   temperatures  a t  t h e  50- depth  was - 

FIGURE 4 Genera l ized   tempera ture   p rof i les  i n  per- 
mafrost   along  the arct ic  c o a s t s  of Alaska. Hodi- 
fied  from  Lachenbruch e t  al. (1982). 
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TEMPERATURE ('e) 
f i l e  shows a strong  curvature  toward warmer tem- 
pe ra tu res  in the upper  25 m. It i s  suggested that 
t h i s   c u r v a t u r e  is a r e s u l t   o f   r e c e n t  warmer MAST. 
Simi lar   curva tures   a l so   occur  i n  s o w  of the t e m -  
p e r a t u r e   p r o f i l e s   f r o m   o t h e r   d r i l l   h o l e s  in both 
continuous  and  discontinuous  permafrost  areas. 

20 DISCUSSION 
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FIGURE 5 Recently  measured  temperature  proti le 
(B) in permafrost  near  Deadhorse.  These  data may 
be  compared t o  t he   p ro f i l e   ex t r apo la t ed   f rom  dep th  
(A) of  Lachenbruch e t  a l .  (1982). AT ( 5 0  m) 
r ep resen t s  the temperature   difference  between  the 
p r o f i l e   e x t r a p o l a t e d  from depth  and  the  measured 
p r o f i l e s  a t  t h e  503 depth. 

TEMPERATURE ('e) 
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FIGURE 6 Recen t ly   ea su red   t empera tu re   p ro f i l e  
( June  1983) in   permafros t  on the   Univers i ty   o f  
Alaska,   Fairbanks campus. 

The Alaskan climate, as r e f l e c t e d  in t he  
U T ,  has  had a very   complex   h i s tory   over   the   pas t  
c e n t u r y   w i t h   a n   i n i t i a l .   o s c i l l a t o r y  warming t r end  
followed by a cooler   per iod  and  then a very re- 
cent ,   sharp  warming trend.  Global climate changes 
a p p e a r   t o   b e  similar t o   t h i s   p a t t e r n .   A n a l y s i s  of 
the weather   data  a t  Barrow,  Fairbanks,  and  other 
si tes i n  Alaska   sugges ts   tha t  most, i f   n o t  a l l ,  of 
t h e  s ta te  was s u b j e c t   t o  this c l i m a t e   h i s t o r y  
(Hamllton,  1965;  Juday, 1984; Hoffnvln and Oster- 
kamp, unpublished  research).  Hamilton (1965) also 
n o t e d   t h a t   t h e r e  was a minor l a t i t u d i n a l  and  long- 
i t u d i n a l   l a g   i n  BOW of t h e   o s c i l l a t i o n s   a s s o c i a -  
ted with the warming t r e n d   p r i o r   t o  1940. Un- 
doubtedly  Local   var ia t ions  f rom  this   general  c l i -  
mate  behavior must e x i s t ;  however, their  ex ten t  
and  magnitude are unknown.  The response of the 
permafros t   to  these climate changes is contained 
In i t s  thermal regime  ( temperature   prof i les   and 
th ickness) .  This response i s  buf fered  by t h y i n -  
te rvening  snow and vegeta t ion   cover   and   the   ac t ive  
l a y e r  so t h a t  MAAT canno t   be   d i r ec t ly   conve r t ed   t o  
MAST. In add i t ion ,  climate changes, as r e f l e c t e d  
by changes i n  MAAT, may be accompanied by changes 
i n   p r e c i p i t a t i o n ,  wind, or snow cover,  which  can 
r e i n f o r c e  or nega te   t he   e f f ec t   o f   changes   i n  MAAT 
o r  MAST. Nevertheless,  i t  is f r u i t f u l   t o   i n v e s t i -  
ga te   permafros t   t empera ture   p rof i les   and   th ick-  
nesses  for  evidence  about  past   changes in t h e  
MAST. 

t h a t   i l l u s t r a t e s  the response of t h e   p e r m a f r o s t   t o  
sudden  changes in the MAST and the time s c a l e s   f o r  
the   response  when the new sur face   t empera ture   does  
not  exceed O'C i s  shown i n  F igure  7 .  It is as- 
s u m d  that a s teady-s ta te   t empera ture   condi t ion  
h a s   p r e v a i l e d   u n t i l  time t = 0 and that a t  t > 0 
the surface  temperature   changed  instantaneously 
from To t o  T,, where T, < Tb, the  melting  tempera- 
t u r e  a t  the  base  of  the  ice-bonded  permafrost, 
which IS a t  x = X a t  time t = 0. A s u r f a c e  warm- 
ing of 3OC is assumed.  The response  o f  t h e  perma- 
f r o s t  t o  the new boundary  condition is descr ibed  
by the   hea t   conduct ion   equat ion  

A r e l a t ive ly   s imp le   pe rmaf ros t / c l ima te  model 

3/4'C, which may be compared t o  the recent   values  where K i s  t h e   t h e r m a l   d i f f u s l v l t y  of the perma- 
of -8'C and - 1/2OC repor ted  by Lachenbruch e t  f r o s t .  
al. (1982). These d i f f e rences   cou ld   r ep resen t  lo- 
cal v a r i a t i o n s  i n  t h e  MAST and /o r   t he   e f f ec t s  o f  a The  boundary cond i t ions   r equ i r e  
very   recent   acce le ra ted  warming. 

F igure  6 shows a prel iminary  temperature   T(O,t)  = Ts 
p r o f i l e   t h a t  was obta ined   in   June   1983 as p a r t  of 
the   permafros t /c l imate   s tud ies ,   no ted   above ,  from T(X, t )  - Tb 

Univers i ty  of Alaska,  Fairbanks campus. This pro- 
discont inuous  permafrost  a t  a si te loca ted  on t h e  

wi th  the i n i t i a l   c o n d i t i o n s   g i v e n  by 
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TEMPERATURE PC) 

FIGURE 7 Thermal  warming  model f o r   t h e  con i n u   u s  
permafrost  zone  (e.g.  Prudhoe Bay, K = 50 m'-a-'). 
The assumed in i t i a l   equ i l ib r ium  t empera tu re   p ro -  
f i l e   ( t  = 0) and t h e   f i n a l   e q u i l i b r i u m   t e m p e r a t u r e  
p r o f i l e  a t  t = t,, with  a permafrost   depth of 
X,, are shown with  the  approximate  temperature  
p r o f i l e s   f o r  t = 10, 100, 600,  and  1800  yr. Melt- 
i n g  a t  the  base  of   the   permafrost   amounts   to  -3.5 
m d u r i n g   t h e   f i r s t  1800 yr  and i s  i g n o r e d   i n   t h i s  
graph. 

T(x,O) = (To-Ts) (1 - s, X 

Equation 1 can  be  solved by supe rpos i t i on   w i th  

where 

The remining   t i - -dependent   par t  of the so- 
l u t ion   can   be   ob ta ined  by sepa ra t ion  of v a r i a b l e s  
and   ca lcu la t ion  of t h e   F o u r i e r   c o e f f i c i e n t s  con- 
s i s t e n t   w i t h  the boundary  condirions so t h a t  

s i n  - nnx 
X 

TABLE 1 Values of  T,  i n   y r ,  for f ine -g ra ined   so i l s  
with K = 38 m*-a-' and  coarse-grained  soi ls   wi th K 

= 50 m2-a-l where  a, annum, is t h e  time i n  yr. 

Thickness X (m) 25 50 100 400 600 

Fine-gra ined   so i l s  4.1  16.4  66 1053 - 
Coarse-Rrained s o i l s  3.1 12.5 50 800  1800 

where n i s  an   in teger   and   the  time cons tan t  

X2 
T" 4K 

depends  only on the permafrost   thickness  and i t s  
t h e r m a l   d i f f u s i v i t y .  

appl ied   to   the   p roblem of thawing  subsea perma- 
f r o s t ,  i s  given by Lachenbruch  and  Marshall 
(1977). T ( x , t )  is graphed   for   severa l   e lapsed  
times i n  Figure  7. Table 1 shows v a l u e s   f o r  T 
ca lcu la t ed   u s ing  eq. 8 for severa l   permafros t  
thicknesses.  The time cons tan t  T is as soc ia t ed  
with the   t ime  requi red  for permafros t   wi th   f ixed  
th i ckness  X and  f ixed  basal   temperature  Tb t o  
respond  to   an   ins tan taneous   sur face   t empera ture  
change  from To t o  T,. 

The heat   balance a t  the permafrost   base i s  

A f u l l   d e s c r i p t i o n  of t h i s   t y p e  of approach, 

where L i s  t h e   v o l u m e t r i c   l a t e n t   h e a t  of t he   pe r -  
mafrost ,  + i s  the  po ros i ty ,  q i s  the  geothermal  
h e a t   f l u x ,  Kf i s  the   thermal   conduct iv i ty  of t h e  
permafrost ,   and a cons tan t   hea t   f low,  q, t o   t h e  
base has been  assumed. 

g i v e s   t h e  rate of  melting o f  the   permafros t  base: 
S u b s t i t u t i o n  o f  eqs. 5, 6 ,  and 7 i n  eq. 9 

Figure  8 is a graph of  eq. 10 f o r   c o n d i t i o n s  simi- 
lar  t o  those  a t  Prudh e Bay with q p 1.72~10~ 
J(m2a)-' L+ = 1.2~10' J-m-3, Kf = 10.6x107 
J(ma'C)-', X 600 m, Tb = - l 0 C ,  Ts = -8"C,  
To = -l l°C,  and T 9 1800 yr. This graph shows 
t h a t   m e l t i n g  a t  the  permafrost   base (x = X) does 
no t   beg in   un t i l   t he   su r f ace   t he rma l   d i e tu rbance  
has   p ropagated   to  X, which  requires  a time per iod  
on the   o rder   o f  0.1~ o r  more. The melting rate 
i n c r e a s e s   r a p i d l y   f o r   0 . 1 ~  < t < T. For t > T, 
t he   smuta t ion  of the   r igh t -hand  s ide  of eq. 10  ap- 
proaches  zero  and,   for  times nuch  longer  than T, 

-dX/dt = 0.43  cm*a-l. For t < T the t o t a l   l n e l t i n g  
amounts t o   a b o u t  3-4 my which j u s t i f i e s  using this 
approach. The new equ i l ib r ium  th i ckness ,  
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FIGLIRE 8 Melting ra te  -dX/dt a t  the ice-bonded 
permafrost   base  for  the  model  and thermal parame- 
ters shown in Figure  7. 

would  be  reached i n   a b o u t  30,000-40,000 y r ,  assum- 
ing  no fur ther   changes i n  surface  temperature  dur- 
ing t h i s   pe r iod .  

changes  expected in the  600-m-thick  permafrost a t  
Prudhoe Bay, a s  a r e s u l t  of a ground  surface tem- 
pe ra tu re  increase, are a gene ra l  warming o f  the 
permafrost  a t  a l l  depths  and  melting a t  the   base  
of t h e   p e r m a f r o s t   u n t i l  i t  t h i n e   t o  a new e q u i l i -  
brium  thickness. The  warming o f  the permafrost  
would begin  immediately, t he  t empera tu re   p ro f i l e  
would be n e a r l y   l i n e a r   a f t e r  a time t * T, and the  
time r e q u i r e d   t o   r e a c h  a new equ i l ib r ium thickness 
would  be s e v e r a l   t e n s  of thousands of years.  

This a n a l y s i s  i s  not  very realistic i n  t ha t  
it assumes a cons tan t   hea t   f low  to  the permafrost  
base  and a sudden  change in   sur face   t empera ture .  
Lachenbruch e t  a l .  (1982)  used a  more rea l i s t ic  
model t ha t   accoun t s   fo r   t he   poss ib l e  time va r i a -  
t i on   i n   su r f ace   t empera tu re .  If the temperature 
change a t  t h e   s u r f a c e  of the permafrost  can  be 
represented  by a power law of the form 

This thermal   ana lys i s  shows that  the  major  

T ( 0 , t )  - AtnI2 n * 0,1,2 ... (12) 

FIGURE 9 Thermal  warming  model f o r   t h e   d i s c o n t i n -  
U ~ U S  permafrost  zone  (e.g.  Fairbanks, K = 50 
m -a- , X = 25 m). It i s  assumed t h a t  the warming 
o c c u r s   i n  two s tages   where  the  ground  surface 
warm from -0.4' t o  O°C i n  t h e  f i r s t  s tage  and 
from 0 t o  2.6OC in the  second,  where the f i r s t  
s t a g e  lasts for T - 3-4 yr. The temperature  pro- 
f i l e 8  are shown f o r  time t = 0, O . ~ T ,  'I, ~ O T ,  and 
t,. 

(1969)   note   that  th is  s u r f a c e  warming was g r e a t e r  
a t  Barrow than  a t  Prudhoe Bay and a l s o  that a 
s l i g h t   c o o l i n g   o c c u r r e d  a t  Barrow in the decade 
p r i o r   t o  1962. 

A model for   permafros t  warming a t  s i t e s   i n  
the  discont inuous  zone,   in   which  the new s u r f a c e  
temperature  exceeds the melt ing  temperature  of t h e  
p e r m f r o s t ,  i s  shown in Figure 9. The warming is 
considered  to   occur  i n  two s tages .   In   the  f i r s t  
s t a g e ,  the surface  temperature  warm ins t an tane -  
ously  from To t o  T, - O"C, with   the   permafros t  
base a t  Tb - O"C, and  remains  there   for  a time t 
= r followed by a second warming  from T, = 0°C 
t o  T, > O'C, which  occurs for t h e  time t > T. A 
t o t a l   s u r f a c e  warming of 3°C i s  assumed. During 
t h e  first s t a g e ,  the t empera tu re   p ro f i l e s  in t he  
permafrost  can  be  obtained by so lv ing  the hea t  
conduct ion  equat ion as before. The s o l u t i o n  

where A is a constant   and t is the time s i n c e   t h e  2To 1 -n2 r2 nnx 
s t a r t  of t h e  warming,  then  the  temperature  dis-  
tu rbance  a t  depth  x and time t i s  

T ( x , t )  = 1 ; - exp (7 t )  s i n  x ( 1 4 )  
n-1 

where r (a)  i s  t h e  gamma func t ion  of  argument B 
and in e r f c  ( 8 )  i s  t h e   r e p e a t e d   i n t e g r a l  of the 
e r r o r   f u n c t i o n  o f  8 .  Appl ica t ion  o f  t h i s  type  of 
approach   to   permafros t   t empera ture   p rof i les   a long  
Alaska's arct ic  coasts  (Lachenbruch e t  al., 1982; 
Lachenbruch  and  Marshall, 1983)  sug8es ts  that  t h e  
curvature   found  in   the  upper   port ion o f  the pro- 
f i l e s   r e p r e s e n t s  a s u r f a c e  warming of 1.5-3'C dur- 
i n g  the past  century.  Lachenbruch  and Marshall 

i s  graphed i n  Figure 9 for s e v e r a l  tiws dur ing  
the f i r s t  warming s t age  for condi t ions  character- 
is t ic  of coarse-grained s o i l s  i n   i n t e r i o r  Alaska. 
Except  for  surface  thawing, the va lue  of r, and 
o t h e r  tine and  length scales, t h e   r e s u l t s  for  t h i n  
and  thick  permafrost  are q u a l i t a t i v e l y   s i m i l a r .  
Table 1 shows t h a t ,   f o r   t h i n   p e r m a f r o s t   i n   i n t e r -  
i o r  Alaska (X = 25 m), t h e  time scale r e q u i r e d   t o  
b r ing  the permafros t   to   t empera tures   very   near  i t s  
mel t ing   po in t  i s  t - T - 3-4 yr. 

The rate a t  which the   permafros t  i s  th inned  
from below can  be  obtained from the heat   balance 
a t  the permafrost   base  (eq.   9).   Substi tution o f  
eq. 14 i n t o  eq. 9 y i e l d s  
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FIGURE 10 Pielting rate -dX/dt a t  the  ice-bonded 
permafrost  base f o r   t h e  model  and thermal  parame- 
ters shown i n  Figure  9. 

Figure  10 i s  a graph o f  eq. 15 €or  coarse-grained 
soils and  condi t ione   appropr ia te   to  o m  i n t e r i o r  
Alaska 7ites (1.e. LC$ - 1 . 2 ~ 1 0 '  J m-I, Kf = 
1 0 . 6 ~ 1 0  J (ma0c) - l ,  X = 25 m, Tb = OOC, and 
To - -0.4'C). It is assumed that the h e a t   f l w  
q is t h e  same as a t  Prudhoe Bay. Apparently  only 
4-5 cm o f  the   permafros t  may be  expected  to  melt 
a t  i t s  base  during  the time per iod  0 < t < T.  For 
times much g r e a t e r   t h a n  T, 

- 81 9- 1.46  c m  a-l d t   L $  

During  the  second  stage,  t > T, i t  i s  assumed 

t o  T, > O'C. The depth  of  thaw d u r i n g   t h i s  
t h a t  the sur face   t empera ture  warms i n s t an taneous ly  

s t a g e   c a n   b e   c a l c u l a t e d   u s i n g   t h e   S t e f a n   f o m l a  

which r e d u c e s   t o  

X' = 1 .64  6 (18 )  

f o r  Kt = 6 . 2 ~ 1 0 ~  J (ma°C)-', T, = +2.6"C, and 
To = O'C, and the cond i t ions  assumed  above, 
where X' is i n  m and t i s  in   y r .   Equat ion  17  de- 
scr ibes   thawing from t h e  ground  surface downwards 
when t h e  MAST exceeds O'C. The  model  assumes  con- 
s tant   surface  temperatures   during  both  s tages   and 
l i n e a r   t e m p e r a t u r e   p r o f i l e s   n e a r  the s u r f a c e  (0 5 
x X) during  the  second  stage;  however,  i n  reali- 
t y ,  var iable   surface  temperatures   and  the  presence 
of  an a c t i v e   l a y e r  would make near-surface temper- 
a tu re   p ro f i l e s   h igh ly   non l inea r .  

The t h i ckness  of the remaining  permafrost  a t  
any time can  be  obtained by combining eqs. 15  and 
18. Apparently 185 yr   o r   abou t  two c e n t u r i e s  

coarse-grained  permafrost  under  the  assumed  condi- 
t i ons .  The f i n a l   t e m p e r a t u r e   p r o f i l e  would be 
t h a t  shown f o r  t- in Figure  9, which would be 
p a r a l l e l   t o   t h e   s u b p e r m a f r o s t   t e m p e r a t u r e   p r o f i l e  
a t  t - 0. This assumes no fu r the r   mod i f i ca t ions  
of sur face   t empera tures   dur ing   tha t   per iod .  

The above  analyses show tha t   the   permafros t  
response t o  climate v a r i a t i o n s   i n c l u d e s   c h a n g e s   i n  
t he   t empera tu re   p ro f i l e ,   me l t ing  a t  t h e  base, and, 
i f   t h e  *ST > O"C, mel t ing  at t he   t ab l e .  For time 
periods t 5 r , i n f o r m a t i o n  on t h e   c h a n g e s   i n   t h e  
MAST is conta ined  i n  the   t empera ture   p rof i le .  The 
th ickes t   permafros t  i n  Alaska, 629 m a t  Mikkelsen 

2000 y r  assuming  thermal  parameters similar t o  
Prudhoe Bay. For time per iods  t > T, climate in- 
formation i s  a v a i l a b l e  i n  t h e  thermal g r a d i e n t s  in 
t he   pe rmaf ros t   and   i n  i t s  thickness. These rela- 
t i ve ly   s imp le  models  suggest  that  climate informa- 
t i o n  for time per iods  of s e v e r a l   t e n s  of thousands 
o f  yea r s  may be   ava i lab le  in the   thermal   g rad ien ts  
and th i cknesses  of the   permafros t   in   the   Prudhoe  
Bay area. Harrison  and  Bowling (1983) have  begun 
t o   a n a l y z e   t h e   d a t a  of Lachenbruch e t  al. (1982)  
i n   a n   e f f o r t   t o   e x t r a c t   p a l e o c l i m a t e   i n f o r m a t i o n .  

Pre l iminary   ana lys i s  of temperature  prof ilea 
from in te r ior   Alaska   such  as that shown i n   F i g u r e  
6 s u g g e s t s   t h a t  this warm, th in ,   d i scon t inuous  
permafrost  is r e spond ing   t o  warmer MAST. Curva- 
t u r e  i n  the top   po r t ions  of t h e   p r o f i l e s   a p p e a r s  
t o   b e  a r e s u l t  of a very  recent  warming (wi th in  
the las t  decade).  This  permafrost  (Fig. 6)  is ex- 
tremely warm, wi th in  0.4'C o f  thawing,  with an ap- 
proximate  past  MAST nea r  -1% If the s u r f a c e  
warming  shown in Figure 6 is characteristic of 
o the r  sites i n  i n t e r i o r  Alaska  then,  given the 
range o f  permafros t   condi t ions ,  somewhat warmer 
and  thinner   permafrost  is presently  thawing a t  
both  the  permafrost   table   and  the  base.  

conclus ions  is d i f f i c u l t   t o   a s c e r t a i n ,   p a r t l y  be- 
cause of the non-uniqueness of t he   so lu t ions   and  
the   accuracy  o f  t he   da t a ,   bu t   p r imar i ly  due t o   t h e  
s p a r s i t y  of data.  For  example, with t h e  MAST var- 
i a t i o n  of eq. 12 ,  Gold and  Lachenbruch (1973) shw 
t h a t   e a c h  of the cases n 0,1,2,3  reproduces the 
temperature   observat ions  with a s t anda rd   e r ro r   o f  
O.0loC. Therefore,  while  a l l   t h e  models i n d i c a t e  
a warming  of t h e  MAST during the last cen tu ry ,  i t  
is n o t   p o s s i b l e   t o  select between them. While the 
accuracy of the ava i lab le   t empera ture   da ta  is very 
good, the de termina t ion  of therm1 conduct iv i ty  
and thermal g r a d i e n t s   l e a d s  to r e l a t i v e l y   l a r g e  
u n c e r t a i n i t i e s   i n  the heat flow  data.  For exam- 
ple,  Lachenbruch e t  al. (1982) fouqd  tha t   the   hea t  
flow a t  Prudhoe Bay is 55 r8 mW m- . The co r re s -  
ponding   uncer ta in ty   in   the   equi l ibr ium  th ickness  
of t h e  ice-bonded  permafrost is = 80 m. 

The precise   re la t ionships   between  changes in 
climate and i n  the thermal  regime of Alaskan  per- 
mafrost   have  not  been  established. However, the 
foregoing   sugges ts  that the permafrost  i s  respond- 
ing t o  changes i n   t h e  W T  dur ing   t he  las t  century  
and may st i l l  be responding   to  earlier climates. 
In  addi t ion,   changes in t h e  MAST ove r   t he   pas t  

.I would be  required  to   thaw  completely 25 m of 

- Bay (Osterkamp  and  Payne,  198l), would have a r = 

The q u a n t i t a t i v e   n a t u r e  of t h e s e   t e n t a t i v e  



century ,   as   de te rmined  by ana lyses  o f  t h e  perma- 
f ros t   t empera tu re   p ro f i l e s ,  are of t h e  same  magni- 
tude as t h e  MAAT changes  determined  from  Alaska 
weather records.  

SUMMARY 

The impl ica t ions   o f   c l imate   change   for  perma- 
f r o s t  have  already  been  noted by  Brown and Andrews 
(1982), Goodwin e t  al .   (1984),   and Osterkamp 
(1984). Washburn (1980)  has  summarized most o f  
t he   r ecen t   i n fo rma t ion  on the use  of f o s s i l  perma- 
f r o s t   f e a t u r e s  as temperature   indicators .  If the 
warming t r end  of t h e   p a s t   c e n t u r y   a n d   p a r t i c u l a r l y  
of the   pas t   decade   cont inues ,   then   subs tan t ia l  
changes  noted by the   above   au thors  may occur i n  
permafrost   areas.  

ogy s t u d i e s  show t h a t  the e f f e c t i v e   d i a g e n e t i c  
temperature o f  Alaskan  permafrost was = -14°C f o r  
the past   125,000  years .   Present   and  past   in ter-  
glacial   per iods  have  been  warmer,   suggest ing  that  
t h e   i n t e r v e n i n g   g l a c i a l   p e r i o d  was colder ,   wi th   a  
mean annua l   a i r   t empera tu re  of - -18'C o r   c o l d e r .  
Alaskan  weather  records  suggest an o s c i l l a t i n g  
warming t r e n d   i n  a i r  temperatures  from the  l a t e  
1800s u n t i l   t h e  early 1940s of - 1-2'C, followed 
by three decades of cooler   temperatures  ( =  1'C) 
u n t i l  the mid-19708, when a sharp  warming o f  

i s  s t i l l  under way. 

a long  Alaska 's  arctic c o a s t s  a l l  show a s t r o n g  
c u r v a t u r e   i n   t h e   u p p e r  100-160 m and  near   s teady-  
state condi t ions  otherwise.  This curvature   sug-  
g e s t s  a mean annual   surface  temperature  warming  of 
1.5-3°C dur ing   t he  last  century.  A cool ing  of the 
MAST occurred in the d e c a d e   p r i o r   t o  1962. Recent 
t e m p e r a t u r e   p r o f i l e s   o b t a i n e d   i n   a r e a s  of discon- 
t i n u o u s   p e r m a f r o s t   i n   i n t e r i o r   A l a s k a   s u g g e s t   t h a t  
there has  been  a warming i n  t h e  MAST s i n c e   t h e  
mid-1970s. The discont inuous  permafrost  may be 
me l t ing   o r   f r eez ing  a t  the  base,   depending on i t s  
thickness   and thermal parameters. The main fea- 
t u r e s  of the climate t r ends  of t he   pas t   cen tu ry  
a p p e a r   t o   b e   r e f l e c t e d  i n  the  thermal  regime of 
the  permafrost .  

magnitudes of past  changes i n  t h e  mean annual  sur- 
face  temperature  of permafrost   areas   can  be made 
w i t h   r e l a t i v e l y   s i m p l e  models.  These  models show 
tha t   t he   pe rmaf ros t   r e sponse   cons i s t s   o f   cu rva tu re  
in   t he   t empera tu re   p ro f i l e   p rog res s ing  downward 
with time, followed by slow mel t ing  a t  t h e  perma- 
f r o s t  base and  es tabl ishment  of a new thermal 
grad ien t .  If t h e  MAST exceeds O'C, then   mel t ing  
a t  t h e   p e r m f r o s t   t a b l e  would also  occur .  The re- 
s u l t s  of apply ing  these models t o  Alaskan  perm- 
f r o s t  show t h a t   t h e  time scales f o r   c u r v a t u r e  
in   the   permafros t   t empera ture   p rof i les   range   f rom 
a Eew yea r s  up t o   a b o u t  2000 yr.   Melting a t  the 
permafrost   base  proceeds  very  s lowly,   and  the time 
scales r e q u i r e d   t o   e s t a b l i s h   a n   e q u i l i b r i u m   t h i c k -  
nes s  of p e r m f r o s t  in response  to   surface  tempera-  
ture   changes range from a c e n t u r y   o r  less t o  many 
t e n s  of thousands of years. When t h e  MAST exceeds 
DOC, mel t ing  a t  the   pe rmaf ros t   t ab l e   a l so   p roceeds  
very  slowly,  and a time scale of  about  a  century 

The data   obtained  f rom amino acid  geochronol- 

1-2'C occurred. This acce le ra t ed  warming t r e n d  

Temperature profiles f rom  thick  permafrost  

F i r s t -o rde r  estimates o f  t h e  tine scales and 
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i s  requi red  t o  melt 10-20 m. These  considerat ions 
show t h a t  a record  of pas t   c l ima te  i s  c o n t a i n e d   i n  
the   t empera ture   p rof i les   and   th ickness  of the per- 
mafros t. 

tude ,  timing, r eg iona l   t r ends )  of pas t   c l ima te  
changes  and their  e f f e c t  on mean annual   sur face  
temperatures ,   permafrost   features ,   and  the  thermal  
regime  and  thickness of  the   permafros t   requi res  
much more detai led  data ,   analyses ,   models ,   and  in-  
t e r p r e t a t i o n .  This understanding of permafrost-  
climate  problems is needed t o  assess t h e   i n f l u e n c e  
of t he   p re sen t  climate warming t r end  on permafrost  
and t o   a n t i c i p a t e   c h a n g e s   i n   t h e   p e r m a f r o s t   t h a t  
w i l l  have  an  impact on the  environment  and  on hu- 
man a c t i v i t i e s .  

An understanding o f  t h e   e x a c t   n a t u r e  (magni- 
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CLIMATE CHANGE AND OTHER EFFECTS ON PERMAFROST 

M. Smith 

Department  of  Geography,  Carleton  University 
Ottawa, Canada 

This i s  not  a review  of climate and perma- 
f ros t   re la t ionships .   Other   cont r ibu tors   have  ad- 
d r e s s e d   t h i s ,   b u t  i t  migh t   be   u se fu l   t o  restate a 
number  of basic   ideas   about   c l imate   and  permafrost  
given the c o n s i d e r a b l e   i n t e r e s t   i n   t h e   i m p l i c a -  
t i o n s  of climate change for   permafrost   condi t ions.  
Af t e r  a b r i e f  summary of so= bas i c   i deas ,   t h ree  
broad  quest ions are posed. 

Obviously, the occurrence of permafrost   de- 
pends on climate, s i n c e  climate, i n  some way or 
another ,   determines  the  temperature  a t  the s u r f a c e  
of the ear th .  Many d i scuss ions  of climate  and 
climate  change seem to   focus   a lmost   exc lus ive ly  on  
t h e   f a c t o r  of temperature,   but i t  must be   rea l ized  
t h a t  climate is f a r  mote  complex than  t h i s ,  and 
tha t  changes i n   p r e c i p i t a t i o n   a n d   o t h e r   f a c t o r s  of 
c l ima te  are a lso   very   impor tan t .   In   addi t ion ,  
more t h a n   j u s t  climatic cond i t ions   p re sc r ibe   t he  
surface  temperature  regime,  under which permafrost  
may o r  may not  be present.  However, when climate 
does  change as shown in Figure 1 -- the  tempera- 
ture  change  over  roughly the las t  century   o r  so -- 
then  ground  temperatures  can  also  change  (Gold  and 
Lachenbruch,  1973;  Osterkamp, t h i s  volume). Bow- 
ever ,   ground  thermal   condi t ions  can  change  for  a 
v a r i e t y  of o ther   reasons ,  some of which are non- 
climatic, and some of which  have  implicat ions  for ,  
or Feedbacks wi th ,  c l imat ic   p rocesses .  

Fo r   i n s t ance ,   f i r e   can   p roduce   d i s rup t ions  of 
surface  cover  and  change  ground thermal condi- 
tions.  Exposure of ice-rich sediments by r i v e r  
e ros ion   can   i n i t i a t e   spon taneous  and cont inuing  
thaw of the materials. Snow banks  can  form ei ther  
through  changes i n  climate, inc lud ing   p rec ip i t a -  
t i o n  and  wind, o r  by geomorphic o r   v e g e t a t i o n a l  
changes. A poster   paper  by Bowling ( t h i s   c o n f e r -  
e n c e )   i l l u s t r a t e s   t h e   e f f e c t s  of snow cover on t he  
ground  thermal  regime  in  the  absence o f  o the r  
k inds  of c l ima te  change.  Vegetation  differences 
can   p roduce   subs t an t i a l   va r i a t ions  i n  ground ther- 
ml conditions  between sites. Figure 2 shows d a t a  
from two ad jacen t  sites, where  organic material is 
present  a t  one  and  not a t  the o ther .  As can  be 
seen, quite d i f f e r e n t  ground  thermal  regimes  de- 
velop  under  the same cl imtic  condi t ions .   Las t ly ,  
t h e r e  is a range of human d i s t u r b a n c e s   t h a t   b r i n g  
about  changes i n   t h e  ground  thermal  conditions.  
Jahns  and  Heuer (1983) have  suggested how this 
cou ld   be   exp lo i t ed   i n   mi t iga t ive   f ros t   heave ,  by 
u t i l i z i n g  the d i s r u p t i o n  in s u r f a c e   c o n d i t i o n s   t o  
counterac t   f reez ing   benea th  a p ipe l ine .  Thermo- 
k a r s t   c a n   b e   i n i t i a t e d  by surface  dis turbance  dur-  
i ng   cons t ruc t ion   and   such   f ea tu re s   can   t hen   have  
f eedbacks   t o   na tu ra l  climatic and  microcl imat ic  
p r o c e s s e s   t h a t  may amplify or diminish the i n f l u -  
ence o f  such  dis turbances.  

t he   poss ib l e   cou r se  of t h e  earth's cl imate   over  
There i s  of cour se   cons ide rab le   deba te   ove r  

FIGURE 1 Mean hemispheric (0-80"N) changes in a i r  
tempera ture   s ince  1880 (from  Schneider, 1976).  
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FIGURE 2 Mean diurnal. 10-cm ground  temperature 
regirnes a t  ad jacent  sites i n   t h e  Mackenzie  Delta 
(from  Smith, 1975). 

t h e   n e x t  50 t o  7 5  years.  Conventional wisdom does 
p o i n t   t o  at  l e a s t  a doubling of atmospheric  carbon 
d ioxide  by the  middle o f  t h e   n e x t   c e n t u r y ,   b u t   t h e  
imp l i ca t ions  of t h i s  f o r  climate are less c e r t a i n  
and t h e r e  i s  no  unanimity on j u s t  what w i l l  hap- 
pen. We do know from  the  past  that  changes i n  
a r c t i c   c l i m t e ,   e s p e c i a l l y   t e m p e r a t u r e ,   a r e  three 
t o   f i v e  times g r e a t e r   t h a n   f o r   t h e   n o r t h e r n  hemi- 
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sphere  as a whole. In c o a s t a l   r e g i o n s  of  t h e  Arc- 
t i c ,  climate changes are complicated by simultane- 
ous  changes in the i ce   r eg ime ,   bu t   t he   gene ra l  im-  
p l i c a t i o n s  of C02-induced climate change  would  be 
a  warming i n  the Arctic wi th  a l i k e l y   i n c r e a s e   i n  
precipi ta t ion  (Harvey,  1982). If we accept  this 
as a hypo thes i s   va l id  for  the   next  100 years ,   then  
the fol lowing  quest ions  might  be posed. 

mate change on permafros t   condi t ions ,   g iven   tha t  
l oca l   cond i t ions   exe r t   such   s t rong   i n f luences  on 
ground  thermal  regime,  as  discussed by Smith  and 
Riseborough  (1983).  Unfortunately  there i s  a 
d e a r t h  of publ ished  information on ground  tempera- 
t u r e   r e g i m e s   a t   n e i g h b o r i n g   s i t e s   o v e r  long per i -  
ods of time. There  appears   to   be no r e p o r t   i n  t he  
l i t e r a t u r e  of any  monitoring  network of shallow 
permafrost   temperatures   that  has been  continued on 
a r e g u l a r   b a s i s   € o r  any l e n g t h  of time. F igure  3 
i s  based  on  a few years '   data  from Brown (1978); 
it i l l u s t r a t e s  that ,  w i th in  a small area, t h e r e  i s  
cons iderable   var ia t ion   in   the   thermal   reg ime  f rom 
s i te  t o   s i t e  and  from  year  to  year,  For  example, 
the warmest year was 1976 a t  some s i t e s ,   b u t  1975 
a t  o thers .  Thus we cannot   expect   individual   loca-  
t i o n s ,  where  permafrost is p r e s e n t ,   t o   r e s p o n d   i n  
t h e  same way t o   t h e  same cl imate-forcing  funct ion;  
t h e r e  are in t e rven ing   p rocesses  that have t o  be 
understood  before we can  predict  the in f luence  of 
climate and climate variat ion  on  permafrost   condi-  
t i o n s ,  How can we best address  this p a r t i c u l a r  
problem of the  complexi ty   introduced by the va r i a -  
t i o n  i n  l o c a l   c o n d i t i o n s ?  Goodwin e t  aL. (1984) 
have   addres sed   t h i s   i s sue ,   u s ing  a numerical  ener- 
gy ba lance  model. 

Secondly, i s  the  l i k e l y   r a t e  and  magnitude  of 
permafrost  change  due t o  climate l i k e l y  t o  be 
less, e q u a l l y ,   o r  more Important  than  changes  due 

F i r s t ,  how can we a s s e s s   t h e  effects  of c l i -  
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t o   o t h e r   n a t u r a l   p r o c e s s e s ,   s u c h  as the   spontane-  
ous thawing of i c e - r i c h   s e d i e n t  exposed by r i v e r -  
bank e r o s i o n   o r   f i r e ?  A c o r o l l a r y   t o  t h i s  is, how 
w i l l  climate change a f fec t  t h e  rate of such   na tur -  
a l  processes? We h a v e   i n i t i a t e d  some work i n  t h e  
c e n t r a l  Yukon to   monitor   the  year-by-year  retreat 
of r e t r o g r e s s i v e  thaw flow s l i d e s   t o  see i f  there 
i s  any   re la t ionship   be tween  the  rate of retreat 
and climatic conditions.  Such s tudies   could   be  
repea ted  in var ious   p laces .   Las t ly ,  are changes 
in   the   permafros t   reg ime  resu l t ing   f rom  poss ib le  
climate c h a n g e   l i k e l y   t o  be important  considera- 
t ions   in   nor thern   geotechnica l   engineer ing?   Given  
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FIGllRE 3 Ground temperatures a t  1.06-m d e p t h   f o r  FIGURE 4 Predicted  annual  maximum a c t i v e   l a y e r  
fou r  sites a t  Churchill, Manitoba  (from  Smith  and development f o r   d i f f e r e n t  sites under a uniform 
Riseborough, 1983). c l i m a t i c  warming trend  (from  Smith  and  Iilsebor- 
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that  s t ruc tu res   i n   such   env i ronmen t s  are designed 
t o  be i n  some e q u i l i b r i u m   w i t h   t h e   n a t u r a l  thermal 
cond i t ions ,  what are t h e   i m p l i c a t i o n s   i f  the na- 
t u r a l  background  conditions  themselves  change? 
F igure   4  shows some a t t e m p t s   t o   p r e d i c t   t h e  rate 
of permafrost   recession  under assuraed climatic 
warming over   the  next   25  years  a t  a number  of 
sites deemed t o   b e   r e p r e s e n t a t i v e  of d i scont inuous  
permafrost   near  Whitehorse,  Yukon. As can  be  seen 
fo r   va r ious   k inds  of s i t e  condi t ions ,   the   degrada-  
tion of permafros t   due   to   na tura l  warming may be 
between 2 and  5 m over   t he   pe r iod ,   su re ly   no t   an  
i n s i g n i f i c a n t  amount for   thaw-sens i t ive   s t ruc-  
t u re s .  
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RECONSTRUCTIONS AND FUTURE  PREDICTIONS OF THE EFFECTS OF CLIMATE CHANGE 
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There are t h r e e  main purposes   for   s tudying 
t h e   r e l a t i o n s h i p s  between  climate  change  and the 
geothermal  regime in   co ld   envi ronments .  

In t h e   f i r s t   p l a c e ,  we may wish t o   i n t e r p r e t ,  
for a given  region,  how documented climate change 
in the past   ought  to  have  affected  ground  tempera- 
t u r e s  and  hence  permafrost   d is t r ibut ion  and thick-  
ness,  ground ice content ,   and   ac t ive   l ayer   depths .  
V a r i a t i o n s   i n   t h e s e   p r o p e r t i e s  may then  be in- 
f e r r e d   t o  have  played a r o l e   i n   t h e   p h y s i c a l ,  
chemical, a n d   b i o l o g i c a l   p r o c e s s e s   a c t i v e  a t  and 
immediately  below  the  ground  surface.  Thus, good 
documentation  of  past   cl imate  change has the po- 
t e n t i a l  of e x p l a i n i n g   f l u c t u a t i o n s  in these proc- 
esses when i n t e r p r e t e d  by Q u a t e r n a r y   s p e c i a l i s t s  
i n   s u c h  f i e lds  a s  geomorphology,  pedology,  hydrol- 
ogy, geochemistry,  and  plant  ecology. 

In the   second  p lace ,  we may wish t o   r e v e r s e  
t h e   p r o c e d u r e   a n d   t r y   t o   u s e   f l u c t u a t i o n s  in the 
var ious   phys ica l ,   chemica l ,   and   b io logica l   p roces-  
ses as i n d i c a t o r s  of  changes i n  the  geothermal   re-  
gime  and  hence as impr in t s   o f   c l ima te   o sc i l l a t ions  
for a given  region. "ne aim would then  be t o  t r y  
t o   e s t a b l i s h  the age,   trend,  and  amplitude  of 
t h e s e   o s c i l l a t i o n s .  

In  t h e   t h i r d   p l a c e ,  we may wish t o   p r e d i c t  
t h e   e f f e c t s  of f u t u r e  climate change on  the ther- 
mal regime,  and more s p e c i f i c a l l y  on t h e  perma- 
f r o s t  and a c t i v e   l a y e r   c o n d i t i o n s .  A t  one   l eve l  
we may wish t o  assess t h e   e f f e c t s  of   such  future  
change in terms of the   poss ib l e   t he rma l   d i s tu rb -  
ance   t o  the near  surface  environment  of man-in- 
duced  micro-cl imat ic   modif icat ions,   resul t ing  f rom 
eng inee r ing   p ro j ec t s ,  on var ious  scales. The 
p l anned   r e se rvo i r   cons t ruc t ion   i n   t he  Great Whale 
River   basin of Northern Quebec, a l though  present ly  
she lved ,  i s  an  interest ing  example  of   such a pro- 
ject  on a ve ry   l a rge   s ca l e .  The Trans-Alaska 
P ipe l ine   and   the   p ipe l ine   p lanned  in the Mackenzie 
Valley in northwestern Canada are examples of such 
modi f ica t ion  on a somewhat smaller scale. A t  a 
second  leve l ,  we may wish t o  assess the  long-term 
e f f e c t s  on a r eg iona l   o r   even  a c o n t i n e n t a l  scale 
of lower atmosphere warming  and cool ing  t rends.  
I n  t h i s   r e g a r d   r e f e r e n c e  may be made t o  a poss ib l e  
warming t r e n d   r e l a t e d   t o  the v e r y   s i g n i f i c a n t  in- 
c rease  in the C O 2  content  of t he   a tmosphe re   i n   r e -  
cen t   years  (Watts, 1980). 

as  re sea rche r s ,  i t  is clear t h a t  a key  element is  
the q u a l i t y   a n d   c o n t i n u i t y  of the c l i m a t e   d a t a  
itself. In t h i s  regard,  I would l i k e   t o   b r i e f l y  
raise a number of po in t s   abou t   t he   d i f f e ren t   t ypes  
of c l i m a t e   d a t a   a v a i l a b l e   f o r   r e c o n s t r u c t i o n s  of 
goe thermal   reg i roes   for   the   Holocene   in te rva l   in  
pe r ig l ac i a l   r eg ions ,   and   t hen  I would l i k e   t o  make 
a few  remarks  concerning  the  kind of d a t a  we will 
need t o   p r e d i c t   f u t u r e   c l i m a t e  change. 

Whicheve r   o f   t hese   t h ree   goa l s   In t e re s t s   u s  

The climate da ta   can   be   convenient ly   eubdi -  
v ided   i n to  three ca tegor ies .  In the first p lace ,  
d a t a  are a v a i l a b l e  for a s p a r s e  netVFork o f  arctic 
m e t e o r o l o g i c a l   s t a t i o n s   f o r  a p e r i o d   r a r e l y  ex- 
ceeding the l a s t  50 yeara. 'he most u s e f u l   d a t a  
f o r   s t u d i e s  o f  the  ground  thermal  regime  that are 
o f t e n   a v a i l a b l e  are on a i r  temperatures ,   precipi-  
t a t i on .   snowfa l l ,  snow cover ,   and   g loba l   rad ia t ion .  
However, the very  useful   parameter   of   surface tem- 
p e r a t u r e   f o r  a v a r i e t y  of cover  types i s  almost 
never   avai lable .  It rmst be de r ived   u s ing   co r rec -  
t i v e   i n d i c e s   t h a t   v a r y   a c c o r d i n g  t o  rad ia t ion   and  
t h e  snow c o v e r   c h a r a c t e r i s t i c s  of t h e   v a r i o u s   s u r -  
f a c e s .   h n a r d i n i ' s  "n" fac tor   cor rec t ion   (Lunar-  
d i n i ,  1978) i s  one such   cor rec t ive   index .  

The second  type of d a t a   a v a i l a b l e   t o   u s  i s  
recorded   in   t empera ture   logs   tha t   have   been  ob- 
tained  from  deep d r i l l   h o l e s   i n   a r c t i c   r e g i o n s  
(Lachenbruch  and Marshall, 1969; Taylor  and  Judge, 
1979; Judge e t  al . .  1981; Osterkamp  and  Payne, 
1981; Poitevin  and  Gray, 1982; P i l o n ,  1982). The 
f l u c t u a t i o n s  i n  the ground  temperature   prof i les  
beyond t h e  zone of zero   annual   ampl i tude   re f lec t  
changes i n   t h e  mean a n n u a l   s u r f a c e   t e m p e r a t u r e s   a t  
the s i te ,  b u t   i n t e r p r e t a t i o n  of the amplitude  and 
p e r i o d i c i t y  of t hese   t empera tu re   f l uc tua t ions  i s  
not   s t ra ight forward .  A number of co r rec t ions   have  
t o   b e   a p p l i e d   t o   t h e   t e m p e r a t u r e   p r o f i l e s  t o  take  
account  of thermal c o n d u c t i v i t y   c o n t r a s t s  as w e l l  
as of t e r r a i n   v a r i a t i o n s  in t h e   v i c i n i t y  of the 
d r i l l   h o l e ,  and  assumptions  have t o  be  made con- 
cern ing   the   geothermal   f lux   f rom  the   in te r ior  of 
the crust   (Taylor  and  Judge, 1979; Pi lon ,  1982). 

c l imate   da ta   ob ta ined   f rom a series of i n d i c e s   a t  
o r  below the ground  surface.   These  indices   are  
based on geomorphologic,  pedologic,  geochemical, 
and  vegetat ional   information.  They can take t h e  
c l i m a t i c   r e c o r d  much farther back   t han   t he   mteo r -  
o log ica l   da t a ,   gene ra l ly   u s ing   r ad ioca rbon   da t ing  
fo r   ch rono log ica l   con t ro l .  However, u se  o f  such  
proxy d a t a   r e s u l t s  in problems of I n t e r p r e t a t i o n ,  
which  necessar i ly   imply a c e r t a i n   d e g r e e  of sub- 
j e c t i v i t y  and a fa i r ly   h igh   margin  of e r r o r  in de- 
r i v a t i o n  of the t iming,   direct ion,   and  ampli tude 
of climate f luc tua t ions .  In t h i s   r e g a r d ,  l e t  u s  
examine  one of t h e   b e s t   e s t a b l i s h e d   i n d i c e s  of 
climate  change - po l l en   ana lys i s .  

l a y e r s  o f  o r g a n i c   m a t e r i a l   i n   p e a t  bogs  and  lake 
beds  have  f requent ly   been  used  to   reconstruct  
former vegetat ion  assemblages a t  g iven  s i t e s  (Fae- 
g r i  and  Iversen,  1964; Short  and  Nichols, 1977; 
Richard, 1977,  1978). Because  of t h e   r e l a t i o n s h i p  
between  vegetat ion  associat ions  and climate zones, 
i t  becomes p o s s i b l e   t o  draw some inferences   about  
former climates from t h e   p o l l e n   s t r a t i g r a p h y   a n d ,  
through  dat ing  of   the  organic   mater ia l ,  t o  have 

The t h i r d   p o s s i b i l i t y  i s  the use  of proxy 

Pol len   spec t ra   f rom  success ive ly   depos i ted  
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s o w  chrono log ica l   con t ro l  on c l i m a t e   t r a n s i t i o n s .  
A number of problems mst be  taken  into  account ,  
however. In the first p lace ,  t he  p o l l e n   s p e c t r a  
i n  arct ic  and s u b a r c t i c   r e g i o n s   d o   n o t   o n l y  re- 
f l e c t   t h e   p o l l e n   r a i n   d e r i v e d  from the l o c a l  vege- 
t a t i o n  community,  but a l s o   s i g n i f i c a n t  and  perhaps 
temporal ly   var iable   long-dis tance  t ransport   f rom 
f o r e s t   r e g i o n s   t o   t h e   s o u t h   ( N i c h o l s  e t  al . ,  1978; 
E l l i o t t - F i s k  e t  al., 1982).  Secondly, i t  is  pre- 
sumed t h a t   t h e r e  i s  a synchronism  between  vegeta- 
t i o n  change a s   r e f l e c t e d   i n   t h e   p o l l e n  strati-  
graphy  and  c l imate   change  act ing  as   the  causal  
f ac to r .   R icha rd   (1977) ,   i n   d i scuss ing   c l ima t i c  
i n t e r p r e t a t i o n  of po l len   d iagrams,   sugges ts   tha t  
vegetat ion  succession  towards a s ta te  of e q u i l i -  
br ium  with  the climatic mi l ieu  i s  r e l a t i v e l y   r a p -  
i d ,  w e l l  wi th in   the   t empora l   p rec is ion  of the 
technique  for   most   basins  of sedimentation. Fin- 
a l ly ,   a l though  palynological ly   determined  changes 
I n  vegeta t ion   cover  may give  an  index of t h e   d i -  
r e c t i o n  of climate change i n  terms of a d e t e r i o r a -  
t i o n   o r   a m e l i o r a t i o n  of growing  condi t ions,  i t  is 
v e r y   d i f f i c u l t   t o   t r a n s l a t e   s u c h  change i n t o  mean- 
i n g f u l  term for geothermal   s tudies .  Andrews e t  
al. (1980) and Andrews and  Nichols  (1981)  have  at- 
tempted t o   u s e   p o l l e n   t r a n s f e r   f u n c t i o n s ,   u s i n g  
knowledge of modern p o l l e n   r a i n   a t   c o n t r o l  sites 
n e a r   e t e o r o l o g i c a l   s t a t i o n s   a c r o s s  a range of 
vege ta t ion   zones   in   the   Eas te rn   Canadian  Arctic, 
to   accu ra t e ly   r econs t ruc t   t empera tu re   cond i t ions  
i n  the  growing  season  during  the Late Holocene  in- 
t e r v a l .  However, t h e   g e o t h e r m a l   r e g i e  i s  a l s o  
r e l a t ed   t o   w in te r   t empera tu re   cond i t ions   and  t o  
snow cover ,   and  these  parameters   cannot  as yet  be 
modelled by t h e   p o l l e n   t r a n s f e r   f u n c t i o n s .  

l e O /  l60 r a t i o s   i n   b u r i e d   t r e e   t r u n k s  or i n   p e a t ,  
t r ee - r ing   s tud ie s   i n   l i v ing   vege ta t ion   (Croppe r  
and F r i t t s ,  1981)  and i n   b u r i e d  macro f o s s i l s  
(Gagnon and  Payet te ,   1981) ,   geomorphological   cr i -  
ter ia  such a s   t h e   d i s t r i b u t i o n  of active  and  inac- 
t i ve   pe r ig l ac i a l   l and fo rms   (Har r i s ,   1982) ,  a l l  
p r e s e n t   s i m i l a r l y   s e r i o u s   o b s t a c l e s   t o   t h e  
s t r a i g h t f o r w a r d   i n t e r p r e t a t i o n  of climate  change 
as i t  influences  the  geothermal  regime. In addi- 
t i o n   t o   t h e   p r o b l e m  of i n t e r p r e t a t i o n ,   t h e r e  are 
of ten   se r ious   p roblems  resu l t ing  from d i f f i c u l t i e s  
in e s t a b l i s h i n g  a ti- scale €or  the observed 
changes ,   e i ther   due   to  a t o t a l   l a c k  of i n   s i t u   o r -  
gan ic  material f o r  14C d a t i n g   o r  due t o  t h e   l a r g e  
e r r o r s   i n h e r e n t   i n  I4C data   obtained  f rom some or- 
gan ic   mte r i a l s - - such  as s o i l s .  

As a r e s u l t  of the various  problems  associa- 
ted   wi th   p roxy   da ta ,  i t  may be a p p r o p r i a t e   t o  ask 
the fol lowing  quest ion when cons ider ing  the use of 
pa l eoc l ima t i c   da t a   fo r   g iven  sites i n   a r c t i c  re- 
gions for   geothermal   s tud ies ;  Is i t  p r e f e r a b l e   t o  
use  a fragmentary  record of loca l ly   der ived   proxy 
d a t a  with moderate   to   poor   chronological   control ,  
or i s  i t  b e t t e r   t o   e x t r a p o l a t e   t o   t h e   g i v e n  s i t e  
from a d i s t a n t  region, r e l a t ive ly   con t inuous  rec- 
ords  of climate change,  perhaps  using so* kind of 
t ransfer   func t ion   based  on present-day climate 
records?  In t h i s   r e g a r d ,  we might  mention the 
very  complete climate records  based on t h e  l 8 O /  l60 
cores   ava i lab le   f rom Camp Century on the  Greenland 
ice cap  (Dansgaard e t  al.,   1970)  and  from  the 
Devon I s l and  ice  c a p   i n  the Eastern  Canadian Arc- 
t i c  (Koerner  and  Fisher,  1981). The la t te r  pa th  

Other  proxy  data from vegetat ion,   such as 

might  appear a t   f i r s t   g l a n c e   t o  be a reasonable  
one,  but rmst be followed  cautiously.   Recent c l i -  
mate   records  for   eastern  and  western  Arct ic  re- 
gions of North  Anerica  (Fig.  1)  do not show per- 
fec t   synchronism  in  terms of  warming  and cool ing  
t rends .  I would venture  t o  sugges t   t ha t   wh i l e  the 
r eg iona l ly   ava i l ab le  proxy data   are   undoubtedly 
d i f f i c u l t   t o  relate t o  mean annual  ground  surface 
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FIGURE 1 Eight-year  running mean f o r   a n n u a l   a i r  
temperatures  from  1940 t o  1980 f o r   s e l e c t e d   s t a -  
t i o n s   i n   a r c t i c   N o r t h  America. A-1 and A-2 show 
d a t a   f o r   s t a t i o n s  in the tundra   and   borea l   fores t  
zones of Alaska. B-1 and B-2 show d a t a   p l o t t e d  
for   corresponding  vegetat ion  zones in nor the rn  
Quebec. 
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t empera tu res ,   t hey   do   o f f e r   po ten t i a l ly   va luab le  
t o o l s   f o r  the r econs t ruc t ion  of c l ima te   change   i f  
they  can  be  combined with a feu  deep  hole  tempera- 
ture  logs.   Taylor  and  Judge (1979) have shown 
t h a t  knowledge  of the general   d i rect ion  and  age  of  
climate t r ends   can ,   t h rough   app l i ca t ion   t o   t he  
geothermal   data ,   be   used  to   reconstruct   the   ampli-  
tude  of such  t rends.  

t h e   u s e  of the  proxy  data  for  paleoclimate  recon- 
s t r u c t i o n s .  The record ,  as r ega rds   de t ec t ion  of 
change i n   t h e   v a r i o u s   i n d i c e s ,   t h e   d a t a  of such 
change,   and  the  der ivat ion o f  paleotemperature 
curves,  w i l l  always become progress ive ly  more im- 
p r e c i s e  as one goes backward  through time. 

With r e g a r d   t o   p r e d i c t i o n  of f u t u r e   e f f e c t s  
of climate  change on permafros t   and   ac t ive   l ayer  
cond i t ions ,  i t  might   be  appropriate   to   suggest   the  
es tab l i shment  o f  a series of moni to r ing   s t a t ions  
a s s o c i a t e d   e i t h e r  with arct ic  w e a t h e r   s t a t i o n s   o r  
with  long-term  construction  projects.   Brown's re- 
search i n  Keewatin (Brown, 1978) and t h e   d a t a  ob- 
t a i n e d  a t  t h e  McGill Suba rc t i c  Research Laboratory 
a t   S c h e f f e r v i l l e   i n   N o r t h e r n  Quebec (Adams and 
Barr, 1973; Nicholson, 1978,  1979) represent   very  
i s o l a t e d  examples where mul t i -year   acquis i t ion  o f  
ground  surface  temperatures  through the var ious  
seasons  has been  attempted. The S c h e f f e r v i l l e  
data   have  been  obtained  for  a 2 5 y r  period,   but  
even   t he re   t he   r eco rd  i s  r a t h e r  broken. What i s  
needed  for  the  North  American Arctic is  a series 
of record ing   s ta t ions   f rom  the   eas te rn   and   wes te rn  
a r c t i c   r e g i o n s   f o r   b o t h  the continuous  and  discon- 
t inuous  permafrost  zones. As well as s tandard  me- 
t eo ro log ica l   da t a ,   each   i n s t a l l a t ion   shou ld   be  
equipped t o  measure  ground  surface  temperature, 
snow pack conditions,   and  ground  temperature  pro- 
f i l e s  ( a t   l e a s t   t o  a depth of about 5 m) f o r  a 
v a r i e t y  of   sur face   cover   types   in  the v i c i n i t y  of 
t h e   i n s t a l l a t i o n ,  In th i s   regard ,   long- te rm moni- 
t o r i n g   a c t i v i t i e s   p l a n n e d  in a s s o c i a t i o n   w i t h  the 
f u t u r e  Mackenz ie   Va l l ey   p ipe l ine   i n   t he   v i c in i ty  
of Norman Wells i n   t h e  Northwest T e r r i t o r i e s  
(P i lon ,   pers .  commun.) should  provide good d a t a  
r e q u i r e d   f o r   f u t u r e   p r e d i c t i o n  of t h e   e f f e c t s  of 
climate change, a t  least  f o r   t h e   w e s t e r n   a r c t i c  
regions.  

One ma jo r   d i f f i cu l ty  vi11 always  remain in 
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T h i s   s e c t i o n  o f  t he  volume c o n t a i n s   a d d i t i o n a l   S o v i e t   c o n t r i b u t i o n s   t o   t h e  

conference. These i n c l u d e   i n v i t e d  (p. 163) and  contr ibuted (p. 195) papers  and 
t r a n s l a t i o n s  of a b s t r a c t s  from a spec ia l   con fe rence  volume of papers  published 
i n  the Sovie t  Union  (p. 315). (Problems of Geocryology, P.I. Melnikov,  Editor- 
in-Chief, Nauka, Moscow, 1983, 280 pp.)  The t r a n s l a t e d   a b s t r a c t s  were provided 
by the  National  Research  Council  of Canada. The inv i t ed   pape r s  were presented 
i n  a s p e c i a l   s e s s i o n  of the  conference.  The p resen t   ve r s ion  o f  t h e   i n v i t e d  pa- 
pers  was t r a n s l a t e d  by William Barr, Univers i ty  of Saskatchewan. As was t h e  
case wi th  the f i r s t  proceedings  volume,  the  camera-ready copy f o r   t h e   S o v i e t  
cont r ibu ted   papers  was prepared   under   the   d i rec t ion  of t h e  U.S. Organizing Com- 
mittee, fol lowing  revis ion by English-speaking  readers. However, no  attempt 
was made t o   s t a n d a r d i z e   t h e   t r a n s l i t e r a t i o n ,   t e r m i n o l o g y  o r  q u a l i t y  of t h e  
t r a n s l a t i o n s .  The Soviet   papers  were accepted for pub l i ca t ion  on the b a s i s  of 
Sovie t  review p r i o r   t o   s u b m i s s i o n   t o  the U.S. Organizing Committee. 





Invited Soviet Papers 

MAJOR TRENDS IN THE DEVELOPMENT OF 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  accumulation o f  CO, in  the 
atmosphere. A wide  range  of  studies  with  a  more  practical  flavor  has  also  been 
undertaken.  These  include  a  study of naled; (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;  reconmendations  as  to  environ- 
mental  protection in the  gas  fields o f  northern  West  Siberia;  and  studies o f  the 
potential  use  of  underground  storage  chambers in permafrost,  to  name  only  a  few. 

Geocryology,  the  science o f  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. 

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 w r y  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. 

As  a  discipline  geocryology  emerged in  the 19208, 

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  af  the  Ministry  of  Geology  of  the 
USSR, 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, 
thermophjrsical  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- 
orium),  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. 

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 hear  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 o f  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  permafro 'St -f aci es  analysis  has 
been  introduced  into  the  practical  side  of  geo- 
cryological  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  facies  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. 

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 
accumulation  of CO, in the  atmosphere. It is 
hypothesized  that  by  2100  the  mean  temperature  of 
the  planet  will  have  risen  by 2-3'  as compared t o  
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. 

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 Gidrogeolopfi SSSR [Hydrogeology of the 
USSR] which includes  three  maps: one on  geocryo- 
logy, one on engineering  geology  and  one on hydro- 
geology, 

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 k m 3 ,  a  map  of  permafrost 
hydrology  regions  at  a  scale  of  1:2,500,000  which 
contains  a  vast  amount  of  information. 

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 o f  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 t o  the zone of  zero  annual 
amplitude. 

The  data  cited on the  age  of  permafrost  represent 

Major  investigations  are  under  way  to  study  the 

A multi-disciplinary  study  of  groundwater  in  the 

During  the  past few years  at  the  Institute  we 
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The Institute'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. 
A connection  has  been  demonstrated  between  the 
electron  structures  of  anions  and  their  capability 
for  becoming  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 i s  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 t o  170,000 km*, which  is  approximately six 
times  greater  than  the  total  area of glacier  cover 
in  the  mountains o f  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 k m 3 .  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 
nazedi (icings);  considerable  volumes  of  water 
accumulate in icings  in  the  Tien  Shan  and  the Pair 
during  the  cold  season.  The  volume  of  ice in the 
largest naLedi 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 naZcdi 
could  be  of  great  practical  interest  since  induced 
accelerated  melting  of  these  same  icings  in s m e r  
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 sen5 itivity  of  the  surface  to human 
activities.  Our  Institute  participates in the 
research  into  and  construction of almost  all  major 
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 a l l  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 o f  
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 o f  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 o f  gas  pipelines  in  the  Far North!' 
This is  essentially  the  first  attempt  at  a  multi- 
disciplinary  approach  to  environmental  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  surface 
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  thermokarst  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. 

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 ~ukutniproalmag (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- 
jects  and have led to a  considerable  reduction  in 
labor  costs, in the c o s t  of  building  materials, 
and the  overall  weight of structures  and  have in- 
creased  the  operating  safety of the  structures. 

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  thermophysical  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 
accumulated  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 o f  using  perma- 

Much  attention  has  been  paid  to  the  problems 

Drilling-and-filling  piles  are  ready to be  intro- 

frost  materials  as  an  environment  for  engineering 
structures  is  of  particular  interest.  This  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.  This- 
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 summer  and  for  farm  water  supply. 

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  factors 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 human  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 t o  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  most  effective  foundations in terms 
of  both  performance  and  cost. 

Soviet  geocryologists  are  directing  their  efforts 
t o  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 t o  assume  a  leading  position  in  the  world 
in  this  area  of  scientific  knowledge. 

I should  like  to  emphasize  the  need  for  geocryo- 
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Natural  gas  hydrates  have  been  found t o  occur  widely  where  reservoirs  of  hydrocarbons 
occur   in   permafrost   areas .   Exploi ta t ion  of   hydrocarbons  lying  beneath  the  gas   hydrate  
formations is  l ike ly   t o   encoun te r   s e r ious   p rob lems ,   Spec i f i ca l ly   t he   hea t   t r ansmi t t ed  
f r o m   t h e   h o t   d r i l l i n g  mud can   r e su l t   i n   t he   decompos i t ion   o f   t he   gas   hydra t e s   ad j acen t  
t o   t h e   d r i l l   h o l e ;   t h i s   r e s u l t s   i n   t h e   r e l e a s e   o f   l a r g e  volumes  of  gas  which  can  lead 
t o  a v i o l e n t  "gas   k ick"   and   the   e jec t ion   of   the   d r i l l ing  mud from  the  hole .  The au thor  
demonstrates how t h i s  problem may b e  overcome by i n c r e a s i n g   t h e   d e n s i t y  of t h e   d r i l l i n g  
mud, reduct ion  of i t s  tempera ture ,   o r  by a combination  of  these  techniques. 

Reserves   of   natural  gas in a s o l i d   h y d r a t e  s ta te  gas  hydrates  occur  include:  an  abrupt  change in 
Located on land  exceed 1 X lo1' m 3 ,  whi le   those  be- t h e   s p e c i f i c  volume of water and  gas  during  phase 
nea th   the   ocean  amount to   about   1 .5  x 10l6 m3 changes;  the  extremely low permeabi l i ty   o f   gas  
(Makogon, 1964, 1981;  Trofimik e t  a l . ,  1981; Judge,  hydrates  and  of  porous  rocks  saturated  with hy- 
1981) .   Fxploi ta t ion of t he   r e se rves   l oca t ed   on   l and   d ra t e s :   t he  low the rma l   conduc t iv i ty   o f thehydra t e s ;  
r e q u i r e s   t h e   s o l u t i o n   o f  some r a d i c a l l y  new techni- 
cal  problems.  These  problems ar ise  from  the  unique 
p rope r t i e s   o f   gas   hydra t e s   wh ich   s a tu ra t e   t he   po re  
spaces   of   gas   bear ing strata loca ted  in a s s o c i a t i o n  
with  permafrost  in the  sedimentary  cover  of  the 
e a r t h ' s   c r u s t .  

The most   important   of   the   propert ies  o f  gas 
h y d r a t e s   i n  terms o f   t h e   p e c u l i a r i t i e s  of exp lo i t -  
ing  the  deposi ts   of   hydrocarbons  in   areas   where  the 
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FIGURE 1 Condit ions  of   gas   hydrate   formation.  

t h e   s i g n i f i c a n t   l o w e r i n g  of t h e   s t r e n g t h  of  rocks 
conta in ing   hydra tes  as they  decompose; a sharp 
i n c r e a s e   i n   p o r e   p r e s s u r e   d u r i n g   t h e i r   c o m p o s i t i o n  
wi th in  a closed  system;  and  an  increase  in   capi l -  
l a ry   p re s su re  as the  hydrates   accumulate   in   porous 
rocks.  A l l  t h e s e   p r o p e r t i e s  of   gas   hydrates   dic-  
ta te  t o  a l a rge   ex ten t   t he   t echno logy   o f   d r i l l i ng  
and o p e r a t i n g   w e l l s   i n  s t ra ta  where  gas  hydrates 
a re   concent ra ted .  

Br i e f   desc r ip t ion  o f  the   hydra te   format ion  
zone  and  of  gas  hydrate  deposits 

Theore t ica l   ca lcu la t ions ,   geophys ica l   p rospec t -  
ing ,   and   dr i l l ing   have   revea led   the   widespread  
d i s t r i b u t i o n  o f  gas  hydrate   formations  and  deposi ts  
i n   f r o z e n   s e d i m e n t a r y   r o c k s   i n   t h e   e a r t h ' s   c r u s t .  
The depth  of occurrence  of   the  hydrate   formation 
zone i s  determined by hydros t a t i c   p re s su re ,   rock  
temperature,   composition  of  the  gas  and  minerali-  
za t ion  o f  t h e  water i n   t h e   r e s e r v o i r .  As regards  
condi t ions  on land  the  hydrate   formation  zone 
extends  from  depths  of a few  tens  of meters t o  1-2 
km. Figure 1 shows the   equi l ibr ium  curve  of hydra te  
format ion   for  some common gases ;   F igure  2 presen t s  
a graph of  t h e   d i s t r i b u t i o n  of t he   hydra t e  forma- 
t i o n  zone for   methane,  CO,, H,S and na tu ra l   gas  
wi th  a s p e c i f i c   g r a v i t y  of 0 .6  depending on t h e  
geothermal  gradient.   Figure 3 i s  a map of t h e  
d i s t r i b u t i o n  of the  hydrate   formation  zone  within 
t h e  USSR (Barkan  and  Voronov, 1982). 

reach   th icknesses  of several  hundred  meters, 
depending on la t i tude,   ocean  depth,   bot tom water 
temperature,   the  geothermal  gradient  in  the  sedim- 
en tary   cover ,   hydros ta t ic   p ressure ,   composi t ion  of 
the   gas  and mine ra l i za t ion  of t he   wa te r ,  and i n  a 
number of  areas  exceeds 2 h. Figure 4 presents   an  
approximate   p rof i le   o f   the   hydra te   format ion   zone  
for   condi t ions  beneath  the  Beaufort   Sea,   compiled 

Beneath  the  ocean  the  hydrate  formation  zone may 
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FIGURE 2 Depth  intervals o f  the  hydrate  formation 
zones  €or  some  gases in the  sedimentary  cover  of 
the  earth's  crust. 

168  

from  data  provided  by  Dome  Petroleum  (Weaver  and 
Stewart, 1981) * 

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  formatipn  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 o f  hydrate  decom- 
position,  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 
o f  several  hundred  meters. In some situations gas 
hydrates  accumulate  in  pagoda-shaped  masses  (Emery, 
1974; Makogon, 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 t o  water 
and  gas. 

Gas  hydrate  deposits, whose distribution  may  be 

FIGURE 3 Schematic  map of possible  hydrate  formation (H 2 400 m) in  the USSR. 
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FIGURE 4 Approximate prof i le   of   methane  hydrate   formation 
a long   longi tude  134-132'W. 

The hydrates   themselves   act  as a cementing  agent 
in   g ranular   rocks   which   they   sa tura te .  With decom- 
p o s i t i o n  of t he   hydra t e s  i n  some cases   the   rocks  are 
conver ted   in to   h igh   pressure   uns tab le   zones .  

When the  phase  change  from water t o  hydra t e   o r  
v i ce -ve r sa   occu r s   t he   spec i f i c  volume v a r i e s  by 
26-32%; by c o n t r a s t ,  of course  the  water- ice  (or 
viceversa)   phase  change  involves  a change i n  
s p e c i f i c  volume of   only 9%. 

The s p e c i f i c  volume assoc ia ted   wi th   the   gas-  
hydrare   (or   vice   versa)   phase  change  var ies  by a 
hundred times. In t h i s   s i t u a t i o n ,  i f  t he   p rocess  
of hydrate   decomposi t ion  occurs   in  a confined  space 
the   p re s su re  may inc rease  by severa l   o rders   o f  
magnitude.  For  example when methane  hydrate  forms 
a t  O'C, and  then  decomposes  due t o   h e a t i n g   t o  a 
temperature  of 100°C wi th in  a c l o s e d   c e l l ,   t h e  
methane  pressure  increases  from 2 . 6  )Pa t o  2500 m a .  

Well D r i l l i n g  Problems 

S t r a t a   s a t u r a t e d   w i t h   h y d r a t e s   a r e   c h a r a c t e r i z e d  
by extremely low permeabi l i ty   which   prevents   loss  
of f l u i d s  from t h e   d r i l l i n g  muds by seepage   in to  
the  rock  and  the  formation of a p r o t e c t i v e   c o a t i n g  
of c l ay  on t h e  walls o f  t h e   d r i l l   h o l e .  The ab- 
sence of a p r o t e c t i v e   f i l m  on t h e  walls of t h e   d r i l l  
hole  where  one i s  d r i l l i ng   w i th   h igh   t empera tu re  
muds l e a d s   t o   i n t e n s e   h e a t i n g  of the   ad jacent   rocks  
con ta in ing   t he   hydra t e s  and t o  decomposition of t h e  
hydra tes ,  The la t ter  phenomenon i s  accompanied by 
a marked  weakening of t h e   i n t e r g r a n u l a r  bonds  and 
t h e   r e s u l t a n t   d i s i n t e g r a t i o n  of the   rocks   ad jacent  
t o   t h e   d r i l l h o l e .   A s s o c i a t e d   w i t h   t h i s   e x t e n s i v e  
cavity  development  occurs;   rock  sl ippages may lead 
t o   b i t s   j a m i n g .   D i s c h a r g e  of gases  under  high 
pressure  during  decomposi t ion  of   the  hydrates  may 
l e a d   t o   i n t e n s e   g a s   k i c k s  and t o  t h e   e j e c t i o n  of 
t h e  mud from t h e  hole. 

t e d  by t h e   h y d r o s t a t i c   p r e s s u r e   i n   t h e  mud column, 
are h igher   than   the   t empera ture  of hydra te  decom- 
pos i t ion ,   in tense   decomposi t ion  w i l l  occur,  
accompanied by the   r e l ease   o f   l a rge  volumes of gas. 

Where mud tempera tures ,   which   in   tu rn  are a f f ec -  

Figure 5 presents  curves  which show t h e   r e l a t i o n -  
ship  between  the  volume of var ious  gases   contained 
i n  a un i t  volume  of  hydrates  under  equilibrium 
conditions.  For  comparison it  a l so  shows curves 
of t he   spec i f i c   con ten t   o f   gas   i n  a f r e e   s t a t e  
under   ident ica l   t empera ture  and p res su re  con- 
d i t i o n s .  Comparison of the   curves   p resented  
r e v e a l s   t h a t  a t  h y d r o s t a t i c   p r e s s u r e s   w i t h i n   t h e  
gas  hydrates  of up t o  13.0 MPa ( i . e .   a t   d e p t h s  of 
about 1300 m) t h e  volumes  of  methane  and CO, 
r e l eased  due t o  gas   hydrate   decomposi t ion  s ignif i -  
cantly  exceed  the  volumes  of  gas  which  could  be 
h e l d   i n  a f r e e  s ta te  under  similar  conditions.   For 
heavy  gases  which  farm  structure II hydra t e s   t he  
comparable  depth i s  about 550 m. For  example i n  
r o c k s   a t  a depth  of 750 m and  a temperature  of 
210°C, 1 m3 of pore   space   f i l l ed   wi th   methane  
hydrate will y i e l d  157  n m s  o f  gas ,   whi le  1 m3 of 
pore   space   f i l l ed   wi th   f ree   methane  w i l l  y i e l d  85 
n m 3  , 

FIGURE 5 Gas c o n t e n t   i n  a u n i t  volume vs.  
pressure  and  temperature i n  a f r e e  and 
h y d r a t e   s t a t e   f o r  CHq and COz. 
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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: 

where: pH = hydrate  density  in  gfcm' 
Po = atmospheric  pressure  in  MPa 
T = temperature  at  depths H and K 
z = coefficient of supercompressibility 

of  the  gas in the  reservoir  conditions 
To = 273.16K 
y = mean  density of mud in reservoirs  in 

g I cm3 
Mg = molecular  density o f  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 
equilibrium  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. I n  this  situation  the 
pressure  of  the  released  gas  is  dictated  by  the 
temperature  at  which  the  hydrates  decompose  rather 
than  by  hydrostatic  pressure. 

intensification in the  process o f  hydrate  decom- 
However a mud  blowout  is  accompanied  by an abrupt 

FIGURE 7 Minimum  density of drilling  mud t o  
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,  jamming  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  equilibrium  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: 

102 Ppry 
Py = - g/cm3 

where  Ppty is the  equilibrium  pressure  correspond- 

H is  the  depth of the  gas  hydrate  deposit 
ing to  mud  temperature ty 

in meters 
Pp may  be  determined  from  the  equation: 

log Pp = 1.415+0.0417(ty+0.01 tY2) in 
the  case of methane 

log Pp = l - f O . 4 9 7  (t +0.005ty2)  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 . 6 5 ,  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 

temperature of gas  hydrate = 2" and 18°C; 
equilibrium  temperature t = 6.5' and  19'C; 
hydrostatic  pressure in tRe  hydrate Ph = 5 and 

and  mud  temperature ty = O " ,  5", lo", 15' and 

1200  m; 

12  MPa; 

2O0C; 

we  can  determine  the  density  of  the  drilling  mud 
necessary  to  prevent  hydrate  decomposition. 

In the  case  of  the  upper  hydrate  deposit  where 
tY = O o ,  5", lo", 15" and 20°C equilibrium  pressures 
wlll  be 2 . 6 ,  4.5 ,  7 . 5 ,  13.0  and 2 3  MPa  respectively. 
The  mud  density  necessary t o  prevent  decomposition 
of the  hydrates  will  be 0 . 5 2 ,  0.9, 1 . 5 ,  2.6 and 
4 . 6  g/cm3  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 i n  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/cm3  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/cm3. 

In  addition I would  recommend a closed  system of 
drilling  whereby  high  wellhead  pressures  are  main- 
tained.  For  example when Py = 2 g/cm3  and tY = 
20°C it  is  necessary  to  maintain a wellhead  pressure 
of 36 "a, although  this  will  greatly  complicate 
the  drilling  operation. 

depth of 1200 m and with mud  temperatures  of 0 " .  
5 " ,  lo" ,  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,O and 23 MPa.  The  mud  pressure  neces- 
sary  to  prevent  hydrate  decomposition  will  be 0.22, 
0.38, 0.63, 1.1 and 1.92 g/cm3  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 o f  the  drilling  mud. 

Problems  Arising  During  Well  Operation 

In  the  case of a gas  hydrate  deposit  lying  at a 

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  equilibrium  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 

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  (Makogon, 1 9 6 4 ) .  

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. 

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  hydrare  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. 

Increases  in  pressure  and  temperature  follow  the 

0 50 
TEMPERATURE, OC 

l eu .  

FIGURE 8 Pressure  vs. gas temperature  during 
methane  hydrate  decomposition In a limited 
volume. 
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installations  associated  with  the  extraction  and  transport  of  natural 
jor, constant  sources  of  heat  emission.  The  gas  fields  now  being 
thern  West  Siberia  are  in  areas of ice-rich  sediments  such  that  settle- 

The  bulk  of  the 
gas  represent  ma 
developed in nor 
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  €or  gas  field  structures  and  to  developing  an  effective  program of monitoring 
o f  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  orher  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 

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  geological 
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 t o  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.  Kost  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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OnmenK  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 
inf0n”KiOn  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 o f  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  common  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 o f  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 H,O 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 o f  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 o f  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 

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 
betwe,en  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 o f  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 
paramerers  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 examined  from  the  point  of  view of systems 
and  factor  analysis  during  the  process of compre- 
hensive  engineering  geology  predictions. 

into  seven  steps,  each o f  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 

The  algorithm of such  predictions  may  be  divided 
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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 number  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 o f  
the  sediments,  depth of seasonal  freezing  and  thaw- 
ing,  and  the  cryogenic  processes  (rhermokarst, 
frost-heave,  frost  cracking,  thermal  erosion, 
solifluction, naZed (icing)  formation,  etc.)  which 
develop in association with  well  drilling  or  with 
the  erection  and  operation  of  buildings,  installa- 
tions  and  communications,  in  association  with  re- 
pair  and  maintenance  work,  or  in  association with 
various  forms  of  economic  or  non-productive  human 
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  number  of  assumptions 
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 o f  gas with  frozen, 
thawing  and  freezing  sediments. Owing to  the 
exceptionally  high  mobility of the  elements o f  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-consuming  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 o f  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, o f  the  formation,  distribu- 
tion  and  melting of the  snow  cover,  and of a  wide 
spectrum  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 rime  one  has  to  undertake an analysis of 
the  current  state  and  trends in the  development of 
the  gas  industry  and o f  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 nor 
conducive  to  easy  prediction  but which have  an 
impact  both on the  entire  process o f  operating  the 
geotechnical  system  and on the  development o f  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 o f  
"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  recommendations  as  to  its  applic- 
ation,  and  also  the  injection o f  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." 

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 

The  results  of  comprehensive  engineering  geology 
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along with the  technology  for  implementing  the 
accepted  design  solutions  and  with  the  development 
plans f o r  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 
eliminaring  the  negative  consequences of intense 
human  activities  in the area of environmental 
modification  in  the  permafrost zone, Using  Chis 
scenario  one  can  easily  formulate  alternarive 
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. 

general  geocryological  forecasts  and  of  comprehen- 
sive  engineering-geology  forecasts  one  may  specify 
the  technical  design for exploiting  gas  fields, 

On the  basis of the  results of both  specific  and 

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. 

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  nor  only  the  technical  designs  of  indiv- 
idual  installations  and  communications  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 o f  the  building  and 
operation  of  such  systems. 

One may  ensure  the  reliability  of  installations 
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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  developmenr of methods f o r  
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! 
structurefground  and  describes  the  process  mathe- 
matically.  Mechanics  examines  the  laws  governing 
the  behavior  of  €rozen/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 o f  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 o f  frozen  ground  is  based on the  theory 
of rheology. 

Each  of  the  abovernentioned  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,  therrnophysical  and  mechanical 

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 o f  the  thermal  impact o f  
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. 

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 o f  the  process.  Such  an 
attempt  has  been  made  by  the  author  (Vyalov  1978a) 
and  by  others. On the  basis of an  experimental 
study o f  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 

It  is  evident  that  an  integrated  examination  of 

*Not  present;  summary  presented by N.A. Grave. 
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exponential  equation o f  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 o f  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. A t  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 o f  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 t o  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. A s  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  axe  maintained  in  the  frozen 

state  (Principle l ) ,  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 
BuiZding Standards and Rules f u r  Design uf Founda- 
tions on Permafrost (1976)  and  the Manu2 for  these 
standards  (19781,  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. 

1, the  main  problem  is t o  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 3 0 ' s ;  it i s  
still  operating  quite  successfully. 

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. 

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 t o  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 f o r  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 O"C>, which at  the same 
time  possess  very  high  ice  contents. In many  cases, 
in  addition,  the  permafrost  here  is  discontinuous 
in  terms o f  both  vertical  and  horizontal  distribu- 
tion. It has  also  become  necessary t o  build on 
sites with massive  ground  ice  bodies,  whereas 

In  the  case of construction  based on Principle 

Subsequently  the  method of construction  whereby 

The  method  of  construction  whereby  the  perma- 
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previously  such  sites  were  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 t o  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 i n  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 o f  the 
Permafrost 

The  traditional  method o f  preserving  the  perma- 
frost  by  means  of  a  naturally  ventilated  subfloor 
(which  represents  the  simplest  technique o f  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 1 6 0 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 o f  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 
I ) .  Hence  these  foundations  combine  the  functions 
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FIGURE 1 Corrugated  ventilated  foundations  com- 
bining  che  functions  of  a  load  bearing mit 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 f o r  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 MaanuaZ. A similar  approach  is  also 
used  for  cooling  frozen  sediments  using  ventilated 
ducts,  hollow  foundations, etc, 

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 

It has  been  demonstrated  in  practice  that  by 
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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 o f  a structure: 
a) changes  in  temperature  of  frozen  sediments $ 

b) variations  in  load P  with  time; 
c) reduction,  with  time, of  the  long-term  strength 

of  sediments R where R = constant  and TI is  also 
constant; 

d) development  over  time of  creep  srrain S where 0 
is  constant  and P is also constant. 

with  time; 

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 CO, .  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 
gaslliquid  cooling  agent-namely  freon. In some 
cases  the  thermal  piles  are  built  into  the  structure 
o f  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 o f  the  Permafrost  Institute  of  the  Academy 
of Sciences of the USSR. A paper  presented  by 
Mel'nikov (1979) at  the  Third  International  Perma- 
frost  Conference  was  devoted  to  this  topic. 

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 other  cases  the  thermal  piles  are  installed 

In  examining  the  problem  of  regulating  the 
temperature  regime o f  foundations  in  permafrost  it 
is necessary  to  proceed  from  the  following  state- 
ment s .  

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 
poinr 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. 

cesses  of  creep  deformation  and  reduction o f  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 

Under  the  influence o f  an external  load  the  pro- 
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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 Temosvai V strotez 's tvc  nu 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). 

of  the  bearing  capacity  of  piles in permafrost  under 
various  temperature  regimes.  If  one  regards  the 
maximum  mean  monthly  temperature  of  the  sediments 
8 = 0 ,3"C as  being a calculated one, the  value f o r  
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 o €  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 o f  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 -1.2"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 ro  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. 

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  imporrant  for  light 
structures, e . g .  pipelines,  electricity  transmis- 
sion l i n e s ,  and  also  for  buildings  constructed  of 
light  materials,  in  that  €or  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  summer.  In  fact  the  maximum  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 

Figure 3 presents  the  results  of  determinations 

One should  note  the  great  significance of taking 
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Temperature OOC 

0 -  
t- 
I 

509 kN 
2 .  

394 kN 
3 .  

0 ,  , t0 t, 
I 

FIGURE 3 Bearing  capacity  of  pile P with  various 
temperature  regimes  in  permafrost. 

maximum,  but  rather  is  close t o  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 ($) is  reached  in  July-August. 
The curve o f  variation  in  the  ratio N:$ Over  time, 
which  dictates  the  necessary  designed  area  of  the 
thermal  piles  supporting  the  transmission  pylon (F) 
(curve 3 )  reveals  thar  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 b .  

Foundations 

Without  dwelling  in  detail on the  type  of  Eoun- 
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 



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  rhe  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  Norill- 
sk) gravel  pads are placed  beneath  the  butt  end of 
the  pile  and  tamped  down as the  pile is installed. 
In the case of s o f t  materials  (saline or plastically 
frozen)  concrete  expansions of the  foot o f  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 o f  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  (19781,  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 
o f  soil  moisture  into  the  concrete of the  pile,  and 
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increasing  its  frost-resistance.  These  topics  are 
discussed  by  Poluektov (1983) e 

Construction  where  the  Permafrost  has 
Been  Allowed  to  Thaw 

Where  one  uses  the  method  whereby  the  frozen 
sediments  beneath a foundation  have  been  encouraged 
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  magnirude  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 Building Standards and Rules and 
in  the Manual 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- 
ductivity,  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 i s  independent of 
load So, and a coefficient  of  compaction a = Sp/p, 
describing  the  settlement  due  to  compaction  beneath 
the  load  and  the  weight o f  the  sediment  itself,  are 
used  as  the  calculated  deformation  characteristics 
o f  the  thawing  sediments,  i.e. S = So + Sp = h(AS 
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  assumed  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 = ayh'), occurs  prior t o  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  sometimes  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 

b) local  thawing on sites  where  piles  are  to  be 
strip  foundation; 

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 O"C, Although 
the  sediment  consists of gravel,  it is distinguished 
by a high  content o€ 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  opeta- 
tion  of  the  buildings  in  that  this  would  lead  to 
excessive  settlement.  Moreover  the  situation  was 
complicated by  the  high  seismicity  of  the  area. 
It  was  decided  to  excavate a deep  pit,  leave  it 
open  for a  summer,  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 

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 groupings 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. 

struction on thawed  sediments i s  presented in 
Mel'nikov  and  Vyalov (1961). 

A description of this  and  other  methods  of  con- 

Combined  Operation  of  the  System  Encompassing 
a  Building,  its  Poundatio_n  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.  Eence  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  structurb'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.  must 
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 o f  the 
structural  system of the  building.  The  method  of 
computer  calculation of rhese  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  rhe  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 

b. sp 

PQ s=s,+s, 
FIGURE ti Diagram  of  foundation  design. 
a) elastic-plastic  model  of  sub-foundation  sediments 

showing  relationship of settlement  compaction 
Sp t o  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  ?he  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 o l  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 o f  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 r e s u l t s  o f  s c i e n t i f i c   r e s e a r c h  and  exper- 
i e n c e   r e l a t e d   t o  the cons t ruc t ion  of p i l e  founda- 
t i o n s  i n  t h e  U . S . S . R .  have  been  put   for th  in t h e  
U.S. S.R.  Building Codes  and Regulations  under t he  
headings  "Building  Fads  and  Foundations i n  Perma- 
f r o s t "  (1977)  and  "Design  Guidelines  for  Construc- 
t i on   Pads  and  Foundations in   Pe rmaf ros t   So i l s "  
(1980). 

p i l e s  and techniques   for   d r iv ing  them. Some of 
these d i f f e r e n t   t y p e s   o f   p i l e s  are: r e in fo rced  
concrete,   metal ,   mod,  combined,  casing,  and  col-  
umn p i l e s .  

based on c a l c u l a t i o n s  of  load-bearing  capacity  and 
p i l e   de fo rma t ion  (i.e. s e t t l i n g  in compliant  fro- 
zen and i c y   s o i l s ) .  

Calcu la t ions  of f r o z e n   p i l e s   w i t h   r e s p e c t   t o  
load-bear ing   capac i ty   a re  based on long-term shear 
r e s i s t a n c e   a l o n g   t h e   l a t e r a l   s u r f a c e  of t h e   p i l e s  
(1.e.   adfreeze  resistance)  and  long-term resisf- 
ance   to   p ressure   under  t h e  lower  end  of the  p i l e .  
The recommended des ign   va lues   €o r   t hese   s t r eng th  
c h a r a c t e r i s t i c s   a r e   g i v e n  i n  t h e   c o n s t r u c t i o n  
codes,   Deformation  calculat ions are derived  from 
cons ide ra t ion  o f   non l inea r   s e t t l i ng   c r eep .  The 
problem i s  solved  using  computer-generated  f inite 
elements  and i s  subsequently  reduced Eo the simp- 
l e s t   f o r m u l a s  w i t h  a u x i l i a r y  nomograms. In addi- 
t i o n ,  i t  i s  a l so   so lved   fo r  a genera l   formula   tha t  
i n c l u d e s   e q u a t i o n s   f o r   s e t t l i n g   c r e e p  and  long- 
term i n t e g r i t y .  The use  of a general ized  formula 
makes i t  poss ib le   to   de te rmine ,   s imul taneous ly ,  
bo th   deformat ion   and   in tegr i ty   over  time. 

t h e  la teral  f i x a t i o n  of the p i l e   i n   p e r m a f r o s t  un- 
der varying  condi t ions,  such as depth of seasonal  
thaw  and the temperature of t h e   f r o z e n   s o i l s .  

Calcu la t ions   for   end-bear ing   p i les  are based 
on t he   p re s su re   r e s i s t ance   o f   t he   unde r ly ing   rock  
and t h e   i n t e g r i t y   o f   p i l e   m a t e r i a l s  w i t h  regard  t o  
long i tud ina l  bend. A d d i t i o n a l   n e g a t i v e   f r i c t i o n  
loads  are a l s o   t a k e n   i n t o   c o n s i d e r a t i o n .  

The phys ica l   na ture   o f   adf reeze   s t rength  was 
s tudied   wi th   emphas is  on the formation  of  an ice 
f i l m  a t  t h e   p o i n t  of con tac t  of t h e   p i l e   w i t h  t h e  
f r o z e n   s o i l .  The f r o z e n   s o i l ' s   s h e a r   r e s i s t a n c e  
was taken as t h e  sum of t h e   a d f r e e z e   s t r e n g t h   a t  
po in t  of c o n t a c t   a n d   t h e   f r i c t i o n   f o r c e s   o c c u r r i n g  
due t o   r a d i a l  s o i l  compression, An equat ion  €or  
long-term  f rozen  soi l  shear r e s i s t a n c e  was  de- 
rived. A method  of p i l e   c a l c u l a t i o n   i n  weak S o i l s  
( i . e .   t h o s e   h a v i n g   h i g h   s a l i n e   o r   i c e   c o n t e n t )  was 
developed  for a condi t ion  during  which  the resist- 
ance   s t r eng th  of the ground  solut ion is equal  a- 
l o n g   t h e   l a t e r a l   s u r f a c e   o f   t h e   p i l e  and  a long  the 
per imeter  of the borehole. 

There are a number o f  d i f f e r e n t   t y p e s  o f  

The b a s i c   p r i n c i p l e s   f o r   p i l e   s e l e c t i o n   a r e  

Horizontal   load i s  ca l cu la t ed  by looking a t  

THE CONSTRUCTION OF DEEP PILE FOUNDATIONS IN 
PERMAFROST I N  THE USSR - A SUMMARY 

A.V. Sadovskiy 

R e s e a r c h   I n s t i t u t e  of  Foundations  and  Underground  Structures 
Moscow, USSR 

Temperature-dependent  values f o r  maximum 
shear r e s i s t ance   a long   t he   su r f ace  of t h e   p i l e s  
( r e in fo rced   conc re t e ,   me ta l ,  wood) were c a l c u l a t e d  
f o r  var ious  types  of   f rozen soils. 

cos t -e f fec t iveness  are t h e   r e s u l t  o f :  
Increased  load-bearing  capaci ty  o f  p i l e s  and 

- t h e   u s e  of composite  wood/reinforced 
concrete  and  wood/metal   piles;  

- the u s e   o f   p e b b l e   o r   g r a v e l   f i l l  in a well 
wi th   p i l e s   t ha t   have  expanded  concrete 
bases;  

- s e l e c t i o n  of t h e   o p t i m a l   s o i l   s o l u t i o n  
t h a t  i s  poured i n t o  the well; 

- a r t i f i c i a l   coo l ing   o f   h igh - t empera tu re  
permafrost s o i l s ,  i nc lud ing   t he   u se  of 
thermo p i l e s ;  

- t he   u se  of d r i l l i n g   p i l e s   i n  which con- 
c r e t e  comes i n t o   c o n t a c t   w i t h   t h e   f r o z e n  
s o i l ;  

- the   improvment   of   calculat ion  methods,  
beginning  with  variable  temperature  and 
loads.  

Ex i s t ing  methods  €or   calculat ion  of   var iable  
temperatures  and  loads  are  baaed on cons ide ra t ion  
of t h e  worst poss ib l e   cond i t ions   (h ighes t   f rozen  
so i l   t empera tu re )  and t h e  worst combination of 
l oads .   Ac tua l ly ,   t he   so i l   t empera tu re  is v a r i a b l e  
over time due t o   f l u c t u a t i o n s  o f  t h e  a i r  tempera- 
t u r e ,  underground  cooling  systems,  and  thermo- 
p i l e s .   P i l e   l oads  are a l s o   v a r i a b l e   o v e r  time. 
This i s  r e l a t e d   t o   t h e   p i l e ' s   c o n s t r u c t i o n   p e r i o d  
and t o  sho r t - t e rm  fo rces ,   spec i f i ca l ly   c l ima te  
(snow, wind,  heave). Maximum loads,  however,  do 
no t   co inc ide   w i th   t he  minimum load-bearing  capa- 
c i t y .  Snow, wind loads,   and  heave  forces,  fo r  ex- 
ample, a t t a i n  their maximum v a l u e s   i n   t h e  f a l l  and 
winter ,  while t h e  smallest load-bearing  capaci ty  
of the f r o z e n   e a r t h   c o i n c i d e s  wi th  t h e  summer 
months.   Considerat ion  of   this   factor  i s  pa r t i cu -  
l a r l y   i m p o r t a n t   f o r   s t r u c t u r e s   s u c h  as p ipe l ines ,  
ramps,   t ransmission  l ines ,   and  bui ldings made o f  
l i g h t  materials. 

s i m u l t a n e o u s l y   € o r   v a r i a b i l i t y  of loads  over  time, 
soi l   temperature ,   long-term  integri ty ,   and set- 
t l ing  have  a l ready  been  developed.  

p i l e s   unde r   spec ia l   f rozen   cond i t ions   such  as 
heave-ice  .soils,  underground ice, and s a l t y   f r o z e n  
soils  have  been  developed. When bu i ld ing  on s o i l s  

Calculation  methods that allow us   t o   accoun t  

Calcu la t ion   methods   for   the   cons t ruc t ion  of 
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where  thawing may occur,  as a r u l e ,  end   load   p i les  
a re   u sed ,   wh ich   l ook   l i ke   l a rge   deep   suppor t s  o r  
d r i l l i n g   p i l e s .  Suspended p i l e s   a r e   a l s o   u s e d  i n  
conjunct ion  with  prel iminary  local   thawing of t h e  
f r o z e n   s o i l  and  compression of submerged p i l e s .  

l a t i onsh ip   based   on   k ine t i c   s t r eng th   t heo ry  was 
determined  between  specif ic   adfreeze  s t rength  and 
model dimensions. 

F i e l d   t r i a l s  of piles are conducted a t   l a r g e -  
s c a l e  sites. These tests have  been  standardized. 
A new quick  (approximate) test method i n  which  the 
a s s i g n e d   p i l e  load i s  a t t a i n e d   u s i n g  a dynamometer 
has   a lso  been  developed,  The i n i t i a l  dynamometer 
stress i s  assigned,  which  then becomes  weaker a s  
compression of t h e   b u r i e d   p i l e   i n c r e a s e s .   S t r e s s  
is determined  based on s t a b i l i z a t i o n  of p i l e  set- 
t l i n g .  

During  laboratory tr ials of p i l e  models a re- 

Futu re   r e sea rch  w i l l  involve   the   fo l lowing:  

- Improvement of pi le-dr iving  technique8 i n  
permafrost  and  coarse-grained soils;  

- Improvement of p i l e   c o n s t r u c t i o n ;  

- Improved  usage o f  p i l e s   i n   f r o z e n   s o i l s ;  

- Increased   longevi ty  of c o n c r e t e   p i l e s ;  

- Improvement of c a l c u l a t i o n s ,   t a b l e s ,   a n d  
nomograms ; 

- S t a n d a r d i z a t i o n   o f   i n t e r n a t i o n a l   t e s t i n g  
procedures; 

- Col l ec t ion  of d a t a   r e l a t e d   t o   a d f r e e z e  
s t r e n g t h  and  load-bearing  capacity i n  a 
wide  range  of  conditions,  which can then  
b e  compared i n  o r d e r   t o   e s t a b l i s h  recom- 
mended c h a r a c t e r i s t i c s .  
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The a r t i c l e   f i r s t   r e v i e w s   t h e   t y p e  of  cryogenic  processes  ( thermokarst ,   thermal 
e r o s i o n ,   t h e r m a l   a b r a s i o n ,   f r o s t   h e a v e ,   f r o s t   c r a c k i n g   a n d   s o l i f l u c t i o n )   l i k e l y   t o  
be  induced by d is turbance  of t he   su r f ace   i n   pe rmaf ros t   a r eas ,   focuss ing  on t h e  
p r o b a b l e   v a r i a t i o n s   i n   i n t e n s i t y   u n d e r   d i f f e r e n t   c o n d i t i o n s  of c l ima te ,   vege ta t ion  
and i ce   con ten t .  The impact  of  the  abandoned  Salekhard-Igarka  railway  on  the  environ- 
ment,   and  the  degree  of  recovery  achieved  after 22 yea r s   a r e   p re sen ted   i n  a case  
s tudy  f rom  near   the  southern limit of continuous  permafrost,  and are compared wi th  
t h e   r e s u l t s  of a s tudy   of   the   F ish   Creek   dr i l l ing   s i tes   (Alaska) ,  28 y e a r s   a f t e r  
abandonment. F ina l ly   t he   au tho r   p re sen t s  maps of  s u r f a c e   s e n s i t i v i t y  t o  d i s r u p t i o n  
by  human a c t i v i t i e s   ( w i t h   f o u r  classes of s e n s i t i v i t y )   f o r   b o t h   t h e  USSR and  North 
America.  Using these   he   compares   the   a reas   wi th   vary ing   sens i t iv i t ies   in   the  two 
cases ,  and  concludes  that   while some 7 %  of   t he   t o t a l   pe rmaf ros t   a r ea   i n   t he  USSR i s  
ex t r eme ly   s ens i t i ve   t o   d i s rup t ion ,   rhe   equ iva len t   pe rcen tage   i n   Nor th  America i s  
less than  2%. 

Human a c t i v i t i e s   i n   t h e   p e r m a f r o s t   r e g i o n s  
inevi tab ly   l ead   to   the   d i s turbance   o f   the   vege ta-  
t i o n ,   s o i l  and snow cover  and  even  of  the  under- 
lying  sediments  and  bedrock.  Cryogenic geomorpho- 
logical   processes   such a5 thermokarst ,   thermal 
e ros ion ,   t he rma l   ab ras ion ,   so l i f luc t ion ,   f ro s t  
heave and f ros t -c racking   of   the   g round  a re   thereby  
a c t i v a t e d ,  dampened, or r e a c t i v a t e d   a r  s i tes  where 
they  had  not  occurred  previously.  

The primary  prerequisite  €or  the  development of 
cryogenic  geomorphological  processes i s  the   p res -  
ence  of H,O which may be converted  f rom  the  sol id  
t o   t h e   l i q u i d   p h a s e  or vice-versa   under   the   in f lu-  
ence  of   changing  external   condi t ions.  The physics 
of  the  processes of i ce   format ion ,   water   migra t ion ,  
and o f  the  phase  changes  in  frozen,  freezing  and 
thawing  materials  has s t i l l  n o t  been  adequately 
s tudied,   a l though some t h e o r i e s  as t o   r h e s e   p r o -  
ces ses  do exist  (Kudryavtsev  1978). A t  t h e  same 
time genera l ly   accepted   explana t ions  of the  cryo-  
genic  processes  which  produce  specific  landforms 
have  been  established. 

Cryogenic  geomorphological  processes  usually 
ope ra t e   t oge the r   r a the r   t han   s epa ra t e ly ,   a l t hough  
one  main process  w i l l  be  dominant i n   shap ing   t he  
r e l i e f .  The l e a d   r o l e  w i l l  be  assumed by d i f f e r e n t  
processes   under   different   environmental   condi t ions.  
The major   factors   determining  the  leading  process  
a r e   t h e   i c e   c o n t e n t  and g ra in - s i ze  o f  t he   ma te r i a l  
and the  local  topography. The water  content  of  the 
s o i l  and the   dep th   t o   t he   pe rmaf ros t   t ab l e   p l ay  a 
major   ro l e   i n   f ro s t   heave .   C l ima t i c   cond i t ions  
e x e r t  a major  impact on t h e   i n t e n s i t y   o f  trhe geo- 
morphological  processes.  

laws  whether   under   natural   condi t ions or i n   a r e a s  
d i s tu rbed  by  human a c t i v i t i e s ,   a l t h o u g h   t h e   r a t e s  
a t  which  they  operate may va ry   subs t an t i a l ly .  
Removal of vege ta t ion  and s o i l   c o v e r   i n   a r e a s   w i t h  
ice-r ich  sediments  w i l l  provoke  active  development 

These  processes   operate   according  to   the same 

of  thermokarst ,   thermal  erosion,  thermal  abrasion 
and cryogenic   s lope  processes ,  and t h i s   a c t i v e   s t a g e  
may last from 2-3 t o  10 y e a r s .   T h e r e a f t e r   t h e  
processes w i l l  g r adua l ly   d i e  away and as   mater ia l  
accumulates from the   s lopes  and becomes vegeta ted  
the   su r f ace  will s t a b i l i z e .  I f  no fu r the r   d i s tu rb -  
ance  of   the  surface  occurs ,   over   the  subsequent  
10-20 years   the  cryogenic   processes  w i l l  c ease   o r  
w i l l  cont inue   to   opera te  at  a r a t e  comparable t o  
tha t   i n   an   und i s tu rbed   a r ea .   F ros t   heave   o r   f ro s t  
c racking  w i l l  be act ivated  where snow cover i s  
removed (Sukhodrovskiy  1979;  Grechishchev e t  a l .  
1983). 

P rocesses   r e su l t i ng  in t he   d i s tu rbance   o f   t he  
surface  and of the  topography,  namely  thermokarst, 
t he rma l   e ros ion ,   t he rma l   ab ras ion   and ,   i n   ce r t a in  
cases ,   so l i f luc t ion   ( i n   t he   w ides t   s ense  of t h e  
term) are t h e  most  hazardous  in  terms  of human 
a c t i v i t i e s   i n   p e r m a f r o s t  areas. Thermokarst 
develops i n  a reas   wi th  low r e l i e f .  The immediate 
cause i s  an   increase   in   the   depth  of t h e   a c t i v e  
l aye r  as a consequence of t h e  removal of  the  vege- 
t a t i o n  and s o i l  cover ,   or   of   the   water logging  of  
t he   su r f ace   a s  a resul t   of   the   ponding  of   water  
where surface  f low  has   been  intercepted.  

The p r o b a b i l i t y  of thermokars t   increases   wi th  
i n c r e a s i n g   i c e   c o n r e n t   i n   t h e   s o i l .  But the  appear-  
ance of thermokasst   also  depends  on  the  nature of 
the  vegetat ion  which was  removed s i n c e   t h i s  w i l l  
d i c t a t e   d i f f e r e n c e s   i n   t h e   d e p t h  of t h e   a c t i v e  
layer   a5  between  the  natural   and  the  dis turbed 
condi t ions .   Thus ,   for   example ,   th i s   d i f fe rence  i s  
g r e a t e r   i n   a r e a s   w i t h  a  moss tundra   t han   i n   t hose  
wi th   non- so r t ed   c i r c l e s ;   o r   i n   a r eas   w i th  a l a r c h  
tayga wi th  a moss ground  cover as compared t o  
meadow a reas .  A s  a r e s u l t   t h e   p r o b a b i l i t y  o f  
thermokarst  w i l l  be g rea t e r   where   l a r ch   fo re s t   o r  
a moss tundra  cover  i s  removed t h a n   i n  areas wi th  
covers  which  are Less e f f e c t i v e   i n s u l a t o r s ,  
a l though  the   i ce   conten t   o f   the   so i l  i s  t h e  same i n  
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both  cases  (Grechishchev  et  al. 1983; Turbina 1982). 
The probability  of  thermokarst  and  the  intensity 

of its  development  will  vary  under  different  envir- 
onmental  conditions  even  in  areas with extremely 
ice-rich  sediments. The outer  coast  and  interior 
lowlands o f  Northern  Siberia  and  Alaska  may  serve 
as  examples, A considerable  proportion  of  their 
surfaces is underlain with old  clay-silt hams 
which  include  very  large  Pleistocene  and  Holocene 
ice wedges  and  massive  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 is sufficiently  moist. In polar 
deserts,  which  embrace  the  arctic  islands o f  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  latter  usually  does  not  provoke  deep 
thawing of the  ground  ice  masses.  But  in  Central 
Yakutiya  when, in connection with  agricultural 
activities,  the  taiga  vegetation  is  removed  from 
the  surface of ancient  terraces  which  are  also 
underlain with clay-silt l o a m  with  massive  ice 
inclusions,  thermokarst  develops  only  weakly  and 
dies away  at  a  very  early  stage.  This  is  associ- 
ated with the  aridiry 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. 

either  as  wedges or sheets,  the  development o f  
thermokarst  usually  reflects  the  shape  of  these 
masses,  especially  the  most  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  hummocky  microrelief, 
i.e. baydzharakhy (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  commonly  migrate; 
young ice wedges  develop in the  exposed  areas  of 
their  beds  and  then,  without  any  human  inrerference, 
soon begin  to  melt.  As  a  result a micro-relief o f  
frost-heave  polygons  will  emerge  (Tomirdiaro 1980). 

Thermokarst  assumes  different  forms in areas 
where  segregation  ice  has  formed  thin  ice  streaks 
i n  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 
€ o m  where  peat  and  earth  hummocks  are  sliced  off 
during  the  levelling of a  construction  site. 

thermal  erosion  are  a  surface  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  solifluction. 

Thermal-erosional  gullies  of  man-induced  origin 
have  been  investigated  in  detail on the  tundra  in 
the  northern  parts of Krasnoyarsk kray (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 

In areas  where  ground  ice  masses  have  developed, 

The  necessary  conditions  for  the  development  of 

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 t o  
20-30 m  deep.  They  commonly  have  a  dendritic 
partern in plan  view. 

Thermal  abrasion  due  to  human  activities  most 
often  reveals  itself  in  the  destruction o f  the 
shores  of  reservoirs  developed  in  ice-rich  sedi- 
ments  in  permafrost.  Cases  are  known  where  intense 
destruction  of  sections o f  the  sea  coast  has  occur- 
red  due t o  human  activities;  here  thermal  abrasion 
was  generally  accompanied  by  thermal  erosion, 
thermokarst  and  solifluction.  Thermal  abrasion 
induced  by  human  activities  has  been  investigated 
along  the  shores  of  the  Vilyuy  Reservoir,  produced 
by  the  damming  of t h e  Vilyuy  River  (Sukhodrovskiy 
1979). The  shores  of  the  reservoir  are  developed 
in  trap  rocks,  broken  by  verrical  tectonic  fissures 
into  blocks  and  underlain  by  plastic  rocks.  Here 
thermal  abrasion assumes a  peculiar  character.  The 
plastic  rocks  beneath  the  blocks  of  trap  rock  began 
to absorb  water  once  the  level of the  water  had 
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 sumer, 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 
human  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  rhermokarst  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 t o  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 i n  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 



active  layer  or  during  the  formation of a  season- 
ally  frozen  layer in areas  where no permafrost 
exists.  Human  activities  in  areas with heave-prone 
materials,  the  associated  destruction  of  the  vege- 
tation  and  soil  covers  and  the  compaction  ox  remov- 
al  of  the snow  cover,  in  general  lead  to  differen- 
tial  heaving o f  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. 

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 i n  pipelines  as  a  result of cryo- 
genic  cracking in areas  where snow has  been 
removed  can  be  expected  in  clayey  materials. 

Predictions of changes i n  geocryological  con- 
ditions  and  of  the  development  of  geomorphological 
processes  as  a  result o f  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  human  activities,  but  otherwise 
identical to the  developed.  areas,  one  has an oppor- 
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 hummocky  peatlands  and  bogs.  Large-scale  air 
photos of this  section o f  the  line,  flown  prior to 
the  start of construction (19491, 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  summers  of 1973 and 1974. 

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. 

Frost-cracking  of  the  ground,  sometimes  called 
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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  had  developed  on  the  surface,  while  bogs 
had  developed i n  cuttings.  The  seasonal  freezing 
depth  had  decreased t o  values  comparable  to  those 
under  natural,  undisturbed  Conditions. 

the  microrelief  during  the  laying o f  temporary  roads 
across  flat,  boggy  areas  and  peat  plateau  areas 
where  permafrost  was  present  led  to  an  increase  in 
the  depth  of  summer  rhaw,  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  summer  thaw  had  decreased 
again  and  thermokarst  had  almost  totally  ceased. 
These  observations  allow  one  to  predict  the  results 
of man-induced  disturbances  of  the  surface 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. 1975). The  wells  were  located 
on the  tundra  in  the  continuous  permafrost  zone in an 
area  with  widely  developed  ice wedge polygons. The 
disturbance t o  the  surface  here was  due to  the  same 
causes as i n  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  erosion,  which are  still per- 
sisting  at  the  present  time. 

These  examples  cited  from  the  continuous  perma- 
frost  zone with ice-rich  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. 

culations,  predictive  maps  showing  the  distribution 
of  the  parameters of frost  cracks  which  will  result 
from  removal o f  the  snow  covet  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  southwest,  while  the  depth 
of the  cracks  increases  in  the  opposite  direction 
from 3 to 9 m. 

Cryogenic  geomorphic  processes  initiated  by 
human  activities  within  the  permafrost  region  are 
conditioned by the  sensitivity o f  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 

Elimination o f  the  vegetation  and  destruction  of 

On the  basis of both  experimental  data  and  cal- 
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Legend : 

1-4: Regions  with  different   degrees  of 5 :  Regions  with pennafrosr is lands  and 
su r face   s t ab i l i t y   p redomina t ing :  sporadic   permafrost  
1 A  - very   uns tab le  6: Southern  boundary of the   permafros t  
1B - very   uns tab le  region 

2 - uns tab le  7:  Southern  boundary  of  the region of 
3 - s l i g h t l y   s t a b l e  continuous  permafrost  and  massive 
4 - r e l a t i v e l y   s t a b l e  permafrost   i s lands.  

FIGURE 1 Map o f  the   permafros t  zone i n   t h e  USSR i l l u s t r a t i n g   s e n s i t i v i t y  of t h e   s u r f a c e   t o  removal 
of   the  vegetat ion  and  soi l   covers   during  development  

wi th in   t he  USSR has   permit ted me t o  de l imi t   fou r  
c l a s s e s  of s u r f a c e   s e n s i t i v i t y   t o  removal  of t h e  
vege ta t ion  and soi l  covers   dur ing   indus t r ia l   deve l -  
opments, and t o   i l l u s t r a t e   t h e i r   d i s t r i b u t i o n   i n  
terms of a schematic map (Grave 1983).  A comparable 
map has also been  developed  for  North  America. The 
two  maps are presented  a5 Figures  1 and 2. 

To a c e r t a i n   d e g r e e   t h e s e  maps a l s o   i l l u s t r a t e  
t h e  dominant  cryogenic  geomorphological  processes 
ope ra t ing  on the  surface,   which would be   ac t iva ted  
o r   r e a c t i v a t e d  by man-induced d i s tu rbances .  

In reg ions  1A and 1B wi th   h igh ly   s ens i t i ve   su r -  
faces,   the  dominant  process  would be thermokarst ,  
w i t h   t h e   a d d i t i o n  of thermal  erosion  and  thermal 
ab ras ion   i n   t he   no r th .  In reg ion  1 A  t h i s  would 
involve   deep   thermokars t   assoc ia ted  with t h e  melt- 
ing  of massive ice wedges,  whereas i n   r e g i o n  1B t h e  
thermokars r   would   be   l imi ted   on ly   to   the   ear ly  
stages  of  development. 

In zone 2 ,  also with   an   uns tab le   sur face ,   the  
dominant  process  would  again  be  thermokarst,  but 
ope ra t ing  on less massive  ice  wedges  and on segre- 
ga t ion   i ce   t o   p roduce   p r imar i ly   sha l low,   f l a t  
depress ions  i n  the   su r f ace .  The r o l e  of s o l i f l u c -  
t i o n  and creep  would be  more s i g n i f i c a n t  

In   r eg ion  3 ,  with  only  a   mildly  unstable   surface,  
s o l i f l u c t i o n  and  mass movement phenomena, i nc lud ing  
r o c k   g l a c i e r s ,  assume  a  more impor t an t   ro l e .   In  
reg ion  4 ,  w i t h   r e l a t i v e l y   s t a b l e   s u r f a c e s ,  a major 
r o l e  i s  played by s lope   p rocesses ,   inc luding  
ca t a s t roph ic   p rocesses   such   a s   rock   s l i des ,  mud- 
f lows ,   e tc .  

The geograph ica l   d i s t r ibu t ion  of the  predominant 
s u r f a c e   t y p e s ,   i n  terms of t h e i r   s e n s i t i v i t y   t o   t h e  
removal of  vegetat ion  and soil covers ,  is shown i n  a 
genera l ized ,   schemat ic   fash ion  on t h e   r e g i o n a l i z e d  
maps of the  permafrost   zones of t h e  USSR and  North 
America  presented a6 Figures  1 and 2 .  

by the   sur faces   wi th   var ious   degrees  of suscept i -  
b i l i t y   t o   t he rmokar s t ;   t h i s   has   been   done  by S .  P .  
Gribanova  using a planimeter   for   the   zones  of con- 
t inuous  and  massive-insular  permafrost  i n  t h e  USSR 
and  North America (Table 1). 

The accuracy of t h e   f i g u r e s   p r e s e n t e d  is  rela- 
t i v e ,  and  corresponds  to   the  accuracy of the  chosen 
zone  boundaries  delimited on t h e  maps. A t  t h e  same 
t i m e   t h e   i n t e r r e l a t i o n s h i p s  o f  the a r e a s  o f  t he  
de l imi ted   zones   a re   fa i r ly   obvious .  

It i s  i n t e r e s t i n g   t o   c a l c u l a t e   t h e   a r e a s   o c c u p i e d  
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Legend 
1-4: Regions   wi th   d i f fe ren t   degrees  of 

surface s t ab i l i t y   p redomina t ing :  
1A - very   uns t ab le  
1B - very   uns tab le  
2 - uns tab le  
3 - s l i g h t l y   s t a b l e  
4 - r e l a t i v e l y   s t a b l e  

5: Regions  with  permafrost   i s lands and 

6: Southern  boundary of the   permafros t  

7 :  Southern  boundary  of  the  region of 

sporadic   permafrost  

r eg ion  

continuous  permafrost   and  massive 
permafrost   i s lands.  

FIGURE 2 Map of  the  permafrost   zone of North  America i l l u s t r a t i n g   s e n s i t i v i t y  of t h e   s u r f a c e   t o   t h e  
removal  of  the  vegetation  and  oil   covers  during  development 

TABLE 1 Approximate areas of varying  degrees   of  
s u r f a c e   s u s c e p t i b i l i t y  t o  man-induced  thermokarst 
(thousands of k m 2 )  

Degree of su r face  Area 
s u s c e p t i b i l i t y  

USSR North  America 

1A Extremely  susceptible 559 40 
lB Extremely  susceptible 161 55 
2 Suscept ib le  2,800 750 
3 S l i g h t l y   s u s c e p t i b l e  1,600 2,600 
4 R e l a t i v e l y   s t a b l e  I, 900 1,410 
T o t a l   a r e a  of continuous 

and  massive-insular 
permafrost  7,020 4 ,  a64 
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In the USSR widespread  extremely  sensitive  sur- 
faces  occupy  an  area  in  the  order of 720,000 k m 2 ,  

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 knP), representing  less 
than 2% of  the  area  with  continuous  and  massive- 
insular  permafrost. It is obvious  that  only  some 
parrs 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  human  viewpoint. 

Further  investigations  should  be  directed  to  pin- 
pointing  the  consequences of human  activities in the 
permafrost zone and  to  perfecting  the  mapping of 
areas which are  particularly  hazardous in this 
respect,  both  with  regard  to  the  environment  and  to 
society. 
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The  paper  examines  how  the  liquid  phase of H,O 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 o f  the  mineral 
skeleton  of  the soil is  found  to  be  dominant in dictating  the  presence of H,O 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. f i e  relationships  between 
the  physicochemical  and  petrographic  parameters  of  frozen  soils  were  demonstrated 
and on this  basis  the  rules  governing  the  formation of liquid B,O in soils  of 
differing  genesis,  age  and  granulometric,  chemical  and  mineralogical  compositions 
are  demonstrated  and  explained. 

The  present-day  physics,  chemistry,  and rnech- 
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 o f  water 
on structural  parameters  of  the  particle  surface, 
for  example, on parameter  "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  StrucKure  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 t o  water  at  greater 
distances from the  surface  (since an increase  in 
temperature  promotes  diffusion  of  the  oriented 
water  structure  due  to  thermal  motion),  increased 

differentiation  between  the  surface  structure  and 
that  of  associates  and  more  surface  energy  at  the 
disposal of the  mineral  particles  (Saveljev 1971). 
This  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 O°C leads to  a 
new  water  phase-ice.  It  is  acknowledged now that 
ice in frozen  soil is  not  an  inert  body.  Having 
cons iderable  surface energy and water-absorbing 
capacity,  ice  itself  causes  the  formation,  close  to 
its  surface, o f  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 th ickness  (Anderson  and Morgenstern 

1 9 5  
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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). 

monotonic  change i n  the  orientation  of  water 
molecules  as  they  move  away  from  the  particle 
surface  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 -7O'C. 

A series  of  interesting  publications,  dedicated 
to the  -liquid  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 (\Iu) and  temperature (t). 
The amount of  water  in  the  liquid  phase  showing  very 
low  mobility  varies  little with temperature  and  is 
close  to  maximum  hygroscopic  moisture. 

relates  to  the  relaxation  time of unfrozen  water 
(Danielyan  and  Yanitsky 1979, Yershov  et al. 1979). 
The  non-equilibrium  of  water  transitions i s  caused 
by  three  major  factors:  delay  in  water  transitions 
(discounting  the  effect of  soil  minerals),  delay in 
transformation o f  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 s o i l s  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. 

The  contact  method  for  determining  the  liquid 
phase  content  is  simple,  reliable,  applicable to a 
wide  range  of  temperatures  and  accurate  to  apptoxi- 
mately f0.3%. 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.loC. For  investiga- 
tion  purposes, 3 ~ 4 ~ 0 . 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  equilibrium  of  three  liquid  phases  and  the 
discontinuation  of  water  exchange  occur  some  time 
later;  depending on mineraological  composition,  the 
texture of the s o i l ,  and  the  temperature,  this  time 

Absence  of  an  orienting  ice  surface  causes 

One of the new research  trends  in  this  field 

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). 

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 o f  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. 

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). 

almost  entirely  dependent on the  liquid  phase  of 
water in small-diameter  nonfreezing  capillaries  and 
on film  water  close t o  the  surface  of  mineral 
particles. 

A s  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 o f  pole  volumes  by  radii  can 
be  well-described  by  lognormal  law  (Yershov  et  al. 
1979): 

The  importance  of  structural  and  adsorptive  char- 

It has  also  been  proved  experimentally  that  the 

This  indicates  that  the  unfrozen  water  Content  is 

Here, Vo is  total  pore  volume; V is  the  volume 
of  pores  having  a  radius  smaller  than rl; or, mr 
are  root-mean-square  deviation  and  mode,  respec- 
tively. 

We  can  then  use  the  relationship  between  the 
absolute  drop of freezing  temperature (AT) of  water 
in  capillaries  and  their  radius (r): 

2wwa  To w - w 
lgr=lg -a sa sw - lgAT, PL w wa 

where: Us,, wsw are  specific  interfacial 
energies  (water-air,  soil-air,  and  soil-water 
respectively); To is  a  normal  freezing  temperature; 
p. L are  density  and  specific  heat  of Water tran- 
sitions,  respectively. 

On substituting  lgAT f o r  y, lg  r  for  x  and 

lg PL sa sw 

2WwaTo (rl - w 

w for b, equations (1) and  (2) 
wa 

may  be  combined  to  give  the  volume of water  not 
frozen  at  AT1: 
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FIGURE 1 Influence of heteroporosity (a) and  average  pore  radius (b) on unfrozen 
water  content-temperature  relationship  in  frozen s o i l s :  1 - kaolin (ur = 0.18, 
7 = LO2 nm; s = 15 m2/g); 2 - Cambrian  illite  clay (ur = 0.41, ? = lo2  nm; 6 = 16 

: t  J~ = 0.58)  ; 4 - heavy  sandy  loam (P = 2 - 

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) : 

where  si  and s are  specific  ice-air  and  mineral-air 
interfaces; uia, uiW  are  specific  ice-air  and  ice- 
water  interfaclal  energies; K i s  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 o f  
unfrozen  water.  The  first  term  determining  the  Wu- 
pore  space  relationship of the  structure  may  be 
replaced  by  an  approximate  linear form: Wu vs 
1gAT.  Actually,  the  W,-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  immediately  reduces  (by 
1-3  orders)  the  specific  surface  size,  i.e.  the 
size  of  the  surface  that i s  capable  of  further 
water  binding, 

These  experiments  have shown that when soils 
are  mixed,  the  proportional  summation  of  pore  space 
structures  and  specific  active  surfaces  leads t o  
additivity of the  unfrozen  water  content  (Yershov 
et  al. 1979), i.e. Wu is  equal to the  mean-weighed 
content  of  unfrozen  water  produced  by  calculating 
the Wi values  for  the  i-th  soil  composing  the 
mixture: 

where  ai  is  a  share of the  i-th  soil in the  mixture. 
The  material  presented  above  helps  in  under- 

standing  the  physicochemical  peculiarities of Wu- 
temperature  relationship.  The  range of intensive 
phase  transitions  is  observed  to  be  broader  in 
soils  characterized by more  uniform  pore  space, 
small  average  radius of pares  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 
authors.  These  conclusions  made  it  possible  to 
determine  the  physicochemical  nature  of  unfrozen 
water  formation  in  soils  of  different  mineralogical 
composition,  texture  and  structure. 

To make  a  pure  assessment  of  the  influence o f  
soil  dispersity on the Wu value,  two  cases  should 
be  considered. In the  first  case  polydispersity  is 
the  same  (estimated  by  the  root-mean-square  devi- 
ation (Ud) of  the  pzrticle  size)  while  the  average 
size  of  particles (dl 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 ud value  is  equal'to 0.65 in  all  soils.  The 
reduction  of  particle  size  can  first  be  detected  by 



198 

6'6 

FIGURE: 2 Relationship  between  average  pore  radius 
(7) and  root-mean-square  deviation (Dd) of p a r t i c l e  
s i z e   d i s t r i b u t i o n   a t   d i f f e r e n t   a v e r a g e   s i z e s  of 
p a r t i c l e s   ( d l :  1 - 3 = 1 * lo4  nm; 2 - d = 2 * 10' nm. 

a reduct ion  of   the  average  pore  radius   (approxi-  
mately 10 t i m e s ) ,  as seen   i n   F igu re  2 ,  and  secondly, 
by an i n c r e a s e   i n   s p e c i f i c   s u r f a c e .  The sha rpes t  
i nc rease   i n   t he   un f rozen   wa te r   con ten t   occu r s  when 
t h e   p a r t i c l e   s i z e  changes  from 100 t o  30 mcm, and 
i n  heavy  loam t h e   l i q u i d  water phase  content  i s  
3-4 t imes  greater  (depending  on  temperature)  than 
i n  sandy loam. It should   be   no ted   tha t   due   to  
a v a i l a b i l i t y  of mon tmor i l l on i t e   i n   l i gh t  loam, i t s  
s p e c i f i c   s u r f a c e  is  l a r g e r   t h a n   t h a t   o f  a heavy one. 

I n  the   second  case ,   the   in f luence   o f   po lydis -  
p e r s i t y  is determined by s e l e c t i n g   s o i l s  similar 
i n  d va lue   and   d i f f e ren t   i n   po lyd i spe r s i ty   ( "d ) .  

Increased   po lydispers i ty  makes the  pore  space 
s t r u c t u r e  much thinner   (Figure 2 )  whi le   t he  
spec i f i c   su r f ace   expands   a t  a slower rate. There- 
f o r e ,   i n  heavy  sandy loam, f a i r l y  uniform i n   g r a d e ,  
the unfrozen water conten t  i s  1 . 5  times smal le r  
t h a n   i n   l i g h t  loam. The greater   importance  of  un- 
f r o z e n   p e l l i c u l a r  water and t h e   s m a l l e r ,  compared 
t o  loam,  importance of t h e   c a p i l l a r y  component  of 
u n f r o z e n   w a t e r   r e s u l t s   i n  a more even  Wu(t)  rela- 
t ionship   in   sandy loam, s ince   t he   con ten t  of 
unf rozen   f i lm  water   var ies   s lowly  a t  t < - h o c  
(Figure 1). 

i nc rease   i n   po lyd i spe r s i ty   ( t hese   be ing   t he  main 
f e a t u r e s  of sand-c lay   t rans i t ion)   the   unf rozen  
water conten t  grows l a r g e r  and the  range  of   inten-  
sive phase   t rans i t ions   wider   due   to   p ropor t iona l  
reduct ion   of   the   average   pore   s ize   (F igure  2 )  and 
the   spec i f i c   ac t ive   su r f ace   o f  soils. During  sand- 
c l a y   t r a n s i t i o n ,   t h e   c a p i l l a r y   w a t e r   i n c r e a s e s ,  
wh i l e   un f rozen   pe l l i cu la r  water decreases .  I n  t h i s  
case, the   f i lm   t h i ckness   dec reases  by approximately 
one  order,  which i s  caused  by a d e c r e a s e   i n   t h e  
spec i f i c   su r f ace   ene rgy  (Rusanov 1967), and  by a 
more r a p i d ,  compared t o   l a r g e   p a r t i c l e s ,   l o w e r i n g  
o f  t h e   f o r c e   f i e l d  stress as the   mine ra l   so i l  
p a r t i c l e  moves  away from the  surface  (Andrianov 
1946) .  Never the less ,  Wu i n c r e a s e s   a s   t h e   t r a n s i t i o n  
t o   s o i l s   h a v i n g  small a v e r a g e   s i z e   p a r t i c l e s   t a k e s  
p l ace ,   due   t o   r educ t ion   i n   t he   s i ze   o f   t he   po re  
spaces  and a r a p i d   i n c r e a s e   i n   t h e   s p e c i f i c   a c t i v e  
su r face  of s o i l s .  

With a dec rease   i n   ave rage   pa r t i c l e   s i ze   and   an  

It i s  known tha t   t he   un f rozen   wa te r   con ten t   a t  a 
temperature lower than  -1'C i s  maximum i n  montmoril- 
l o n i t e   c l a y ,  minimum i n   k a o l i n i t e   c l a y ,  and medium 
i n  i l l i t e  c l ay ,   a l t hough   t he   spec i f i c  water- 
absorbing  capaci ty  of montmori l loni te   c lays  is  
lower  than  that   of   kaol ini te   c lays   (Osipov 1979) .  
The g i v e n   s o i l s  are cha rac t e r i zed  by small s p e c i f i c  
surface  energy  and  plast ic i ty   of   the   montmori l loni te  
c r y s t a l   l a t t i c e ,  which  promotes   high  par t ic le   dis-  
p e r s i t y  a n d   a n   a d d i t i o n a l ,   i n   c o n t r a s t   t o   m i n e r a l s  
wi th  a n o n p l a s t i c   l a t t i c e ,  mode of  pore  volume 
d i s t r i b u t i o n  by r a d i i   i n   t h e   a r e a  of r < 10 nm; 
t h i s ,   i n   t u rn ,   i nc reases   t he   con ten t   o f   un f rozen  
wa te r   i n   mon tmor i l l on i t e   c l ays .  The s m a l l   p a r t i c l e  
s i z e  and  high  polydispersity  of  montmoril lonite 
c l a y s ,   i n  which the   h igh   unf rozen  water conten t  
r e s u l t s  from a small   average  radius  (about 30 nm) 
o f  i n t r a - a g g r e g a t e   p o r e s ,   f a c i l i t a t e   t h i s   e f f e c t .  
Despi te  i t s  l a r g e   p a r t i c l e   s i z e ,   h i g h   p o l y d i s -  
p e r s i t y  of i l l i t e  c l a y   r e s u l t i n g  from i t s  mineral-  
ogical  composition, as well as the   smal le r   average  
s i z e  of pores and very  nonuniform  pore  space, make 
i t s  unfrozen water conten t  much l a r g e r   t h a n   i n  
k a o l i n i t e   c l a y ,   e v e n   t h o u g h   t h e i r   s p e c i f i c   s u r f a c e s  
a r e   p r a c t i c a l l y   t h e  same (Figure 1). 

unfrozen water formation i s  i t s  behavior   a t  
t empera tures   c lose   to  0°C. In t h i s   c a s e   t h e  GJu 
rate of change at ta ins   hundreds  of   percent  p e r  
degree.   Yareover ,   in  soils wi th   d i f f e ren t   mine ra l -  
og ica l   compos i t ion   h igh   i n i t i a l  rates o f  change 
occur   i n   t he   wa te r -phase   con ten t   a t   va r ious  
temperatures .   For   kaol ini te   c lay i t  comprises 
approximately -0 .6"C,  for  montmoril lonite  clay- 
approximately -0.3"C. T h i s   a t t e s t s   t o   t h e   i m p o r t -  
ance  of   the  second  ( the  third  for   bentoni te)  mode 
of  pore volume d i s t r i b u t i o n  by r a d i i ,  which  depends 
on t h e   s i z e  of in te raggrega te   pores .  The average 
s i z e  of bentoni te   microaggregates  i s  tw ice   t ha t  of 
kaol in   desp i te   very   d i sperse   g rad ing .   Accord ingly ,  
t h e   s i z e  of i n t e raggrega te   po res   i n   ben ton i t e  i s  
grea te r .   Th i s   exp la ins   t he   r ap id   i nc rease   i n   t he  
unfrozen  water   content   in   kaol in   which  a t  a  temp- 
e r a t u r e   h i g h e r   t h a n  -0.5'C becomes cons iderably  
l a rge r   t han   i n   ben ton i t e   (F igu re  1) .  

In te rac t ion   of  salts  wi th   t he   mine ra l   ske l e ton  
su r face  and  water  governs  the  relationship  between 
the   un f rozen   wa te r   con ten t   and   so i l   s a l in i ty .   So i l s  
wi th  a r e l a t i v e l y   s m a l l   s p e c i f i c   s u r f a c e   ( b o t h  
sands and c l a y e y   s o i l s )   a r e   c h a r a c t e r i z e d  by g rea t  
dependence  of the   water   phase   conten t   on   sa l in i ty  
because   par t ic les  of t h e   d i f f u s i o n   l a y e r  of i ons  
a re   bu t   s l i gh t ly   suppres sed  by t h e   d i f f u s i o n   l a y e r  
c lose  t o  t he   su r f ace .  A t  t h e  same t ime  suppression 
of t h e   d i f f u s i o n   l a y e r  of ions  i s  q u i t e   n o t i c e a b l e  
in   so i l s   having   wel l -deve loped   spec i f ic   sur face .  
This   resul ts   in   three  ranges  of   the   W,-sal ini ty  
re la t ionship   (Yershov  e t  a l .  1979) .  The lower  the 
c ryoscopic   cons tan t   o f   th i s  sa l t  s o l u t i o n ,   t h e  
broader  the  range  of weak s a l i n i t y   i m p a c t .  When 
t h e   d i f f u s i o n   l a y e r   o f   s o i l   p a r t i c l e s  i s  completely 
suppressed by t h e   d i f f u s i o n   l a y e r  of ions ,   an  
i n c r e a s e   i n  Wu from s a l i n i t y  i s  i n   l i n e   w i t h   t h e  
t h e o r e t i c a l   r e l a t i o n s h i p .  The inf luence  of   pore  
so lu t ion   concen t r a t ion  on t h e  water phase  content 
i n   f rozen   so i l s   can   be   p re sen ted  as a tangent  vari- 
a t i o n  of t he   s lope   ang le  of t h e   s t r a i g h t   l i n e  show- 
ing  the  re la t ionship  between  the  unfrozen water 
content  and  temperature  and  plotted  according  to a 

A t y p i c a l   f e a t u r e  of t h e   c a p i l l a r y  mechanism  of 
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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). 

formation is  applicable  not  only  to  loose  soils but 
also  to  tightly  bound  ones-sandstones,  argillites, 
aleurolites,  and  siliceous  soils  (diatom  clays, 
diatomites,  tripolites,  and  opokas).  Siliceous 
soils  clearly  show  how  their  age  influences  their 
unfrozen  water  content. In the  course  of  gradual 
transition  from  diatomites  to  tripolites,  resulting 
Lrom diagenesis  and  catagenesis,  the  volume o f  
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 = 4 * 1 0 2  nm pores  typical  for 
diatomites  and  the  formation of distinct  bimodal 
distribution  of  pores  by  radii  that  changes  for 

The  explanation  of  the  nature  of  unfrozen  water 

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  sails 
Accordingly,  the  unfrozen  water  content  decreases 
at  high  temperatures (t > -1.5'C) and  increases  at 
low  ones. In opokas,  however,  the  change  in Wu 
values  is less noticeable  (Figure 3 ) .  
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EFFECTS OF VARIATIONS IN THE  LATENT  HEAT OF ICE  FUSION  IN 
SOILS  ON  INTERACTION OF BOREHOLES  WITH  PERMAFROST 

M. A. Anisimov, R. U. Tankayev,  and A .  D. Ulantsev 

Research  Institute  of  Petrochemical  and  Gas  Industry 
21oscow, USSR 

Experimentally  derived  values of varying  latent  heats of fusion of ice (Ab) in 
samples  simulating  permafrost  over  a  temperature  range  of -30°C to 0°C are  cited. 
The  value AH,,, was  shown  to  be  heavily  temperature-dependent  and  at -5'C it is  more 
than  six  times  less  than  the  heat  of  fusion  of  homogeneous  ice.  Calculations of the 
thermal  interaction of boreholes  with  permafrost  have  demonstrated  that  for  clayey 
materials  adjustments  in  the  calculated  radii  of  warming  due  to  changes in A% may 
reach 150-300%. 

Thermal  calculation  is  a  foundation  for  predict- 
ing  the  interaction  of  boreholes  with  permafrost. 
I n  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 O°C. 
Simple  estimations  show  that  for  the  actual  frozen 
soils  and  rocks  in  temperature  range  between -1O'C 
and 0°C. 80-99% of  heat  capacity i s  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 most important  physical  properties  that 
governs,  in  the  final  analysis,  the  choice  of 
methods f o r  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.  Plooster and 
Gitlin (1971), Brun  et  al. (1973), Berezin  et  al. 
(1977) and  Mrevlishvili (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 i s  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  'bean"  fusion  temperature. 

Figure 1 schematically  illustrates  a  heat 
capacity  anomaly  stemming  from  the  fusion  of  ice 
mass  unity in permafrost  rocks.  The  integral  molal 
hear  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- 
ing to  more  precise  calorimetric  (Mrevlishvili 
1979, Anisimov  and  Tankayev 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 

cpl 

7;' 

FIGURE 1  Schematic  relationships  between  heat 
capacity (Cp)  and  liquid  water  content ($) and 
temperature (T) in  a  sample of frozen  rock. 
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temperature  and may be  complicated by the  peaks,  
which are due t o  e i t h e r   c h a r a c t e r i s t i c   f e a t u r e s   o f  
t h e   c r y s t a l l i n e   s t r u c t u r e   o f   t h e   m i n e r a l   r o c k  
ske le ton  (Anderson  and  Tice 1971) or e u t e c t i c s  of 
sa l ts  d i s s o l v e d   i n   w a t e r   ( M r e v l i s h v i l i  1979).  
Ev iden t ly ,   i n t eg ra l   mo la l   hea t  of fus ion  i s  t o o  
crude a c h a r a c t e r i s t i c   f o r   s u c h  a complicated  pro- 
ces s   t o   t ake   p l ace   w i th in  a range  of some t e n s  of 
degrees.  

To desc r ibe   i ce   fu s ion   i n   d i spe r se   sys t ems   t he  
au thors   have   in t roduced   the   concept   o f   d i f fe ren t ia l  
molal  heat  of  fusion  (Anisimov  and  Tankayev  1981) 
and  developed a method  of experimental   determina- 
t i o n .  Thermodynamic d e f i n i t i o n  of t h i s   v a l u e  i s  
expressed  as   fol lows:  

a t   cons t an t   p re s su re :  

where (A&)p i s  t h e   i s o b a r i c   m o l a l   d i f f e r e n t i a l  
hea t   o f   i ce   fus ion   in   rocks ;  A H ,  is  v a r i a t i o n   o f  
t h e   s o i l  sample  enthalpy  due  to  fusion; T and P a r e  
temperature and pressure ;  ACp and A ~ L  are respec- 
t i v e l y   t h e   e x c e s s   i s o b a r i c   h e a t   c a p a c i t y  o f  t h e  
sample  due t o  fus ion  and the   va r i a t ion   o f   mo i s tu re  
content i n  t h e  sample at AT. 

deLermina t ion   o f   i n i t i a l   da t a   fo r   t he   ca l cu la t ion  

der ived  relationships between Cp(T) and  mL(T), 
When determining AHm the  fol lowing  condi t ions 
should  be  observed: 

t o   t h e   e q u i l i b r i u m  s ta te  of a sample. 

Figure 1 s c h e m a t i c a l l y   i l l u s t r a t e s   t h e  method of 

according  to  formula (1) from  experimentally 

1. Both in i t i a l   r e l a t ionsh ips   shou ld   co r re spond  

2 .  The condition  AT<<(Tm-T1)  should  be  observed. 
3,  Independent  methods  should  be  used t o  o b t a i n  

4 .  When c a l c u l a t i n g  ACp, t h e   d a t a  on t h e  sample's 
b o t h   r e l a t i o n s h i p s   f o r  one and t h e  same sample. 

phase  re la t ionship  should be taken   in to   account ,  
i.e. mL(T). 

was obta ined  by ad iaba t i c   ca lo r ime t ry .  The e r r o r  
of  heat  capacity  measurements was less than  0.2%. 
The dependence o f  the   sample 's  (mL) moisture con- 
t e n t  upon the  temperature  was obta ined  by the  wide 
line NMR method suggested by Kvlividze  and  Kurzayev 
(1979) ,  who kindly  provided  the  authors   with a 
research  sample  and a t a b l e  of t h e i r  own r e s u l t s .  

Just l ike   Li tvan  (1966,  1978) and P loos t e r  and 
G i t l i n  (1971) i n  our i n v e s t i g a t i o n  we used a qua r t z  
glass-water  system as a model sample. To make t h e  
sample a e r o s i l ,   t i n y   s p h e r e s  of q u a r t z   g l a s s ,  diam- 
e t e r  2002, s p e c i f i c   s u r f a c e  140 m2/g, was mixed 
w i t h   d i s t i l l e d   w a t e r   o r ,   i n   t h e   c a s e  of sample 3,  
with  a weak N a C l  solut ion,   and  then  degassed.  

While c a l c u l a t i n g  (AHm)p, t h e   v a l u e  AT avera:ed 
to   about  0 .2 ' ,  which  corresponds t o  about 11300  of 
the   en t i re   range  of fus ion .  The t o t a l   e r r o r  of t h e  
va lues  (AHm)p va r i ed  from  415% at  -2°C 50 *50% at 
-3O'C. The re la t ionship   der ived   for   (Ah)   and  T 
i s  g iven   in   F igure  2. The d o t t e d   l i n e  indicates 
t h e  limits of   poss ib le   var ia t ions   o f   caused  

In our   experiments   the  heat   capaci ty  o f  samples 

P 

by measurement errors @m)p. 

the   f i r s t   t ime  and ,   consequent ly ,  i t  i s  impossible 
t o  compare it d i r e c t l y   w i t h   t h e   d a t a   o b t a i n e d  by 
o t h e r   a u t h o r s .   N e v e r t h e l e s s ,   i n d i r e c t   c o n f i r m a t i o n  
of   the   da ta   ob ta ined  i s  poss ib l e .  

The v a l u e s   o f   d i f f e r e n t i a l  molal hea t   o f   fus ion  
can be calculated  based on d i f f e r e n t i a l   m o l a l   h e a t  
of water vapor   adsorbt ion on quar tz   g lass   accord ing  
to   t he   fo rmula :  

The r e l a t i o n s h i p  (A%),(T) has been o b t a i n e d   f o r  

A& = T($ - 3,) - Afia , (2) 

where Sv and 3, are the   va lues  of d i f f e r e n t i a l   m o l a l  
entropy of water  vapor and i c e   r e s p e c t i v e l y  a t  
temperature T. Ca lcu la t ion   of  AH, from  formula ( 2 )  
has  certain  drawbacks: it h a s   t o  be  assumed t h a t  
d i f f e r e n t i a l   a d s o r b t i o n   m o l a l   h e a t  (Afia) i s  not 
dependent upon the  temperature.   There were no d a t a  
taken at  d i f fe ren t   t empera tures   because  of exper i -  
m e n t a l   d i f f i c u l t i e s .  The va lues  AHa a r e   o b t a i n e d  
for   the  samples  of low moisture   content   only,   which 
corresponds t o  low f r e e z i n g   p o i n t s   a n d   r e s u l t s   i n  
l a rge   e r ro r s .   Neve r the l e s s ,   F igu re  2 shows c l e a r l y  
t h a t   t h e   v a l u e s  AH,,, c a l cu la t ed  i n  t h i s  way agree 
s a t i s f a c t o r i l y   w i t h   o u r   d a t a .  The r e s u l t s  of t h e  
AHa de termina t ion  are taken  from  the  paper  of 
Yegorova e t  a l .  (1963). 

r e l a t ionsh ip   be tween   t he   i n t eg ra l  moyal hea t   o f   i ce  
fus ion  (b) i n   d i spe r se   sys t ems   o f   d i f f e ren t   o r ig in  
and the  temperature   of  ice  fusion  complet ion IT,) 
is  given  (see  Figure 2 ) .  Our re la t ionship   ( f lg) , (T)  
a l lows   the   re la t ionship   b (Tm)   to   be   comple te ly  
expla ined   which   conf i rms   the   re l iab i l i ty  of our  
da t a .  However, comparison of d a t a  on t h e   i n t e g r a l  
hea t  of i c e  fus ion   a l lows   fo r   an   i n t e re s t ing  con- 
c lus ion .  

As  seen  from  Figure 2 ,  i n   d i f f e r e n t   d i s p e r s e  
systems  such as C r y s t a l l i n e  A 1 , 0 , ,  porous  quartz  
g l a s s ,   a e r o s i l  and b i o l o g i c a l   o b j e c t  (DNA), t h e  
va lues   o f   i n t eg ra l   hea t   o f   i ce   fu s ion  are almost 
t h e  same a t  similar temperatures Tm. However, t h e  
s c a t t e r  of each  author 's   experimental   data  s t i l l  
c o r r e s p o n d s   t o   t h e i r   d e v i a t i o n  from t h e  common 
re la t ionship ,   which  may be constructed  f rom  the 
da t a   ob ta ined  by a l l  the  authors .   This   permits  a 
well-founded  hypothesis on the   un ive r sa l i t y   o f  
r e l a t ionsh ip   h (Tm)   and ,   consequen t ly ,   t he  rela- 
t ionship  (A%Ip(T),  a t  least i n  the  temperature  
range  from -15'C t o  O°C; In th i s   t empera ture   range  
pre-melting i s  l i k e l y   t o   b e   c o n t r o l l e d  by ice  
s u r f a c e   p r o p e r t i e s  and i s  not  dependent  on  under- 
ly ing   proper t ies .   This   conc lus ion  is  of   great  
p r a c t i c a l   s i g n i f i c a n c e ,   b e c a u s e  i t  allows one t o  
use a common r e l a t i o n s h i p   f o r  any  geological 
gene t ic   type  of permafrost   rock  and  soi l .  

Thus, d i f f e ren t i a l   fu s ion   hea t   a l l ows   one   t o  
d e s c r i b e   i n   d e t a i l   t h e   h e a t   c a p a c i t y  anomaly wi th in  
a wide  range o f  t empera tu res   r e su l t i ng  from ice 
fus ion   i n   pe rmaf ros t   rocks .  It is  necessary   to  
e s t ima te   t he   ex ten t   t o   wh ich   t he   va r i a t ions   o f  
f u s i o n   h e a t   a f f e c t   t h t   r e s u l t s  of c a l c u l a t i o n s  
f o r   t h e   t h e r m a l   i n t e r a c t i o n  of s t ruc tu res   w i th  
permafrost .  To a c h i e v e   t h i s ,  we must f i r s t  assume 
t h a t   t h e   d e r i v e d   r e l a t i o n s h i p  is  un ive r sa l  and t h a t  
on lb  i t s  s p e c i f i c   s u r f a c e   n e e d s  to be known i n  o rde r  
t o  descr ibe   the   i ce   fus ion   in   f rozen   rocks .   There  
is  doubt   tha t   th i s   assumpt ion  i s  appl icable   where 

Along  wi th   the   re la t ionship   (Ab)  (TI a summary 
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FIGURE 2 Rela t ionsh ip   be tween   d i f f e ren t i a l   hea t   o f   i ce   fu s ion  (A%), and  temperature 
T: t-, 0 ,  A represent  samples 1, 2,  3 conta in ing  31 .6 i  4 .8 ;  6 . 2  grams  of water per  gram 
of a e r o s i l   r e s p e c t i v e l y   ( o u r   d a t a ) .  The v a l u e s   f o r  A% have  been  calculated  from  formula 
(2 )  -ED. Rela t ionship   be tween  in tegra l   mola l   hea t   o f   i ce   fus ion   (am)   and   tempera ture   o f  
ice fusion  complet ion (T,): o - porous  glass   (Li tvan 1966);  a - ae ros i l   (P loos t e r   and  
G i t l i n  1971, a - i n  A1203 (Brun e t  a l .  1973); 0 - DNA (Mrevl i shvi l i   1979) .  

t h e r e  i s  only  a comparatively  narrow  temperature e s s e n t i a l   f o r   e n g i n e e r i n g   c a l c u l a t i o n s .  Such  rocks 
r ange   bu t   t he   i n i t i a l   t empera tu re  of permafrost  i s  include  sand  and  sandstone. For t he   rocks   w i th   t he  
r a r e l y  -10°C. Besides, mineral izat ion  of   formation s p e c i f i c   s u r f a c e   1 0  d / g ,  however,  the  thawing zone 
water   has   not   yet   been  taken  into  account .   This  i s  r a d i i ,  where  changes  of   heat   of   ice   fusion  in   the 
a matter fo r   fu tu re   s tudy .  

Computers  have  been used - in   t he   ca l cu la t ion   o f  
thermal   in te rac t ion   of   . the   borehole   wi th   permafros t .  
The f o l l o w i n g   i n i t i a l   d a t a  were taken   in to   account  
i n  the  two-dimensional  solution  for  heat  conduc- 
t i v i t y :   t h e   b o r e h o l e  i s  surrounded by a homogen- 
eous stratum of  frozen  rocks.   Density  of  the 
mine ra l   ske l e ton  i s  2.5 g/cm3.  Complete  water and 
i c e   c o n t e n t  i n  the   rock   var ies   be tween 30%  (by 
vo l . )  at  t h e   s u r f a c e   t o  20% a t  a depth  of 300 m .  
The i n i t i a l   t e m p e r a t u r e  of permafros t   var ies  
between -4'C at a depth  of 25 m t o  O°C a t  a depth 
of 300 rn. Temperature on t h e   h o l e  wall shows 
l i n e a r   v a r i a t i o n  from 20°C a t  the  well head up t o  
3OoC a t  a depth of 300 m. I n   a d d i t i o n ,   v a r i o u s  
seasona l   t empera tu re   va r i a t ions  a t  the   sur face   and  
the  heat   f low  f rom  the  formation  have  been exam- 
ined   w i th   rock   spec i f i c   su r f ace   va r i ed .  

The computations  have shown t h a t  a co r rec t ion  
t o   t h e   s i z e  of  the  thawing  zones  in  case of rocks 
whose s p e c i f i c   s u r f a c e  i s  less than  5 m2/g i s  not 

rock  have  not  been  considered, are underestimated 
by 1.5 t imes .   Wi th   an   increase   in   spec i f ic   sur face  
t h e   d i f f e r e n c e   i n   c a l c u l a t i o n   r e s u l t s   i n c r e a s e d   a n d ,  
i n   t h e   c a s e  of rocks  wirh  high  c lay  content   and a 
s p e c i f i c   s u r f a c e   o f  30 m2 /g, the   thawing  zone  radi i  
d i f f e r e d  by 3 times. The calculat ion  program  has  
allowed  computation of bo th   t he   t empera tu re   p ro f i l e  
i n   t h e   v i c i n i t y  of the   borehole   and   the   pos i t ion   o f  
t h e  ice  f u s i o n   f r o n t .  In t h e   c a s e   o f   p a r t i c u l a r l y  
c layey  rocks  with low mois ture   conten t   the  ice 
f u s i o n   f r o n t  and 0 ° C  t empera tu re   p ro f i l e   d id   no t  
co inc ide ,  

t h e   p o s i t i o n  of t h e  O°C isotherm 1,245 d a y s   a f t e r  
s tar t -up  of   the  borehole   "operat ion"  for  a rock 
s p e c i f i c   s u r f a c e  of 20 mz/g. 

of   c lays  may a t t a i n   s e v e r a l  hundred  square  meters 
per gram of so i l .   Ca lcu la t ions   o f   t he rma l   i n t e r -  
ac t ions  of s t ruc tu res   w i rh   pe rmaf ros t   so i l s  and 
rocks made wi thou t   cons ide r ing   t he   ac tua l   phys i ca l  

F igure  3 i l l u s t r a t e s   t h e   c a l c u l a t i o n   r e s u l t s  of 

It i s  common knowledge t h a t   t h e   s p e c i f i c   s u r f a c e  



2 0 3  

\ 
\ 

L 
\ 
\ 
\ 
\ 
\ 
\ 

L 

\ 
\ 

FIGURE 3 Positlon  of  the  computed  O°C  isotherm 
1,245 days  after  the  beginning o f  permafrost  rock 
warm-up.  Solid  and  dotted  lines  respectively  show 
the  position of the  isotherm with allowance fo r  
(A&),(T) and  without  such  an  allowance. 2 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 -2O'C. The  mean  rate  of  vapor  diffusion  in  snow 
layers  near  the  base  of  the  pack  varies  between  (2.0-2.5) x g/cm2  per  day.  The 
"norms"  were  obtained  for  snow  sublimation  for  all  types  of  landscape in Central 
Yakutia, e.g. 12  mm  on  meadows; 5.5 mm in pine  forest;  6.2 mm in  larch  forest;  and 
8.5 m on  lake  ice.  The  value  for  mean  daily  sublimation  of  snow  is  determined on 
the  basis o f  the  air  humidity  deficit  and  the  wind  velocity.  Ten-day  sublimation 
totals  were  determined on the  basis o f  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 o€ 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  Trans- 
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 f o r  sublima- 
tion  assessment.  But  as  far  as  Siberia  and  the 
North-East  of  rhe 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 i s  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/cm3. It assumes  a 
continuous  course  and  within 3 or 4 weeks  the 
original  snow  structure  disappears  completely in 

the  snow  Layers at the  base  of  the  pack  and a 
deep-hoarfrost  horizon  with a well-defined 
"fibrous"  structure  develops, 

i n  the  Caucasus  have  shown  that  the  formation  and 
development  of  deep-hoarfrost  crystals  occur  at a 
rare  of  aqueous  vapor  diffusion in excess of 1.3- 
1,5~10-~ 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 -1O'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) g / ( 2 4  
hr.cm2)  to  (3.0-4.0)  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 19771, is of the  same 
order  of  magnitude,  but  varies  over a  wider  range 
from  (1.5-2.5) to (3.5-5.0) g / 2 4  hr  cmz), 
Near  Mt.  Elbrus  the  mass  transfer  rate  is  signifi- 
cantly  lower  (Kuvaeva  1972),  and  its  maximum,  equal 
to 3.0 g/(24 hr-cm2) was  observed  only  during 
one o f  five  winter  seasons  during  the  period  of low- 
est  air  temperatures. 

It  is  known  that  when  the  snow's  temperature i s  
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  -15°C.  The  tempera- 
rure-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 -1O'C the 

The  investigations  carried out by Kuvaeva  (1972) 
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TABLE 1 I n t e n s i t y  of Water  Vapor Dif fus ion  i * g/(24 h r  * cm2)  and  Thermal P rope r t i e s  of 
t h e  Snow Cover in   the   Winter  of 1976-1977 

h = 5 c m   h = l O c m  

Period 
t I 

A t  
Az i t i t 

I n  a l a r c h   f o r e s t   ( n e a r  a lake) 

- A t  A t  
I 

Az nz i 

23-29 Dec -31.2 1.4 2.0 -35.1 0.s 3.4 -33.6 1.0 2.6 
22  Dec-2 Jan -33.4 - 1.9 -33.2 0.6 1.6 -33.6 0.7 1.3 
2 Jan-10  Feb -28.0 0.9 1.9 -31.3 0.7 1.7 -30.2 0.7 1.6 
10-20 Feb -26.2 0.5 2.5 -26.8 0.4  2.0 -27.2 0.3 1.9 
20 Feb-1 Mar -26.8 0.5 2.0 -27.1 0.5 2.3 -30.2 0.5 0.8 
1-10 Mar -27.4 0.4  2 . 7  -26.0 0.4 2.0 -27.0 0.4 2.0 

On i ce   o f  a l ake  

23-29 Dec -18.7 2.0 14.1 -19.4 2.2 19.0 -27.8 1.8 8 , 3  
29 Dec-2 Jan -25.2 2.2 7.4 -26.2 0.9 6.9 -29.6 1.4 4.2 
2 Jan-10 Feb - 2 2 . 6  1.6 7.2 -18.9 1.5 7.3 -22.5 1.2 5 . 3  
10-20 Feb -14.6 0.9 18.3 -16.8 1.2 18.2 -1E.6 1.4 12.6 
20 Feb-1 Mar -15.7 0.8 18.3 -14.9 1.1 21.4 -17.6 0.9 13,O 
1-10 Mar -17.3 1.4 12.9 -14.3 1,4 5.6 -20.3 0.9 8.0 

Note: t i s  t h e  mean temperature  of snow layer   ("C)  in   which  diffusion is being  measured; 
AtIAz is  the   t empera ture   g rad ien t   o f   th i s   l ayer  ( "C/cm).  

i n c r e a s e   i n   t h e  mass t r a n s f e r  ra te  was de tec t ed  
only up to   g rad ien t s   o f  0.55-0.60 "Clcm. A t  
h ighe r   d i f f e rences  in t empera ture   the   d i f fus ion  
r a t e  i s  pract ical ly   independent   of   the   temperature  
gradient  (Kolomyts 1977). 

The  most favorable   condi t ions  o f  mass t r a n s f e r  
a r e   c r e a t e d   w i t h i n   t h e  warmest near -so i l  snow layer ,  
where  the  vapor  concentration  gradient is  g r e a t e s t .  
The mass t r a n s f e r   r a t e   i n   t h e  snow cover   decreases  
both  with  height  and i n  the  process   of   subsequent  
snow cool ing   dur ing   the   win ter   insofar  as t h e  
r e c r y s t a l l i z a t i o n  rate is  determined n o t  only by 
the   t empera ture   g rad ien t ,   bu t   a l so  by t h e  tempera- 
t u r e   i t s e l f .  

The h i g h e s t   r a t e  of mass t r a n s f e r  i n  Yakutia was 
measured i n  t h e  snow cover on l a c u s t r i n e   i c e  
(Table 1). The obtained  data  show t h a t  i n  t h e  snow 
cover   a t  a l e v e l  of 5 cm above f o r e s t   s o i l   t h e  
average   win ter   d i f fus ion   ra te   compr ises  2.2 
gl(24 hr-cm2) .  A t  t h e  same l e v e l  in t h e  snow cover 
on l a c u s t r i n e   i c e  i t  comprises 13.0 g / ( 2 4   h r .  
cm*), i . e .   s i x  rimes the  former,  In add i t ion ,   t he  
win ter -average   t empera ture   g rad ien ts   in   the  same 
snow l a y e r   a r e  1.4'C/cm on t h e   l a k e  and O.G"C/cm 
i n   t h e   f o r e s t ,   i . e .   t h e y   d i f f e r  by a f a c t o r  of  2 
only ,  Such a h i g h   r a t e  of mass t r a n s r e r  i s  due t o  
t h e  warming e f f e c t  of a l ake   no t   f rozen   t o   t he  
bottom. The temperature   in   the  lower snow l aye r  
here  averages  about 8-10°C h i g h e r   t h a n   i n   t h e  same 
l a y e r   i n   t h e   f o r e s t  and  on i n d i v i d u a l   d a y s   t h i s  
d i f fe rence   reaches  12-15°C. The r e l a t i o n s h i p  
between  the  water  vapor  f low  rate and t h e  snow 
cover  temperature i s  shown in  the  diagram  (Figure 
l), according t o  which a s i g n i f i c a n t   i n c r e a s e   i n  
t h e   r a t e   t a k e s   p l a c e  a t  snow temperatures  above 
-20°C. Figure 2 shows vapor   d i f fus ion  rate versus  
temperature  and  temperature  gradients.  The l a r g e s t  
rate of   d i f fus ion   f low  a t   the  same temperature 
gradients,   as  follows  from  the  diagram,  corresponds 
to   the   range  of lower snow layer  temperatures  from 
-6 to -15°C. 

20 ~ 

Io - 

FIGURE 1 Vapor d i f f u s i o n   i n t e n s i t y   a s  a func t ion  
of snow temperature  based on depth. 
I - on l a k e   i c e  
I1 - on the   shore  of a lake  

During  the  winter  of 1976-1977 (from 4 October 
t o  14 March) 0.430 g/cm2 of m a t e r i a l  was c a r r i e d  
away from t h e   s o i l   s u r f a c e  of a dry  glade  while  
t h a t  removed from a  snow l aye r  10 cm high  above 
so i l - top  amounted t o  0.209 g/cm", i .e .  2 t imes 
less. 

Years  of  observations  of snow sublimation  have 
revea led  a h i g h   a n n u a l   v a r i a b i l i t y   i n   t h e   t o t a l  
amount, a s s o c i a t e d   w i t h   t h e   a n n u a l   v a r i a b i l i t y   o f  
the  weather.  A norm of t h e  snow s u b l i m a t i o n   r a t e  
has   been  obtained  for  a l l  the   bas ic   types   o f   l and-  
scape o f  Central   Yakutia.  For wide-open, f o r e s t -  
f r e e   r e g i o n s  i t  i s  about 12 mm o r  16% of   t he  amount 
of so l id   p rec ip i t a t ion   du r ing   t he   co ld   s eason .  In 
some years   the  evaporated amount of moisture  can 
exceed  one-quarter   of   the   ent i re   winter   moisture  
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FIGURE 2 Relationship  of  the  water  vapor  diffusion 
intensity  i iith temperature  and  temperature 
gradient  At/Az in  a  snow layer 0-10 cm  thick. 
The  range of negative  temperatures  is: I - 30-35'C, 
I1 - 2 4 - 2 9 ' C ,  I11 - 18-23"C, IV - 6-15'C. 

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  mm 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  surface  is 36% less  than  that 
in a  glade  that  stems  from  air  thermal  inversion in 
the  deep  basin  of  the  lake. 

has  been  studied  using  daily  measurements,  demon- 
strates  the  following  features. I n  the  coldest 
season  from  the  beginning  of  winter  rill  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 nun. In April  the 
sublimation  rate  continues  to  increase  and  its 
10-day-averaged sums are 2 . 7 ,  3.7, and 5 . 3  mu. 
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). A s  the  ambient  temperature 

The  seasonal  variation  of  snow  sublimation,  which 

FIGURE 3 Relationship of snow  sublimation  with  ambient  temperature,  daily  mean  relative  humidity 
of air W(%) and daily  mean  wind  speed V (m/s). 

1 - W = 60 - 75% V =  1 - 4 m l s  
2 - W = 50 - 59% V = 5 - 6 m / s  
3 - W 50% V > 6 m / s  
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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 O°C the  sublimation 
rate  is  greater,  the  lower  the  relative  humidiry 
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 + l8V) * * d, (1) 

where E i s  the  sublimation  rate  from  the  snow 
surface,  mm/24  hr; 

altitude,  m/s; 

Pa. 

V is  the  daily  mean  wind  speed  at  17  m 

d is  the  daily  mean  deficit  of  air  humidity, 

The  correlation  coefficient  for  the  relationship 
obtained  is  0.75f0.05.  The  error  of  determination 
of  sublimation  value  by  the  formula (1) as  compared 
to  the  measured  value  is  iO.01 mm/24 hr. 

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 
( I ) ,  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. 

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 * - 0.927,  (2) 

where  E is the  10-day  total  of  evaporation, m; 

During  the  typically  radiant  spring  weather  in 

Qn is  the  10-day  total  of  the  absorbed 
radiation,  cal. 

The  correlation  coefficient  of  this  relationship 
is 0.74 kO.11, The  calculation  error  for  the  10-day 
total  sublimation, as compared to the  measured sum, 
is k0.16 mm. 

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  WXTH  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-well foam cements o f  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 OK at temperatures from -lO°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  €or the  firs It time we oh ltained a plug- 
ging  foam  cement  slurry with density o f  800-1300 
kg/m3  and  thermal  conductivity  factor  of 0.35 
W/mZ0K,  which  normally  hardened at  temperatures  as 
low a5 -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  MPa  (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-commercial  products  or 
special  oil-well  cements  and  mixtures  for  specific 
applications. 

2. Liquid  for  mixing  the  cement-calcium- 
alkalinity  solution (K,C09 + 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. 

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- 

4 .  Hard  emulsifier  (the foam stabi1izer)"syn- 

organic liouid of the  HSW-tvae  (use - . d 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. 

(Montman  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  optimum. 
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 = 8 9 . 9 ~ ~  + 2.88xl + 1.13~2 + 4.63~3 t 

6 .  Air  (Bakshoutov  1976-1981) or nitrogen 

0.38~9 + 2.13~1~2 - 0.38~1~3 - 1.63~1~4; 

X1X2 = X3X4; X l X g  X2X4; XlX4 = XzX3, 

where y = parameter  of Sp in %; 
xo, XI. x2. xg, x4 = concentration  of  cement, 

of calcium-alkalinitysolutionforcementmixing, 
of liquidandof hard  emulsifiers,  and ofthe poly- 
meric  additive, in mass %. 
Planning  which  was  done  shows  that  to  obtain a 

foam  cement  slurry  with  Sp = 100%  its  composition 
must  include: 

(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 o f  a 
"Vang-2200" micromodule  computer  according to the 
"Basic"  programme,  showed  that  the  curves  are 

5% water  solution of calcium-alkalinity  solution 

2 0 8  
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descr ibed  using  an  equat ion  of   the  second  degree:  
- u = a0 + alp + a 2 p L  , 

where i s  the  compressive  s t rength,  i n  MPa and p 
is  t h e   d e n s i t y  o f  the   cement   s tone,   in  kg/m3, w i t h  
a r e l i a b i l i t y   e q u a l  to 0.93-0.99; t h e   c o e f f i c i e n t  
o f  c o r r e l a t i o n   ( c o r r e l a t i o n   f a c t o r )  i s  e q u a l   t o  
0.96-0.99. 

Research  on  the water abso rp t ion   k ine t i c s   o f   t he  
foam cement s tone   has  shown t h a t   t h e  samples  with 
the  polymeric   addi t ive of t h e  optimum composition 
have a water abso rp t ion   f ac to r   abou t   t h ree  times 
less than   t he  same samples  without  the  colmatating 
addi t ive,   which  helps   the  s tone  keep i t s  good 
the rmoinsu la t ing   p rope r t i e s  i n  t h e  well both  during 
d r i l l i n g  and  while  the well i s  i n   o p e r a t i o n .  

The most   impor tan t   charac te r i s t ic  of t h e  foam 
cement i s  i t s  s t r u c t u r a l   p o r o s i t y ,   i . e .   t h e   d i s -  
t r i b u t i o n  o f   po res   i n   t he  volume  of t h e  cement 
s tone   acco rd ing   t o   t he i r   s i ze s ,   ma in ly   i n f luences  
its s t rength ,   permeabi l i ty ,   thermoinsula t ing   pro-  
p e r t i e s ,   e t c .  

cement s tone  by measurement  of  mercury po ros i ty  a t  
low  and h igh   p re s su re  shows t h a t   t h e   i n c r e a s e  o f  
harden ing   p re s su re   dec reases   t he   t o t a l   po ros i ty  
from 79 to 55%. 

Analysis of t he   r e sea rch   r e su l t s   a l l ows   u s   t o  
d i s t ingu i sh   t h ree   g roups  of pores:  oimpermeable 
micropores  with a r ad ius  of 50-SO0 A, medium r a d i u s  
of  500-10,000 A ,  and the  permeable  micropores  with 
a r ad ius  of more than  10,000 As the   hardening 
p res su re   i nc reases ,   t he  volume  of  impermeable  micro- 
pores  grows,  and  the volume o f  t h e  medium-radius 
pores  and  micropores  drops  (Table 1). 

TABLE 1 Poros i ty  

The s tudy  of t h e   s t r u c t u r a l   p o r o s i t y  of t h e  foam 

P & 
(Mea) ( X )  104A 

r1 > 

3.0 5s  30.2 
2.0 58  33.6 
1.0 64 44.2 
0.5 6a 45.7 
0.1 69  56.9 

104W>r2 103br3 1 O 2 b r b  

>103A >102iI > 5 0 i  

21.0 35.4 13.4 
26.0 28.4 12.4 
14.9 29.5 11.4 
23.2 22.1 9.0 
16.0 21.4 5.7 

w i l l  f r e e l y  communicate,  forming  easily  permeable 
micropores  and  channels 10 t o  18 urn i n  s i z e .  A l -  
d r i c h  and  Mitchell  (1976) def ine   t he i r   r ange   o f   u se  
by the  magnitude of  foam cement po ros i ty   w i th   t he  
inc lus ion  of surfactants :   Highly  porous  with 
r e l a t i v e   p o r o s i t y  more than  52% are well permeable 
for   l iqu id   and   gas   can   be   used   for   p lugging   the  
bottomhole  zone of sand-drif t ing  (sand-f lowing wells; 
cements  with Low poros i ty   where   t he   capac i ty   fo r  bub- 
b l e  communication is low may be  used  for  cementing 
cas ings .  

pores become covered  with  the  products  of new 
hydra te   format ions ,   and   the   s tone ' s   permeabi l i ty  
drops.  To provide minimum permeabi l i ty  i n  t h e  
e a r l y   s t a g e s  of hardening it i s  necessa ry   t o  add 
the   mod i f i ed   add i t ive   t o   t he  foam cement s l u r r y  
tha t   co lmata tes   the   opened   pores   in   the i r   par -  
t i t i o n s .  I n  t h e  "Aerotam"  low tempera ture   s lur ry ,  
a s i l i c a t e - o r g a n i c   l i q u i d  i s  used   t ha t   r ap id ly  
po lymer i zes   i n   t he   a lka l ine  medium of t h e  cement 
mixing   l iqu id .  

i n   s u c h  a way t h a t   a f t e r  12 hours of hardening it 
i s  6 pm i n   s i z e  and may b e   f i l l e d   w i t h   f r e e  
c a p i l l a r y  water. Over t ime  the  pore becomes covered 
with  products  oi s i l i ca t e -o rgan ic   l i qu id   po lymer i -  
z a t i o n   w i t h   s i l i c a   g e l   g e l a t i o n  and  topochemical 
sedimenting. 

be tween  the   s ize   o f   pores   in   the  foam cement s tone  
and i t s  main propert ies   (Table  2)  (dens i ty  p ,  
poros i ty  &, permeabi l i ty  K. t h e  bond fo rce   w i th  
metal  zc, and   hea t   conduct iv i ty   fac tor  1) t h e  li 
parameter i s  used,  which i s  a r e l a t i v e l y  medium 
pore   rad ius .  

TABLE 2 The foam cement p r o p e r t i e s  

As t h e  foam cement  hardens, i t s  permeable  micro- 

The formation of the  permeable  macropore  proceeds 

To de termine   the   na ture  o f  t he   i n t e rconnec t ion  

R 3 ?jC. 10 ~ - 1 0 - l ~  P x 
( m a )  (MPa) (ma) ( m Z >  (kg/m3> (BT/rn*%) 

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 5.5 980 0.38 
0.1 2.70 0.5 4.9 960 0.36 

This   provides   €or   the  formation of a denser  ce- 
ment s tone  StrucKure  with  increased  s t rength  and 
decreased  permeabi l i ty .  

comprehensively  studied by r a s t e r  and t r ans lucen t  
e lec t ron   microscopy  to   ob ta in   the   photos   o f   the  
pores  with  high  depth  and  image  definit ion.  

Air pores   of   the  foam  cement s tone   a r r anged   i n  
t h e  volume of hardening  system  are   separated by 
v i s c o u s   p a r t i t i o n s  of va ry ing   t h i cknesses ,  from 1.5 
pm and l e s s ,  up t o   t h e   t h i c k n e s s   o f   t h e   p a r t i c l e s  
of hard   emuls i f ie r   and   the   sur fac tan t   adsorp t ion  

The s t r u c t u r e  o f  t h e  foam cement s tone  was a l s o  

The r e s u l t s  of t h e  computer  data  processing show 
tha t   changing  o f  On-stone p r o p e r t i e s  P, 8 ,  FC, K 
from R are described  by means of  square ( y  = q a  
QIX + Q2x2), and E and A - l i n e a r  (Y Qg+Qlx! func- 
t l o n s ;   t h e   c o r r e l a t i o n   f a c t o r s  are correspondingly 
equal  t o  0.98-0.99 and 0.95-0.99 (Table 3) .  

TABLE 3 The r eg res s ion   equa t ions  

G: 90 Q1 42 KK 

l aye r .  
I f   t h e   l i q u i d   f i l m  of the  foamer  covers  the 

su r face  of an a i r  bubble   immedia te ly   a f te r   the  foam 
cement i s  mixed,   then  during  fur ther   hydrat ion of 
mine ra l   pa r t i c l e s  i t s  th i ckness  may gradual ly  
d e c r e a s e   u n t i l  i t  d isappears ,  when t h e   a i r   p o r e s  Z C  

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 
U 19.9  34.6 -7 .6  0.99 

-40.9  23.2  -3.1  0.99 
x 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 
atone  differs  from  usual  types in  the  following: 

1. Due  to  the  potassium  alkaline  mixing  liquid 
a  great  number of OH- ions  are  introduced  into  the 
hardening  system  which  form:  stable  lowbasic  hydro 
silicates  of  calcium of tobormarite  group of the 
CSH (B) type,  composed  of [ CaO,. (SiO, l (H2 O),] ; 
potassic  hydrocarbonates  of  the  [Kr.H2fCO3), a 1 . 5  
4Oltype;potassic-calcium hydrocarbonates [K, -Ca 
(COS Is ] *2 +.5H20; potassic-calcium  hydrocarbosili- 
cates [K,O~CaO*CaCO;nSiO,]*aq; potassic  hydro- 
aluminosilicates  [x(K20*A1,0,)*ySi02 *zH,O]; and 
calcium  hydrocarbonates [CaCOs6H20-2KOH], which 
provide  the  stone with  high  strength  both  during 
the  early  and  latter  periods  of  hardening, 

oxygen  radicals  [Si-01  leads  to  Si-0-Si  connections 
in  the  alkaline  medium  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  [Si6017]10; 
aq, [Si12031]14-.  aq  and [Si6015]~-- aq  types. 

Highly  polymerized  silicon-oxygen  radicals  are 
the  basic  structural  units  of  low-basic  hydrosili- 
cates  of  calcium  of  the tobemarite type  Calo[Silz 
0311. (OH)6'8H20  (riversideite,  plombierite), 
ksonotlite Ca~'[Si6017]'(OH), (gyllenbraadite, 
phoshahyte)  and  gyrolite Ca~'[SisOls].(OH);4H20 
(ocenite,  necoite,  truscotitel-the  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 o f  the 
foam  cement  stone;  protection  of  permafrost  rocks 
from  thaw  for  up  to 6 months  during  constant 
d r i l l i n g  and  up  to 3 months  during well  operation 
as  compared  to  1-2  months with the  common  plugging 
cements;  decreased,  specifically  optimum,  heat 
release  during  cement  hydration,  conservation  of 
heat  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 o f  employment  of  standard  cementing  equip- 
ment;  pumps  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 heat  conservation 
during  well  fluid  and  thermal  flow  and  the 

2. The  presence  of  highly  polymerized  silicon- 

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  Tyumen  region,  and  Yakutia.  High- 
temperature  "Aerotam"  modifications  were  success- 
fully  employed for cementing  intermediate  and 
production  casing  strings in high-temperature/  oil 
and  gas  wells in Turkmenia  fields  under  condltions 
of  high  mineralization  and  abnormally  low  formation 
pressures  (Bakshoutov  1976-1982). 

In all  cases of the  "Aerotam"  application no 
ecological  damage  to  environment,  characteristic 
for  these  regions,  caused  by  human  interference 
was  observed. 
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The  article  identifies  the  major  tasks  faced by  the  permafrost  hydrologist  in  areas 
of  icing  (naled)  formation  and of subsurface  water  discharge,  using  surface  geo- 
physical  techniques. A comparative  evaluation of the  possibilities  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 
detall  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  accumulation.  The  icings of 
water  in  the  seasonal  thawing  layer (STL), of ground 
water  in  blind  subchannel  and  sublake  taliks,  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 
taliks  and  pressure  water  of  the  subfrozen  ground 
drainage  were  distinguished. 

Considerable  accumulations  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 

Olekminsky  cryohydrogeological  deep  freezing  massif, 
medium  and  small  icings  are  grouped  near  the  mineral 
water  sources  of  deep  subfrozen  ground  drainage. A 
great  number  of  large  and  medium-size  icings  occur 
in  the  Dzhugdzhuro-Stanovaya  hydrogeological  region, 
particularly  in  the  so-called  Unakhinsky  hydro- 
geological  massif  of  spotted PFR distribution. 

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;  bstimation  of  thickness,  areas  and 
amount  of  ice  accumulation  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,  magnetometry 
and  radiometry, 

It  would  be  useful  to  begin  geophysical  explora- 
tion  of  the  test  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 

The  icing  types  and  groups  were  classified  accord- 
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hydrochemical  samples of the  subsurface  water 
sources  and  information on the  geological-penna- 
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  symmetrical EP) and  resistivimetry are the 
most  widely  used  techniques in the  initial  stage 
of investigation  (Dastovalov  et  al. 1979). 

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  ground  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. 

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 
the  establishment of individual  non-extended  trans- 
verse  profiles  through  the  discovered  taliks  to 
delineate  the  taliks  in  the  plan.  Resistivimetry 
data  from  longitudinal  profiling,  which  provides 
information  about  the  planned  location o f  subsurface 
water  sources,  are  used  for  the  efficient  distribu- 
tion of these  profiles, 

Resistivimetry,  one of the  most  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 

During  the  permafrost-hydrogeological  investiga- 

Longitudinal  profiling  in  the  areas  of  naled 

According  to  the  results of longitudinal  profil- 

et  al. 1974). 

tions  carried  out in icing  and  subsurface  water 
discharge  areas,  resistivimetry  is  carried  out  not 
only  as  point  measurements  of  individual  sources 
and  other  water  manifestations (as an auxiliary 
method of hydrochemical  sampling)  but  also  as  a 
variation  of  stream  electroprofiling. In this  case 
resistivimetry,  like  longitudinal  profiling,  is 
done  continuously  along  the  stream  channels,  exit- 
ing  beyond  the  icing  area.  Well  differentiated 
curves  of  resitivimetric  profiling  (Figures 1 and2), 
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 
instruments  or  electrothermometers  and  water  scoops 
with  built  in  4-electrode  units  (for  water  resis- 
tance  measurement)  and  thermometers  or  thermo- 
resistors  (for  temperature  measurement).  The 
results  of  temperature  measurements  are  used  for 
qualitative  estimation o f  surface and subsurface 
water  mineralization  rate  and  for  their  more 
efficient  identification.  Benthonic  resistivi- 
meters  are  used  to  detect  the  sources  of  subaqueous 
discharge  under  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. an 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  geophysical  operations,  more  modern  methods  of 
electroprospecting,  such  as DEW (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  under  specific 
conditions in areas of large-block  deposits  (stone 
streams,  stone  taluses  and  polygons, etc.), on 
surfaces  covered with ice  bodies  and  particularly 
in operations  carried  out  in  winter,  is  equally 
important. 

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 DE" 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,  unrelated  to  the  geological- 
permafrost  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  electroprospecting. 

The HFEP method,  elaborated in VSEGINGEO and 
tested  earlier in  Western  Siberia (Timofeyev 19771, 

In addition  to  traditional  profiling  methods  used 

The experience  of DEW application  in  different 
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FIGURE 1 A comparison o f  the  results  of  different  geophysical  opera- 
tions  performed  in  winter (a) and summer (b,c,d)  periods  in  the  ice 
crust  formation  area  in  the  valley  of  the  Kabaktan  river: a - pef 
graphs  of HFEP electroprofiling,  b - graphs  of pk of  symmetrical EP 
electroprofiling,  c - graphs of Hz/% of dipole  profiling DEW,  
d - graph of resistivimetry,  specific  electric  water  resistances 
in  terms of conventional  units; 1 - snow, 2 - ice, 3 - frozen  rocks, 
4 - seasonal-frozen rocks, 5 - subsurface  water  sources. 
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FIGURE 2 Graphs of resistivimetry,  thermometry,  and  magnetometry of 
winter  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, 
5 - 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 moved far  more  e f  f  icient . ~ ~ 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 Def on the 
closeness  of  the  capacitive  antenna  to  the  ground 
surface  which  is  difficult  to  achieve  during  summer 
operations  in  well-developed  brush,  hurmnocky  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  condirions 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 sumer, 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  number  of  problems,  including 
detection  of  the  areas  of  subaqueous  discharge o f  
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  summer  regional  studies. 

The vertical  structure  of  taliks  and  frozen 
rocks in the  summer  is  basically  estimated  from VEP, 
W P  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  €or  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; 
i n  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 o f  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.  More  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. 

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 19781, 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). 

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. 

In the  northern  setting o€ the  Verkhne-Zeiskaya 

The  experience  gained  by  using  geophysical 
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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. 

environmental  factors  specific  to  the  given  con- 
struction  mode as well  as  its  design,  technical 
features,  etc. 

As  a  theoretical  basis f o r  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- 
ment~, available  design  solutions and the  produc- 
t i o n  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 

These  maps  should  include  the  entire  complex  of 

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 
o f  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  parrs: 
engineering-geological  classification  and  classi- 
fication  of  construction  elements. 

fication  includes  the  scale of the  main  environ- 
mental  factors  (surface  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 o f  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 

The  engineering-geological  aspect of the  classi- 
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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 ground  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; 

its  annual  fluctuation; 

and  mechanical  properties o f  frozen  and  thawing 
ground  (lithological  features,  moisture,  ice 
content,  heaving  properties,  thaw  settling,  sal- 
inity  and  corrosive  activity of ground); 

seasonally  thawed  and  seasonally  frozen  layers; 

and  phenomena  (thermokarst,  thermal  erosion,  frost 
fracturing,  heaving,  icing,  solifluction,  ground 
ices,  surface  waterlogging,  new  formation  of  frozen 
ground,  seismicity,  and  gravitation  processes, 
etc,). 

lines  require  detailed  prediction  of  changes  of 
all  engineering-geological  factors,  because when 
natural  environmental  conditions  are  disturbed, 
changes in the  permafrost  temperature  regime  occur. 
A s  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  ground  characteristics 
affecting  the  pipelines  (ground  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  axe  included: 

tion  composition,  thickness  and  height  of  tree 
trunks,  cover,  crown  density; 

terrain  passability,  extent (X) and  depth of 
lakes) ; 

low  waters) ; 

inclination,  vertical  and  horizontal  disintegration, 
slope  length). 

ing to the  following  factors:  soil  thermal  con- 
dition  by  thawing-frozen  soil  ratio  and  mean 

- mean  annual  ground  temperature  at  a  depth  of 

- composition,  cryogenic  structure  and  physical 

- thickness,  structure and properties of ground in 

- permafrost  and  physical-geological  processes 

Design  and  construction  of  long-distance  pipe- 

- vegetation,  availability  of  forests,  vegeta- 

- lakes  and  swamp  cover  (type of peat  deposits, 

- watercourses  (their  nature,  width  of  high  and 
- relief  (morphometric properties-surface 

Frozen  ground  conditions  are  classified  accord- 

annu .a1  soil temperature);  ice  content  of  frozen 
grounds  (by  relative  thaw  subsidence);  frost  ground 
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). 

frost  fracturing  and  underground  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). 

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  ground  surface  they  are  differentiated 
as  follows: 

- underground,  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  ground  surface 
(either a berm  or  out  in  the  open). 

separate  piles or pile  trestles  at  a  height  of 250 
mm 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,  bur 
with  a  mean  annual  temperature  higher  than -1°C; 

- positive-with a  temperature  higher  than  zero. 

Permafrost  processes  and  phenomena  include: 

Anthropogenic  factors  include:  railways,  high- 

- above-ground-when the  pipeline  is  laid  upon 

TABLE 1 Pipeline  classifications 

Temperature  Construction  season 
regime 

Year  round  Summer  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- 
rive  economic  indices  can  be  derived  as  criteria 
for  comparison  of  various routes, 

By  using  letter  designations €or various  classi- 
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TABLE 2 C l a s s i f i c a t i o n  by cons t ruc t ion ,   eng inee r ing ,  and g e o l o g i c a l   f a c t o r s  

Engineering 
and  geological 
f a c t o r s  

C l a s s i f i c a t i o n  of   engineer ing and geologica l   condi t ions  

Complexity  category 

I I1 I11 IV V 

1 2 3 4 5 6 

Vegetation Area without 
vege ta t ion  
(beaches, low- 
ly ing   f l ood  
p l a i n s ,   d r i f t -  
ing  sand)  or 
grass-covered 
(CC<ZO%) 

Area  covered 
wi th  moss l ichen ,  
dwarf  shrubs; 
uneven o r   f l a t  
peat-land, 
shrubs  with 
CC<50% 

v2 

Bushes  with 
CC 50% and 
g r e a t e r ;   f o r -  
e s t   c o v e r  10% 
and l e s s ,   o r  
small f o r e s t  
up t o  5 m high 
wi th   t runk  
th ickness  10 
cm and l e s s  

v3 

Spar se   fo re s t s ;  
mixed,   conifers ,  
b i r ch ,   w i th  10 t o  
50% cover or 
small f o r e s t  5-10 
m h igh   wi th   t runk  
th i ckness  11-20 
cm (CD<50%) 

Shaded f o r e s t   w i t h  
mixed undergrowth 
and c o n i f e r s   w i t h  
50% cover  and 
g rea t e r ,   t runk  
th i ckness  >20 cm 
height  > 10 m 
CD 2 50% 

Extent  of Feats  pass- Pea ts   passable  
swamps and a b l e   f o r  for   cons t ruc-  
lakes s p e c i a l  con- t i o n  only by 

s t r u c t i o n  means of mats, 
equipment  with  rip-rapping of 
specif ic   grav-   roads,   reducing 
i t y  0.02-0.03 t h e   s p e c i f i c  
MPa o r   f o r   g r a v i t y   t o  0.01 
ord inary  rnach- MPa 
i n e s  by means 
of mats (o r  
pads ) ,   r i p -  
rapping  roads 
reducing 
spec i f i c   g rav -  
i t y   t o  0.02 MPa 

LL Lz 

Swampy areas  Small   and  large S m a l l  and l a r g e  
with  open wales lakes  up t o  1 ,5  m lakes  1.5 m and 
surface;   extent   deep  covering more  more deep,  cover- 
of lakes  up t o   t h a n  40% a r e a   i n g  more than 40% 
40%; equipment of area 
moveable by 
f l o t a t i o n  

Watercourses  Channels up t o  Channels  of 10 m 
10 m width,  and more width,  
small spr ings ,   smal l  and medium 
permanentwater - r ivers   wi th   h igh  
courses   with  water  < 150 m 
high  water  < 50 and  low water 
m and low water 10-25 m wide 
up t o  10 m 

w 1  w 2  

""""""""""""" 

Large   r ivers   wi th   Large   r ivers  Large   r ivers   wi th  
high  water   width  with  high water high  water   width 
250-500 rn and low width 250-500 m more than  500 m 
water width 50-100 and  low water and l o w  water 
rn width 50-100 m wid th  100 m o r  

more 

w3 w4 w 5  

""""""~"""""""~ 

R e l i e f   F l a t ,   w i t h   F l a t  and h i l ly   Hi l ly-s teep   s lope   S teep   s lope   Mounta inous  
s u r f a c e   i n c l i n -  2' < a < 5' 50 c CL c 7 0  and mountainous a > 20" 
a t i o n  a <  2", L > 300 m L > 300 rn 7' < a 20' L > 300 m 
l eng th  (L) L > 300 m 
> 300 m 

R1 R2 R 3  R4 R5 
-"""""""""""""""""""""""""--- 

Ground 
content 

Rack Rock debris  Sand, sandy Sandy loam, Peat 
s o i l s  c lay  

GZ G3 G4 Gs 
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TABLE 2 (contlnued) 
~~ 

1 2 3 4 5 6 

Ground 
thermal 
s t a t e  

Unfrozen Thawing  ground  Thawing  ground  Continuous 
(Thawing) 

Continuous  frozen 
wi th  20% d i s -   w i th  more than  frozen  ground  ground 

ground  continuous 20% permafrost  -1" > T > -3' T < -3' 
T > O  permafrost  "is lands" 

0 > T ? -1' 0 > T > -lo 

M1 M2 M3 M4 Ms 

Ice   conten t  Poor ice Low ice Moderate ice Ice- r ich  Extremely i ce-  
( r e l a t i v e   c o n t e n t   c o n t e n t   c o n t e n t   0 . 3 < i < 0 . 5   r i c h   g r o u n d  
i c e   c o n t e n t )  i < 0.1 O . l < i < O , 2  0 , 2 < i < 0 . 3  i > 0.5 

il i2 i 3  i 4  i 5  

........................... 

Rela t ive  thaw With s l i g h t  With small With  moderate With  high With extreme 
subsidence of subsidence subsidence subsidence subsidence subsidence 
s o i l s  s c o . 1  O . l < S < 0 . 2  0 . 2 < S < 0 . 3  0.3 < S < 0.4 S <  0.4 

$1 s2 s 3  s4 s5 

Thermokarst, None 
thermal 
e ros ion  

Poor ind ica-  Moderately Grea t ly  
t i o n s  <lo% a f f e c t e d  a f f ec t ed  

10-30% 30-50% 

Extremely 
a f f e c t e d  

> 50% 

Fros t   f r ac -  None 
t u r i n g ;  
ground i c e  

Poor indica-  Moderately  Greatly  Extremely 
t i o n s  110% a f f e c t e d   a f f e c t e d  

IO-30% 
a f f e c t e d  

30-50% >50% 

""""""""""""""""""""""""""- 
I c ing  None 
(seasonal  and 
pe renn ia l )  

Seasonal   r iver  Perennia l  Seasonal,  Perennia l ,  
i c i n g  r i v e r   i c i n g  ground ground 

su r face   su r f ace  

F ros t  mounds, None Poor  indica-  Moderately  Greatly  Extremely 
h i l l ocky  tions <lo% a f f e c t e d   a f f e c t e d   a f f e c t e d  
peat  land 10-30% 30-50% >50% 

MI M2 M3 M4 M5 

""""""_"""""""""""""""""""" 
R e l a t i v e   f r o s t   S l i g h t l y   f r o s t -  Low f ros t -   Modera te ly   Highly   f ros t   Ext remely   f ros t  
heave   suscep-   suscept ib le   suscept ib le   f ros t -   suscept ib le   suscept ib le  
t i b i l i t y  of H C  0.01 0.01<H< 0.1 s u s c e p t i b l e   0 . 2 < H < 0 . 3  H >  0.3 
so i l s  O . I < H < 0 . 2  

H1 n2 H 3  HI, H5 

S o i l   s a l i n i t y  S l i g h t  Low s a l i n i t y  Moderate  High s a l i n i t y  Extreme s a l i n i t y  
( i n  % of dry  s a l i n i t y  0.1 < Z< 0.5 s a l i n i t y  2 < Z < 5  2 > 5  
s o i l   w e i g h t )  z <  0 * 1  0.5 < Z c 2 

21 ZZ z3 z 4  25 

"_""""""""_""""""""""""""""- 
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TABLE 2 (continued) 

1 2 3  4 5 6 

Soil  corrosion Slight Low Moderate High EXK reme 
activity C, 100 cm 100 > C > 50 50 > C > 20 2 0 > C >  10 c c  10 
(in  cm) 

c2 

Soil  flooding Slight LOW Moderate Heavy Ext  reme  ly  heavy 
in m;  minus D > - 2 . 5  - 2 . 5 > ~ > - 1 . 2  - 1 . 2 > D > - 0 . 7  -0 .7>D>+0.5  D < "0.5 
(-) indicates 
below  ground; 
plus (+) above 
ground  surface 

01 02 

Slope  processes  None  Solifluction  Slides,  rock  Screes,  aval-  Earth  flows, 
(at  slope streams (at anches  (at avalanches  (at 
steepness slope  steep- slope  Steep- slope  steepness 
2-7") ness 7-12'] ness 12-18'] > 18") 

L1 Lz L 3  L4 L5 
""""~"""~"""""""""-"""-----"------ 
Seismicity  No  seismic  Earthquake  Earthquake  Earthquake  Earthquake  force 

activity force 6 and force 6-7 force 7-8 >a 

s1 s2 5 3  54 8 5  

less 

........................... 

Anthropogenic  None 
factors 

Railroads,  Farm  land  Infrequently  Populated  areas, 
highways  used  terri-  reservations, 

tories  migration  routes, 
etc. 

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. 

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 rem. 

Using  the  classification  system  for  preliminary 
investigations  permits  standardization  of  the  map- 
ping  procedure f o r  engineering  and  geological 
regionalization,  that  up  to now has  depended on the 

The  construction,  engineering  and  geological 

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  number  of  large-diameter  oil-  and  gas- 
pipeline  projects. 
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ON THE PHYSICOCREMICAL  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  number 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 o f  water  in  a 
solid  dispersed  state  are in some  way  or othercon- 
nected  with  small-scale  processes  occurring on the 
surface o f  dispersed  ice,  whether  it  is  substance 
migration  over  chin  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 o f  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 o f  this  film  have  been  the  sub- 
ject  of  a  considerable  number of papers  (KvZividze 
et al. 1974, 1978) .  There  are,  however,  practically 
no data on the  interaction o f  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 -hac 
under  conditions when  a  liquid-like  film is present 
on the  surface of dispersed  ice. 

It turned  out  that of the  numerous  (more  than 
50) organic  compounds  sampled,  representing  differ- 
ent  classes of molecules,  only  1,2-naphthahynone 
and  0-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. A s  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 i s  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- 

tion  (Figure 1) using  a  transformed  Langmuir equa- 
tion  it  becomes  possible to determine  the  specific 
surface  of  samples  of  non-metamorphized (S - 
110 m2 /kg)  and  metamorphized (Ssp = 25 m2 /kg) snow. 

In  addition  to  the aforementloned 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 
assuming  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. 

chloracetic  (11)  and  acetic (111) acids  from 
solutions  in  toluene (1,II) and  hexane (111). 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. 

SP - 

We  studied  the  absorption by snow o f  formic (I), 
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FIGURE 1 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  volume 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  assumed  that  part o f  the  molecules 
will pass into a liquid-like  layer,  thus  producing 
a  solution  whose  properties  may  differ  from  the 
bulk  phase.  This  is  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  equilibrium  with  ice  and  toluene. 
The  equilibrium  Concentration with respect  to  ice 
(Ck) is  derived  from  the  phase  diagram,  while  with 
respect  to  toluene ( C : )  it  is  determined  by  the 
water-toluene (KO) 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 L  < C i ,  cannot  arise  in 
an  aqueous  solution. In this  case  the  bulk  phase 
does  not  occur. If, however, Ck > Cia then  ice 
dissolution  will  continue  until  it  reaches  equil- 
ibrium  concentrations  with  respect  to  ice  and 
toluene C C ~  = c : ) .  

To  find  the  concentration  of  toluene  solution 
(Csc)  below  which  the  bulk  phase  does  not  arise, 
i.e.  CL C i !  we determined  the  distribution  fac- 
tors of formlc  and  chloracetic  acids  between  water 
and  toluene  at  temperatures  over O°C and  extrapol- 
ated  to a low-temperature  region.  The  respective 
values  of  the  distribution  factors K, and Csc are 
listed  in  Table 1. Apparently,  a  study o f  the 
properties  of  the  liquid-like  film  would  be  worth- 
while at  concentrations  smaller  than  Csc. 

TABLE 1 

t,'C Ck,M KO 1OSCsc,M C i , M  KO 1O2CSc,M 

formic  acid (I) chloracetic  acid  (IT) 

-2 0.87 688 1 . 2 6  0.77 5 4 . 5  1 , 4 1  

-5 2 . 5 0  7 3 4  3 . 4 1  2 . 5 0  5 6 . 2  4 . 4 5  

-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 -5O'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  assumption  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 

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 
4 8 ,  1 4 ,  and 2.5 hours  at -10, -5, and -2'C, respec- 
tively.  At -2O"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. 

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 H,O molecules  produce a  hydrogen  bond with 
the  surface  atoms;  on  the  ice  surface  only  those 
substances  capable of producing a bond  srronger 
than a hydrogen  bond  can  be  adsorbed. A s  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 , l '  i n  Figures 2-4 characterize  adsorption  of  acid 
molecules  from a toluene  solution on the  ice  sur- 
face,  while  isotherms l", 1"' , and 2" 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 equilibrium  concen- 
tration in toluene which is  observed  experimentally. 

According  to  the  available  data  (Nechaev  et  al. 
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Figure 2 Isotherms of sorption I1 (1,l")  and 
I ( 2 " )  on snow  at -2OC  without  preliminary 
exposure (1)  and  with  a  2.5-hour  exposure 
(l", 2'1) . 
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Figure 3 Isotherms  of   sorpt ion 11 ( l , l " ,  1"') 
and I (2") on snow a t  - 5 O C  without   p re l iminary  
exposure (1) and  with  15-(1", 2") and 25-hour 
(1"' ) exposures. 

Deviat ions  f rom  the  l inear   dependence  are   observed 
a t   concen t r a t ions  C 2 Csc ,  which   ind ica tes   the  
accu racy   o f   t he   d i s t r ibu t ion   f ac to r ,  Y-, values  
extrapolated  to   subzero  temperatures .  

F igures  2-4 (curve 1) and  Figure 5 show Khat 
t h e  amount of adsorbed  molecules of formic,   chlor- 
a c e t i c  and a c e t i c   a c i d s   a t  monolayer f i l l i n g  i s  t h e  
same (0.4 lO-*mole/kg)  and i s  independent o f  temp- 
e ra tu re .   These   f ac t s  make i t  poss ib le   to   conc lude  
t h a t   t h e  same or ien ta t ion   on   the   sur face  o f  
molecules o f  t hese   ac ids  i s  obta ined ,   wi th   the  
carboxyl ic   group  towards  the  surface.  Assuming t h e  
area  occupied by one  molecule  to be 0.205 nm2  (Adam 
1947) ,  we have  obtained a s p e c i f i c   s u r f a c e  S = 
490 m*/kg. 

SP 

This   quant i ty   exceeds  the  values ,   inferred  f rom 
' a d s o r p t i o n  of  0-brombenzoic  acid (S, = 110 m*/kg) .  
This i s  presumably  due t o   t h e   f a c t  t l a t  snow con- 
r a ins   na r row  po res ,   access ib l e   t o  small molecules 
of i n f e r i o r   a c i d s  and i n a c c e s s i b l e   t o   t h e   l a r g e  
molecules  of  0-brombenzoic  acid. 

The s p e c i f i c   s u r f a c e   v a l u e  of 490 mZ/kg  can  be 
used t o   e s t i m a t e   t h e   t h i c k n e s s  of t he   f i lm .  Assum- 
i n g   t h a t   t h e   w a t e r - t o l u e n e   d i s t r i b u t i o n   f a c t o r  and 
the  l iquid- l ike  f i lm-toluene  factor   are   the  same,  
it i s  p o s s i b l e   t o   c a l c u l a t e  a s p e c i f i c  volume of 
t h e   f i l m ,  V, = G/Ko Ck. By d iv id ing   t he   va lue   o f  
V, by Ssp we can   de r ive   t he   t h i cknesses   d ,   l i s t ed  
i n   T a b l e  2 .  The d i f f e r e n c e s   i n   t h i c k n e s s   v a l u e s  

Figure 4 I so therms  of   sorp t ion  I1 (1 , l " '  ) and 
I (2")  on snow a t  - lO°C without   p re l iminary  
exposure  (1)  and  with 25-(1'), 48-(1")  and 120- 
hour (1"' , 2") exposures. 

TABLE 2 

t , O C  d , m  K f  d,nm Kf df,nm* 

formic  acid (1) c h l o r a c e t i c   a c i d  (11) 

-2 8.3 519 5.1 25.0 11,O 
-5 3 . 8  557 2.4 2 7 . 0  5.0 

-10 2.0 - 1.2 - 

*Kvlividze e t  aL. ( 1 9 7 4 )  

of t he   l i qu id - l ike   f i lm ,   i n fe r r ed  from so rp t ion  I 
and I1 wi th   t he   u se   o f   t he   d i s t r ibu t ion   f ac to r   fo r  
the   water - ro luene ,   sugges t   tha t   the   p roper t ies   o f  
bulk  water  and water   wi th in   the   f i lm are d i f f e r i n g .  

On t h e   b a s i s  of the   da ta   acqui red  we can con- 
c l u d e   t h a t   t h e   s o l u b i l i r y  of formic and c h l o r a c e t i c  
a c i d s   d i f f e r s   i n   t h e   l i q u i d - l i k e   f i l m  and bulk  phase 
of wa te r ,  We have   ca lcu la ted   the   f i lm  th icknesses  
a t - ?  and -5°C us ing   da ta   repor ted  by Kvlividze e t  
a l .  (1974) from t h e  amount of t h e  movab1.e phase a t  
these   t empera tures   for  snow with  a s p e c i f i c   a r e a  
of 1000 m2/kg.  ( the  value of df i n  Table 2 ) .  These 
were  used t o  tal-culate t h e   p e r t i n e n t   d i s t r i b u t i o n  
f a c t o r s  Kf = G/df Ssp CE, also  l i s t e d   i n   T a b l e  2. 
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Figure 5 Isotherms o f  s o r p t i o n  I a t  - 1 5 O C  ( I ) ,  
-2O'C (2)  and I11 a t  -25OC ( 3 )  without   p re l iminary  
exposure o f  snow. 

The comparison  between  the  extrapolated  and  calcu- 
l a t ed   va lues  o f  t h e   d i s t r i b u t i o n   f a c t o r  KO and K 
i n d i c a t e s   t h a t   t h e   a c i d   s o l u b i l i t y  i n  t he   l i qu id -  
l i k e   f i l m  is lower   than  in  water. There i s  a  con- 
s i d e r a b l e   d e c r e a s e   i n   s o l u b i l i t y  of c h l o r a c e t i c   a c i d ,  
f o r  which t h e   d i s t r i b u t i o n   f a c t o r  is an order of 
magnitude  lower. 

In   conclusion,  it should  be  noted  that   these 
r e s u l t s  must  be  taken  into  account when conducting 
var ious  tes ts  of  permafrost, snow and  compact i c e  
a t   t empera tu res   c lo se   t o   t ha t   o f  ice mel t ing ,  
e s p e c i a l l y  for samples   subjec ted   to   p re l iminary  
deep  cooling. I f  delayed  formation  of a l i qu id -  
l i k e   f i l m  i s  not   t aken   in to   cons idera t ion ,   then   one  
may ob ta in   va lues   wh ich   a r e   f a r  from  equilibrium. 

The s tudy  o f  t he   d i s so lv ing  power o f  t he   f i lm  
w i l l  be   extended  to   other   organic  compounds, i n  
p a r t i c u l a r ,  t o  i n f e r i o r   a l c o h o l s ,   a f t e r   r e l e v a n t  
techniques  have  been  developed.  Research i s  
present ly   under  way on t h e   f i l m ' s   d i s s o l v i n g  power 
wi th   r e spec t   t o   i no rgan ic  compounds. 
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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, 
i n  the  arctic  regions  the  ratio  is 20% but in areas  of  seasonal  freezing o f  the  ground 
it  is  less  than LOX.  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 
surface  is  greatest  in  the  continental  northeastern  region  of  the USSR reaching 200 
MJ/mZ.  Northwards,  westwards,  and  southwards  it  decreases  to 100 M3/m2.  This  does 
not mean,  however, that  the  greater  heat  flux  results i n  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 o f  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 i n  the  huge  territory of the USSR are  chiefly 
conducted only by  permafrost  researchers  working  at 
the  former V. A.  Obrucbev  Permafrost  Institute,  the 
USSR Academy  of  Sciences  (Golubev,  Pavlov)  and  the 
Institute  of  Permafrost,  Siberian  Branch, USSR 
Academy o f  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 i n  their  research.  According  to  our  find- 
ings  (as  compared to calculated  values f o r  a 
detailed  determination  of  humidity,  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 
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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 LTIKE' 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) i n  the  permafrost  region  is  the  main  source  of 
heat  to  the  earth's  surface  (500-1500  MJ/m2).  This 
heat  is  used  up  mainly i n  evaporation  and  warming 
the  atmosphere. In regions with  a  higher  moisture 
content,  a  greater  amount  of  heat  is  used  up by 
evaporation.  Therefore, i n  the  country's  European 
territory  (ETC)  evaporation  consumes  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  expeadi- 
'cure 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). 

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 o f  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 MJ/m2). In the  northern  parr  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 

Part of the  radiation  balance's  annual  heat  is 
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snow cover (40  cm by the end  of  winter),   about 2%. 
In  semi-arid  regions  of  Southern  Mongolia,  where 
t h e  snow cover l ies between 1 and 4 cm, t h e  heat 
expended  on snow thawing   wi th   respec t   to   the   year ly  
t o t a l  of rad ia t ion   ba lance  (more than  1700 MJ/cm2) 
is  neg l ig ib l e .  

su r f ace  (B) dur ing   t he   yea r  i s ,  fo r   t he   mos t   pa r t ,  
c lo se  t o  0. For   ind iv idua l   years  it can  be  within 
20-60 M J / m Z ,  which comprises 0 t o  f5% of t h e  radi- 
a t ion   ba lance ' s   year ly   va lue .  

Other cor re la t ions   be tween  the   thermal   ba lance  
components  of t h e  earth's sur face   occur   dur ing  warm 
and  cold  seasons. From the  s tandpoint   of   geocry-  
o logy ,   the   to ta l   accumula t ion   and   re lease  of hea t  
durlng  the  f reezing  and  thawing  seasons are of 
g r e a t e s t   i n t e r e s t   ( t h e   c r i t e r i a   o f   t h e   s e a s o n s   a r e  
the da te s   o f   s t ab le   t r ans i t i on   o f   t empera tu re  on 
the ea r th ' s   su r f ace   t h rough  O'C). Natura l ly ,  
seasonal   g round  f reez ing   increases   in   dura t ion  when 
moving  from s o u t h   t o   n o r t h  and  from west t o  east ,  
while seasonal  thawing, on the   con t r a ry ,   dec reases .  
Thus,   wi thin  the USSR's Asian   t e r r i t o ry ,   t he   du ra -  
t ion  of  the f reez ing   season  i s  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-185  days, 
e t c .  

no t   on ly   t he   w in te r t ime ,   bu t   a l so   pa r t  of autumn 
and a s u b s t a n t i a l   p o r t i o n  of spr ing.   During  the 
autumn  and spr ing ,  a la rge   re -organiza t ion   occurs  
in   the  thermal   regime  of  the atmosphere, the 
ear th ' s   sur face   and   in   the   upper   l ayer   o f   rock .  A 
cons iderable   expendi ture   o f   the   thermal   ba lance  
dur ing   spr ing   f reez ing  is  due t o   h e a t  consumption 
by snow thaw. In   wes te rn  ETC it  consumes  more than  
one-quarter  of  the heat, i n   t he   Arc t i c ,   abou t  one- 
f i f t h ,  and in   Central   Yakut ia ,   about   one-sixth.  
Only in  Southern  Mongolia,  where the snow cover i s  
sha l low  and   d i sappea r s   ea r ly ,   t h i s   f r ac t ion  i s  a 
mere 3%. In t h e  s p r i n g   t h e r e  i s  a l s o  an inc rease  
i n   t h e   h e a t   u s e d  up  by evaporat ion.   This  consump- 
t i on ,   fo r   t he   f r eez ing   s eason   t oge the r   w i th  autumn 
evapora t ion  is ,  i n  Western ETC between 35 and 40%, 
and i n   S i b e r i a  from 20 t o  30%. The lowest   values  
apply   for   the   Arc t ic   and   dry   a reas   in   Mongol ia  (5-  

The ground  thermal   f lux  total   through the ea r th ' s  

The season   of   sur face   g round  so i l   f reez ing   covers  

10%) * 
D e s p i t e   i n c r e a s e d   s o l a r   r a d i a t i o n   i n  the sp r ing ,  

t h e   t o t a l   r a d i a t i o n   b a l a n c e   f o r   t h e   f r e e z i n g   s e a s o n  
i s  m o s t l y   n e g a t i v e   o r   c l o s e   t o   z e r o   ( i t  i s  p o s i t i v e  
only a t  some loca t ions ) .   The rma l   f l ux   fo r   r ad ia -  
t i o n  from the   su r f ace  is: i n  Western ETC about 402, 
in   Nor thwes tern   S iber ia   and   in   Cent ra l   Yakut ia  60- 
70%, and on the Arctic coas t  75%. 

snow thaw, evaporat ion,   and  radiat ion is  cornpen- 
s a t e d   f o r  by the heat  input  from  the  atmosphere:  
65-70% i n  Western ETC, 45-50% i n   t h e   A r c t i c ,  and 
20-35% in   Cent ra l   Yakut ia .  

Ground thermal   f lux   p rovides  a s u b s t a n t i a l  
replenishment of t h e   e a r t h ' s   s u r f a c e  heat over the 
f r e e z i n g   s e a s o n .   I n   t h i s  case i t  makes the l a r g e s t  
c o n t r i b u t i o n   i n   r e g i o n s  of pe renn ia l  and  deep 
seasonal   f reezing.   Thus,   in   Western ETC (not  deep 
f reez ing)   the   g round  thermal   f lux   cons t i tu tes  
30-35%, in   Nor thwes tern   S iber ia  40-452, in   Yakut ia  
55-752, and in  Southern  Mongolia  (deep  freezing) 

The thermal   loss  by the   ea r th ' s   su r f ace   due  t o  

75-802. 
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Charac te r i s t i ca l ly ,   g round   t he rma l   f l ux   t h rough  
the   ear th ' s   sur face   changes  i t s  sign i n  autumn 
whi le  s t i l l  a t  p o s i t i v e   v a l u e s  for t h e   r a d i a t i o n  
balance  and  long  before   the  beginning  of   f reezing.  
This   sugges ts   tha t  a s p e c i f i c  amount of  heat and 
time a r e   r e q u i r e d   f o r   t h e   t h e r m a l   f i e l d   t o   r e v e r s e .  
Thus, the hea t   f l ow  in to  s o i l  t r ave r ses   ze ro   be fo re  
the   beginning  of f r e e z i n g :   i n  Western ETC and i n  
Southern  Mongolia 2 months, i n  the sou th  of Cen t ra l  
Siber ia ,   one  month,   in  Central Yakutia 2 weeks,  and 
i n   t h e   A r c t i c   o n e  week b e f o r e .   I n   t h e   s p r i n g   t h e  
ground s o i l   t h e r m a l   f l u x   r e v e r s e s  i t s  s ign ,   bu t  
mainly a t   p o s i t i v e   r a d i a t i o n   b a l a n c e  and w i t h  snow 
s t i l l  p resen t ,  i . e .  p r i o r   t o   t h e   o n s e t  of  thawing. 
This  has the fol lowing  delays:   in   Western ETC 10 
days, i n  t h e   n o r t h e r n   h a l f  of S i b e r i a  1 mpnth,  and 
in   Sou the rn   S ibe r i a  and i n  Mongolia ,   wi th   their  
f r equen t   r ecu r ren t   snowfa l l s ,  1.5-2 months. 

e a r t h ' s   s u r f a c e   f o r   t h e  thaw  season is  w e l l  
def ined .  The hea t  used t o  thaw t h e   r e s t  of t h e  
snow, s ince  t h i s  season   ex tends   in to   par t   o f   the  
sp r ing ,  is a n   a d d i t i o n a l   f a c t o r .  The o v e r a l l  
rad ia t ion   ba lance  is p o s i t i v e   a n d   v a r i e s   i n   t h e  
t e r r i t o ry   unde r   cons ide ra t ion  from 1200 t o  1400 
MJ/m2 i n  Western ETC and in   Cent ra l   Yakut ia   f rom 
750 t o  800 MJ/m2 i n   t h e   A r c t i c .  

evaporat ion  ( two-thirds   to   three-quarters   of   the  
t o t a l   r a d i a t i o n   b a l a n c e )  and  then  for  warming t h e  
atmosphere  (about  one-quarter to one-third) .   Four  
percent   of   the   heat  i s  used t o  warm t h e   s o i l  and 
about 1-2% t o  thaw snow. In   Nor thern  ETC, i n  
Western  Siberia,   and i n  Cent ra l   Yakut ia   the  ra- 
t i o s   o f   t he rma l   f l ux   u sed   fo r   evapora t ion   and  
turbulent   heat   exchange  with  the  a tmosphere are 
approximately  equal (40-45%).  Heat flow  used 
t o  warm the soil comprises 10-12X, whi le  that 
used t o  thaw snow averages 1%. 

t h e   t o t a l s   f o r   s o i l   h e a t   f l o w   f o r   t h e  thaw  season 
(as  w e l l  as fo r   t he   f r eez ing   s eason)   and   t he i r  
r e l a t i o n s h i p  t o  t h e   r a d i a t i o n   b a l a n c e   t u r n   o u t   t o  
be f a i r l y   s t a b l e   i n   s e p a r a t e   r e g i o n s  and  vary as 
one moves from n o r t h   t o   s o u t h ,   t h e r e b y   r e f l e c t i n g  
the   p roper t ies   o f   the   permafros t   reg ime.   This  
a l lows   fo r ,  on t h e  one  hand,  representation of 
t h e i r   s p a t i a l   d i s t r i b u t i o n  (which we a c t u a l l y   d i d  
f o r   t h e  thaw pe r iod   u s ing   t he  most numerous  and 
r e l i ab le   da t a   ava i l ab le )   and ,   on   t he   o the r   hand ,  
ind ica tes   the   poss ib i l i ty   o f   subsequent   permafros t -  
c l imat ic   zoning .  

For  example, the d i s t r i b u t i o n  of t h e   r a t i o   o f  
s o i l   t h e r m a l   f l u x   t o   r a d i a t i o n   b a l a n c e  of t h e  
ea r th ' s   su r f ace   (F igu re   1 ) .  The g r e a t e s t   s h a r e  
(over 20%) occurs   in   the   co ldes t   and   mois t   ( ic ing)  
reg ions   o f   the  Arctic i s l a n d s  and sea coas t .  To 
t h e   s o u t h   t h e   r a t i o s   d i m i n i s h ,   i n c r e a s i n g   o n l y   i n  
the  mountains (up t o  15%). T y p i c a l l y ,   i n  many 
regions  (except   for   dry  Central   Yakut ia)   the   14.5% 
i s o l i n e   r a t i o   p a s s e s   c l o s e   t o   t h e  boundary of 
cont inuous  permafrost ,   the  10% i so l ine   runs   a long  
permafros t   i s lands  i n  the w e s t  and  discont inuous 
pe rmaf ros t   i n   t he  east ,  and t h e  7.5% i s o l i n e ,   a l o n g  
sporad ic   pe rmaf ros t   i n   t he   Fa r  East. 

t ion   ba lance   than   on   thermal   f low  in to   the  soil, 
by knowing t h e   c h a r a c t e r i s t i c  B/R r a t i o s   f o r  
ind iv idua l   reg ions ,   one  i s  a l s o   a b l e   t o   e v a l u a t e  

The s t r u c t u r e  of the  thermal   balance of the 

In  Western ETC t h e  main  thermal  f lux i s  used  for  

Analys is   o f   the   ava i lab le   ac tua l   da ta  shows t h a t  

Since there are more observa t ions  on the   r ad ia -  
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FIGURE 1 The  ratio ( X >  of  the sum of  heat flow for  soil  to  the sum 
o f  radiation  balance  for  the  thaw  season.  Boundaries of permafrost 
zones: 1, continuous; 2, discontinuous, 3,  islands; 4 ,  sporadic. 

FIGURE 2 The sum of heat  flow  for  soil (W/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 i s  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 i n  
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TABLE 1 Monthly  Thermal  Balance  Constituents  in  the  Above-Ground  Cover  and  Within  Soil in W/mZ 
Neryukteitsy  1965-1967 

Freeze  Thaw 
Low  Jan  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 
Bsn 0.04 0.42 0.84 0.75 -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 

a , o  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 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);  Bsn - heat,  accumulated 
by snow  cover; B - thermal  flow  through  soil  surface,  i.e.  the  one  directly  penetrated  into or escaped 
from soil; B+ - ieat, accumulated  in  unfrozen  layer  (in  the  positive  temperature  layer zone); Bph - heat 
of phase  transitions,  consumed  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  summer,  the  mean  moisture  for  the  season  in  a  0-20  cm 
layer is 35%,  below-23%.  Maximum  thawing  is 180 cm. 
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 MJ/mn)  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  assumed  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 
W/mz) 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  thawing.  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  consumes  nearly  one-third  of  the 
thermal  energy,  while  in  the  North-Transbaikal's 
regions  which on ly  experience  deep  freezing, only 
2%. I n  both  cases,  more  than  half  the  heat  is 
used  for  thawing (2  and 5 m). The  remaining  heat 

The  mean  height  of  snow  varies  between  5  cm  in 

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). 

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 i s  
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) i s  much 
greater  than  the  thawing  layer  (less  than  2 m), 
then B-, in general,  is  larger  for  the  season  than 
B+,  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  summer  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. 

It can  be  noticed  that,  with  the  disappearance 
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Intense  freezing  from  above  soils  thawed  during 
the  summer  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 complerion 
of  the  freezing  process  of the ground  which  thawed 
during the summer.  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  fluc- 
tuation zone returns  its  heat  over  the  following 
6 months  (November-April) 
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LAWS GOVERNING THE COEFACTION OF THAWING  SOILS TAKING 
DYNAMIC PROCESSES INTO  EFFECT 

V.D. Karlov  and V.K. fnosemtsev 

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 ma) and  dynamic  (up  to 4000 
mm/s') 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 mm in  diameter  and 45 mm 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 mm/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  involved, 
and  the  values o f  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 t o  be the sum 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  summation 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. 

settlements  of  thawing  foundation  soils  .it i s  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 o f  thawing 

To develop  a  reliable  method  for  calculating  the 
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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 o f  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 t h a w i n g  a s o i l  sample loaded 
with a O.2-MFa stat ic  p res su re .  In t h e  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 o f  these 
investigations  were  conducted  based on the  criteria 
put  forth  by  Kohran  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 
o f  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 t o  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. 

and  stabilization o f  sample  settlement,  then  such 
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 o f  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 
volume  varied  from  0.14 to 1.01,  and  grain  size 
(coarse-grained,  medium-grained,  fine-grained 
sands). 

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 o f  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 

If dynamic  effects  are  produced  after  thawing 

The  test  results  were  analyzed  using  the  proxi- 
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FIGURE 1 Relationship  between the rela- 
tive  settlement o f  the  thawed  sandy soil 
and  the  compactness at  various values of 
vibration  acceleration. 

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 o f  the  dynamic  impact  causes  less  Settlement. 
Thus, an increase  in  vibration  acceleration  from 
2000 mm/e2 to 3000 mm/s* causes an increase in 
settlement  several  times  less  than  the  increment of 
the  vibration  acceleration  value  from 1000 m / s 2  to 
2000 mu/$* (Figure 1). This  is  completely  under- 
standable:  the  thawed  soil  being  compacted  in  the 
early  stage o f  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 f o  the  degree  of  saturation G = 
from 0.7 to 1.0. This  specified  influence o f  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  chat 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. 

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 (6,) and o f  various  values of 
static  load (P) .  This  relation is curvilinear. 
The  rel.atioa  curve 6, = f ( P )  drops  sharply  when  the 
value f o r  static  loading  is  small; with a  further 
increase  in  the load, the  compressibility  slightly 
decreases.  The  character o f  the  effect  of  static 
loads on the  compressibility of thawing  sandy s o i l ,  
when  the  dynamic  load  value  is  invariable,  can  be 
explained  by  the  fact  that as the  static  pressure 
increases,  the  internal  friction  forces  between 

In addition  to  the  factors  examined  above  (den- 
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FIGURE 5 Relationship  between 
the  critical  vibration  accelera- 
t i o n  of the  thawed s o i l  and  the 
static  loading. 

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). 

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). 

As a  result of compression  tests  in  the  presence 
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The  influence of static  pressure  and  initial  soil 
compactness on the  value  for  the  critical  vibration 
acceleration aer of  thawed  sandy  soil  is shim in 
Figures  5  and 6 .  The  regression  equation of the 
relationship acr = f(P) for thawed  coarse-grained 
saturated  sandy soil is: 

acr = 775 + 2713P (1) 

where aCr is  the  critical  vibration  acceleration, 
m / s 2  , and  P  is  the  static  pressure, MPa. 

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 io, 
of the  thawed  coarse-grained  saturated  sandy  soil 
at  the  moment  of  applying  the  load C+r = f(R,a) is 
as  follows: 

The correlation  factor  of  the  relationship  uCr = 

Bcr = 1462 - 1230 E,, ( 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 c1 (Figure 4 )  
of thawed,  coarse-grained,  saturated,  sandy  Soil 
was  investigated  using  pair  correlation  analysis. 

a was  evaluated  based  on  the  correlation  coeffic" 
ient.  Its  application  is  possible  only when the 
values ( k ,  a) under  consideration  are  random  and 
distributed  normally.  Verification of the  hypo- 
thesis  related  to  the  laws  of  void  ratio  distribu- 
tion R and  vibration  acceleration c1 was  performed 
using  Pearson's  coordination  criterion (x2 - crit- 
erion).  The  calculations  showed  that  at  a 5% level 
of  significance,  the  accepted  hypothesis  regarding 
normal  distribution  of R in  the  general  population 
is not rejected,  but  the  hypothesis  regarding  the 
normal  distribution  of a is  negated. 

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  is 
not  rejected.  Consequently,  the  correlation 
relationship of the  void  ratio  and  the  vibration 
acceleration  value  may  be  considered in the 
ordinate  system y = R, x = lga, and  the  correlation 
coefficient  may  be  used  to  characterize  the  degree 
of closeness  in  the  relationship. 

vibration  acceleration  is  presented  in  Figure 7 in 
semi-logarithmic  coordinates. The correlation  co- 
efficient II - lga  equaled  0.914. 

Estimation of the  certainty  of  the R-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 
R-lga was  performed  using  the  Fisher  criterion. 

The  degree  of  closeness  between  parameters R and 

In this  connection  another  hypothesis  was  adopt- 

The  graph of the  relation  between void ratio  and 
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FIGURE 7 Relationship  between  the  void  ratio  of 
the  thawed  sandy  soil  and  the  vibration  accelera- 
tion. 

Comparison  of  criterion Fc with  the  critical  one F 
showed  that  the  hypothesis  adopted  is  negated  at 
the  significance  level I3 = 0.05. 

R -  f(a) usually  may  be  written  as  follows: 

R = a - blga ( 3 )  

where  a i s  a  free  term of regression  and b is  the 
regression  coefficient. 

R + Loa) eq 3 can  be  rewritten: 

The  regression  equation for the  relationship 

Using  the  boundary  conditions  (with a = acr * 

R = Lo, - blg - c1 

acr 

where Roar 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  foundation  settling  values  at 
static  and  dynamic  loading. 

combined  static  and  dynamic  loading can be  deter- 
mined  according  to  the  formula: 

The  total  settlement  value  of  a  thawing  base  at 

where  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.  11-18-76,  1974,  Tsytovich 1973). 

The  settlement  value of the  thawed  base  under 
the  dynamic  actions  can  be  determined  by  layer 
summation  according  to  the  formula  (Inosemtsev  and 
Karlov  1981) : 

Sa kvi hi  In - "i 

1-1 ucr i 

where  hi  is  the  thickness o f  the  layer,  i  is  the 
soil  layer; n is  the  number  of  layers  into  which  the 
zone  of  dynamic  compaction i s  divided; a,, 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 sum of the 
vibration  acceleration  on  the  upper  and  lower  boun- 
daries  of  the  layer; h i  is  the  coefficient  of 
relative  compressibility  of  the i- soil  layer,  which 
is determined  by the formula: 

where k; is  the  compaction  coefficient  of  the i- 
soi l  layer  under  the  dynamic  actions;  Roi  is  the 
initial  void  ratio of the  frozen  soil;  Ai i s  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  fox  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 = k, ( C -  B) 

The  values  of  parameters C and B are  obtained  from 
expressions: 

(10) 

where  z  is  the  ordinate  of  the  point  for  which  the 
settlement is calculated; a0 is  the  vibration 
acceleration  at  the  base of the  foundation; 6 i s  
the  attenuation  factor of soil  vibration; a,, 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 
gravity  acceleration. 

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  moment 
(time)  that  dynamic  impact i s  applied. 

2 .  The  settlement  value of the  thawing  sandy 
so i l s  at  impact  loading i s  greatly  influenced  by 
the  composition  and  the  condition  of  the  sands 
under  investigation. As moisture  content  decreases 
and  compactness  and  grain  size  increases,  the 
compressibil.ity  of  thawing  sandy  soils  is  reduced. 

3 .  A  nonlinear  relationship  was  established 
between  the  compressibillty 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  €or  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  equilibrium 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:  voluminal  and  surficial.  The  instability o f  
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 o f  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  summarized  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 
MODEL 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 4)) may in this  case  be  represented  as  the 
sum of two  members,  one  of  which  depends on the L 
potentials, e;,  i.e. in  our  case  temperature ( T ) ,  
pressure  (Ptotal),  and  the  concentration  of  dis- 
solved.substances (Z); the  other  depends on the 
(n-L) coordinates of the  state x j ,  which  defines 
the  system's  geometry  (the  surface of adsorptional 
interaction a, and  the  magnitudes of adsorptional 
surfaces  at  the  interfaces  of  the  solid,  liquid, 
and  vaporous  phases  in  the  interstitial  solution 
a 2 3 r  n 3 4 ) :  

where  eiinv,  Xjinv  indicate  that  the  rest O i  and 
xj do not  change  (invariants),  here Bi = Ptotalr 
T, 2; and  xj = Ray Q23, R34. 

The  values of the  partial  derivatives of free 
enthalpy with respect  to  xj  are: 

where ~ 3 4 ,  0 2 3  are  surface  tensions a t  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 o f  free  water  and  water bound by  surface 
forces.  To  describe  the  phase  equilibrium we used 
relationships  elaborated  in  the  theory o f  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 
(T,,,,d) and  can  occur  in  three  ways: 1) by  ice 
sublimation, Tfr > Tmed; 2) by  desorption, Tfr  < 
Tmed < To = 273°K; 3) -by both mechanisms  occurring 
simultaneously,  Tmed < Tf, < Tom(ice  sublimation 
occurring in pares  with  the  radlus p > peag and 
desorption in the  pores LI > uequ). Depen 1ng upon 
the  thermodynamic  conditions  prevailing in the 
vapor-gaseous  medium  and  the  properties  of  the 
dispersive  system,  these  processes  can  take  one  of 
two forms. The first  is  typical for systems  in 
which  the  surficial  form  of  phase  transition  is 
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stable  (frontal  transition). The other i s  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 < m  are  present in the  rock. I n  this 
case,  the  difference  between  surface  tensions  at 
developed  water-ice  and  water-air  interface  areas 
exerts a significant  effect on the  process  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 

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  radius)  is  assumed  to  be  mobile 
with respect  to  the  moisture  present  inside  the 
aggregates  (capillary R1). Thus,  the  overall 
moisture  content o f  unconsolidated  rock  can  be 
arbitrarily  subdivided  into  three  categories  (the 

FIGURE 1 Three-capillary  model  and  schematic 
figure  of  dehydration  process. 



3rd  category  being  moisture in the  solid  state, 
capillary R3). 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). 

ing  from  this  model  are as follows: 

the  three  capillaries  is  flat  (Figure la). Once 
the  condition P / P s < l  is  satisfied in  the  vapor- 
gaseous  medium,  the  dehydration  process  begins,  its 
intensity (II) at  the  onset  being  controlled  by  the 
resistance  to  moisture  transfer  in  the  boundary 
layer  of  the  air  medium.  Over  time,  menisci  are 
formed in capillaries R1 and Rz, while in capillary 
R, the  level  drops.  Simultaneously,  the  moisture 
evaporating  from  the R2 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 A€' = 202 3 1 ~ 1 ,  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 equilibrium  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: 

The  main  features of the  physical  image  result- 

At  the  initial  moment of time  the  level  in  all 

where CL is  a  coefficient  depending on the  features 
of the  capillary  system, qm, kv 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 - 5 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 (111 -+ m) or  infinitesimal 
replenishat (rlmV -t -1. Such an extreme  situation 
occurs,  in  particular,  for  flow  rates V 5 mls, 
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 Vacuo 
(for  instance,  Ptotal = 3.10-3 MRa)  (the  value  111 
being  large),  whereas,  in  analogous  conditions, 
at Ptotal = 0.1 MPa  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  (111-declining  and B-const) 
and with an increasing  temperature  of  the  medium 
(%v - 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 l a ) .  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 
equilibrium  condition for the  water  collar  meniscus 
with ice  and  vapor  will  be  written  as ($23) = 
($34)023/034. Since in every  case $ < 1 amd 0 2 3  > 
u 3 4 ,  consequently $34 > $23, which  stipulates a 
difference  between  chemical  potentials ALI = 
RT(ln$su - ln$23) > 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 
i n t o  the  interaggregate  water f i l m s  along  which  it 
is being  transported  to  the  evaporation  zone,  which 
results i n  "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 
succesglon 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  glacial  lens  dividinR  rock  blocks,  the 
surface  curvature is unimportant (u + m) and  the 
sublimation  front  advances  without  delay  into  the 
rock. 

replenishment  can no longer  compensate €or vapor 
efflux  into  the  gaseous  medium,  the  water  collar 
acquires an equilibrium  shape  and  the  meniscus 
breaks  through.  Since  the  total  pressure  relaxes 
at  the  speed  of  sound,  the  opened  pore i s  practic- 
ally  instantly  filled with air  and  the  evaporation 
surface  jumps  across  the po're space  (Figure IC). 
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  medium  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 = I(T) and 5 = E(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  medium,  in  rocks  of  different 
composition,  structure  and  properties. 

After  a  certain  period  of  time,  when  decreasing 

DEHYDRATION OF MOISTURE-SATURATED 
UNCONSOLIDATED ROCKS AT NEGATIVE 

TEMPERATURES 

The  three-capillary  model  provides  a  basis fo r  
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 - 5); a  zone of phase  transitions (E-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 %); 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 h* In the  glacial  zone  the 
moisture  transfer  is  negligible. 

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 €or 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: 

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) ( 7 )  

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, 

- awl (.gqT .+ (5) aT a-c aT p E -  

To  find  the  derivative (aW,/aP),  it is  necessary to 
have  an  equation  or  experimental  data  for  the  de- 
sorption  isotherm.  The  derivative  (aW3/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  undergoing  desiccation  at  negative 
temperatures  the  contraction  is  insignificant (i.e. 
y~ # yl(W)) and,  consequently,  it  can  be  written 
a (ylW) /?IT = yl (aW/a-c) ; otherwise 3 (yl t l )  / a T  = 
y1 (w)aw/aT + w a  (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. 

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 i s  globular; 2) the  radius of the 
inclusion  decreases in the  course o f  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 i n  the  right-hand 
Tart  is  written  in  orthogonal  coordinates  (for  the 
rock  layer  as a whole). 

A s  far  as  formulation  of  the  problem for non- 

SIMPLIFICATION OF INITIAL  SYSTEM OF 
EQUATIONS AND 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. 

"C/cm)  this  process  occurs  under  near  isother- 
mal  conditions  (for a fixed  unit of moisture  mass 
the  value of the  derivative ((dP/dT),+m)). Another 
extreme  case (dP/dT),+O occurs,  for  example,  under 
vacuum  drying  conditlons. 

The  degree of approximation i n  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  assumes  the form: 

(10) 

As seen  from  equation 19, the  value  of  the 
derivative (dP/dT), depends  upon:  the  relative 
inertia  of  the  temperature  and  moisture  field 
(Kt/%); the  relationship ( l - 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  (qcon/qcon + qwet(W)). 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. 

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 o f  the  function W = 
W(P/Ps) for  either  of  the zones involved  was 
unknown,  our  analysis  was  made  with  respecr  to  rhe 
simplest  case  of  linear  dependence bJ = W($) for  the 
zones  in  question: 

Quasi-isothermal  approximation  makes it possible 

where  the  parameter  ''arr  characterizes  the  poly- 
molecular  adsorption  areas  (according  to BET), and 
parameter "b" the  region o f  "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 
lst, 2nd, and  3rd kind,  which are easy  to  simulate 
in  the  experiment,  for 4 highly  characteristic 
cases  of  dehydration  (Komarov  1976,  1979). 

1. (a + 0; b + 0). Dehydration of finely 
dispersed  hydrophilic  rocks  at  negative  rempera- 
tures  (t > -7'C) in  the  2nd  period  of  the  process. 

tion zone). Dehydration  of  hydrophilic  rocks in 
2 .  (a = 0; b # 0 - degeneration o f  the  desorp- 

the  1st  period,  as  well  as  under  the  condition. 
3.  (a f 0; b = 0 - degeneration o f  the  phase 

transition zone). Dehydration of hydrophilic 
coarse-disperse  rock  and  fine-disperse  rocks  at a 
temperature  range  below -7°C + 10°C. 

tion  and  phase  transition  zones).  Dehydration  of 
pure  sands  or  artifically  hydrophobized  rock. 

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). 

was  carried o u t  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  medium  parameters: O > t  > 
-25"C, O<Ptota1<2.5 "a, O ( V C 1 2  m/sec, 0 . 3  < @ 
< 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. 

4 .  (a = 0; b = 0 - degeneration  of  the  desorp- 

The  first  two  cases  were  described  by  sorptional 

Experimental  verification  of  the  relationships 

PRINCIPAL  CONVENTIONAL SYMl3OLS 
AND INDICES 

T ;  t - temperature, OK, 'C; Ptotal, P - total 
and  partial  pressure, Pa; x - coordinate, m; T - 
time, hour; p,y - density  and  volume  weight, kg/m3; 
R - gas  constant,  J/kg.deg; Wo - initial  moisture; 
$ - relative  moisture o f  the  vapor-gaseous  medium; 
V - flow  velocity, m / s ;  p - radius, m; C - thermal 
capacity, J/kg-deg; P - porosity;  Kt - temperature 
conductivity  coefficient, m2 1 s ;  /G- heat  conduc- 
tivity  Coefficient,  W/m.deg; gwet,  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  BETILTEN PIPELINES AND THE ENVIRONMENT 

B. L. Krivoshein 

Research  Institute on Management  for 
Oil  and  Gas  Pipeline  Construction,  USSR 

Aspects o f  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  our  with  the  aim of  deter  ining  the  permissible 
negative  temperature of the  external  surfaces  of  under  ound  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 fo r  determining  the  optimal  thickness of insulation  along  the 
length  of a gas pipeline i s  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 mm in  the  USSR  North)  has  shown 
that  the  temperature o f  compressed  gas can  reach 
40-45'C. Therefore,  air-cooling  apparati (AAS) are 
presently  being  installed  at  compressor  stations. 
In the  winter  the  minimum  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 
1 9 8 2 ) .  Pipes  currently in use  are  designed  to 
operate  at  gas  temperatures  up  to -1O'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 
f"9a  at first  and  second  category  sites,  is 58OC 
(i.e.  it i s  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. 

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 i s  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 

At  sites made up o f  continuous  subsidence 

the  pipeline-environment  thermal  interaction. 

STATEKENT OF THE PROBLEN 

The  thermal  interaction  between large-dim let er 
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 fo r  by  addi- 
tional  ballast.  Disturbance of the  ecological 
equilibrium  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. 

USSR  and  abroad  has  shown  (Krivoshein  et  al. 1 9 7 5 )  
Experience in designing  northern  pipelines  in  the 
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that  the  problem  in  question  can  be  solved:  by 
applying  methods €or 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  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  prealct  thermal  and  mechan- 
ical  interaction  between  the  construction  process 
and  the  environment. 

The  prognosis  for  thermal  interaction  between 

CONSTRUCTION  SOLUTIONS WHICH TAKE INTO 
ACCOUNT  ENVIRONMENTAL  FACTORS 

In above-ground  construction  of  gas  pipelines 
the  thermal  impact on the  ground i s  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,  thermopiles,  cooling 
agents,  etc. As is  well known, the  North of West- 
ern  Siberia  is  characterized  by  a  considerable 
variety  in  soil  temperature  and  humidity  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  humidity 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!: > O°C) or  heave  (at TN < O°C) of 
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  has  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 o f  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 (TN > O'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. 

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 If) represent  the  greatest  danger. 
The  minimum  allowable mean  annual  temperature  of 
gas in thawing  sections  (type 11) is derived 
from  the  formation of  frozen  patches  under- 
neath  the  base  of  the  active  layer  (Kudryavtsev  et 
al.  1974). 

soils  (type I and type 1111, cooling  the  gas  by 
refrigeration  (in  the  summer)  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 o f  mathematical 
simulation  performed  at a number of institutions 
(Ivantsov  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 o f  allow- 
able  temperatures  of  a  pipe's  exterior  surface (TN) 
affects  the  thickness o f  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, ( T N ) ~ ~ ~  
investigations of thermal  interaction  between 
pipelines  and  soils  have  been  conducted  (Kovalkov 

To  select  levels for chilling.gas,  Table 1 pre- 

For  sections  of  continuous  (or  prevailing)  frozen 
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TABLE 1 Classification  of  Construction  Methods  and  Operation  Regimes 
€or  Northern  Gas  Pipelines 

Temperature 
Methods o f  laying  range  of a 

Route  conditions  Pipe  Operation  regime  gas  pipeline 

Continuous  frozen  Laying  pipe  below TN = Tgr(h0)  Tg(T) "Tf + Tinav 
soils  (type I) the  active  layer 

Thawed  soils with a) Laying  pipe in ht R+ > 1R-l T (TI = Tw" 
islands of frozen  thawing  soils Am 
soil  (type 11) (10 i 1) - ATdr 

g 

Frozen  sites,  sub- h,(T+) 5 hdop Tg('r) 5 Tf 
ject  to  ground 
subsidence 

Ground  not  subject  arbitrary Tg(T) = T, + 
to  subsidence 

(10 15) - ATdr 

b)  Laying  pipe  above ht ('r+) 5 hest(-c+) Tg(') = T, - Tinav 
ground with thermal 
isolation on ground 
subject  to  subsidence 

Continuously  frozen a) Underground  pipe 
ground  with-  taliks  laying in frozen  soil TN = Tgr(ho) Tg = Tpr(ho) 
(type 111) 

in  thawing  soil iL R' z In-1 
Am 

Tg = Tgr(ho) - ATdr 

b) Above-ground  pipe 
laying  with  thermal TN = Tgr(ho) Tg 2 0°C 
isolation on thawing 
heaving  soil 

et  al. 1977).  
Mathematical  formulation  of  the  problem for 

interaction  of a chilled  gas  pipeline (TN < O°C) 
includes  equations  describing  external  medium  and 
gas  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 
medium)  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  (Ktivoshein 1982, Agapkin  et 
al. 1981). 

Within  the  limitations of traditional assump- 
tions  the  heat zone of the soil is  usually  des- 
cribed  by a system of equations: 

B2, E4 dx aTi = 

B3 T i  Tns 

B5 Xi ris 

B6 Y -  
aTi = 1 (Ti - Tg) 

x2 an - Qf aT2 - d5 

TI = T2 = Tf , 

where I = 1,2: 1 is  thawing soil; 2 is  frozen 
soil; B2, E 3  are,  respectively,  boundaries  along 
the  axis  of  the  pipe  and  beyond Its influence 
(natural  conditions); Bq is  the  boundary o f  soil 
and  the  pipeline; B7 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  numerical  solution  of  such  problems 
(Alekseeva  et  al. 19741, however  due  to the absence 
of precise  solutions  and  reliable  experimental  data 
it  has  not  been  possible  to  evaluate the accuracy 
of these  numerical  calculations. I n  papers 
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(Kovalkov  and  Krivoshein  1977,  Kovalkov e t   a l .  
1982) a  Lukyanav hydro in tegra tor  was used. Non- 
rec tangular   b locks  were used f o r   t h e   s e c t i o n  
cont iguous  to   the  pipe,   whi le   concentrated  and 
hidden  thermal   capaci ty  was calculated  propor- 
t i o n a l l y   t o   t h e   a r e a  of blocks.  

the  natural   ground  f ie ld   over   an  8-12-year   per iod 
during  which  boundary  conditions  simulating  thermal 
in f luence   o f   t he   p ipe l ine  were not  imposed.  This 
experience made it  p o s s i b l e   t o  assume t h a t   d u r i n g  
cons t ruc t ion   the   vege ta t ion   cover  i s  d i s tu rbed  and 
re -es tab l i shes   on ly  5 years   fo l lowing   p ipe l ine  
cons t ruc t ion .  

In i t ia l   condi t ions   were   ob ta ined  by s o l v i n g   f o r  

~6 4 2  0 

FIGURE 1 Combined graph of t h e   p o s i t i o n   o f   f r e e z -  
i n g   f r o n t   i n   s o i l   f o r   t h e  zone  of  laying-up a non- 
i s o l a t e d  1420-rmn gas   p ipe l ine   i n   t he   Su rdu t   a r ea  by 
t h e  1st of November for   the   9 th   year   o f   opera t ion  
and under   different   gas   temperature  (Ty = Tg). 

4 2 0 

FIGURE 2 Tempera tu re   f i e ld   fo r   so i l   i n   t he   zone  
of laying-up a heat- isolated  1420-m  gas   pipel ine 
in the   Surgut   area  under  Tg = -64°C by the   1 s t   o f  
May for   the   11 th   year   o f   opera t ion  when vege ta t ion  
cover is absent .  

'is = 0.16 m ;  h i ,  = 0.0405 Wt/m.grad 

ANALYSIS OF  RESULTS 

Some r e s u l t s  of m u l t i - v a r i a n t   c a l c u l a t i o n   a r e  
shown for   non- insu la ted   (F igure  1 )  and  thermal iso- 
l a t ed   (F igu re  2) pipelines.  Paper  (Kovalkov e t  a l .  
1977) sugges ts  a p o s s i b l e   c r i t e r i o n   f o r   a l l o w a b l e  
environment  disturbance i n  the  zone a f f e c t e d  by a 
c h i l l e d  gas p ipe l ine .  

An impact i s  considered  permissible  i f ,  due t o  
the   in f luence   o f   the   ch i l l ing   source   ( the   p ipe) ,  
the  level  of  ground  waters (LGW) i n   t h e   p i p e l i n e  
cons t ruc t ion  zone  does  not  exceed  the  annual LGW 
i n  marshy areas   o f   the  same t e r r i t o r y .  A necessary 
condi t ion   for   choos ing   the   requi red   t empera ture  
(TN)min is l o c a t i o n  o f  the  upper  freezing  boundary 
i n   t h e   v i c i n i t y   o f   t h e   h y d r o l o g i c a l l y   a c t i v e   l a y e r  
i n  winter  minimal ZGW. The annual  average  tempera- 
t u r e  T ( N ) ~ ~ ~  = -2°C f o r   t h e   n o r t h e r n  zone f i e l d s  i s  
derived  from  the  above  conditions.  

Approximate a n a l y t i c a l   s o l u t i o n   f o r   t h e   c h o i c e  
of ( T N ) ~ ~ ~  assumes  the  following  form: 

These  studies  (Krivoshein  1982,  Krivoshein  1979, 
and o t h e r s )  are based  on a ground  thermal   t ransfer  
equat ion .  The add i t iona l   t he rma l   i npu t ,  stemming 
from  ground  water f i l t r a t i o n   f l o w  i n  t h e   l a y e r  
between t h e  ground  surface  and  the  upper  pipe's  
su r f ace ,  was not   t aken   in to   account   because   re l i -  
able   experimental   data   on mass t r a n s f e r   s o i l   c h a r -  
a c t e r i s t i c s  are no t   ava i l ab le .  

of so i l   f r eez ing   has   been   e s t ima ted .  It has  been 
shown t h a t   f o r   a c t u a l  s o i l s  (E" 5 0.1; KO f 2 ;  w < 
2)*  under   the  inf luence  of   moisture  migration, t h e  
depth  to   which  the  ground  f reezes  i s  reduced by not 
more than 1%. 

The e f f e c t  of  moisture  migration on t h e   v e l o c i t y  

EVALUATION OF GROUND HEAVING I N  THE V I C I N I T Y  OF 
A CHILLED GAS PIPELINE 

Krivoshein (1982) gives   the   equat ion   of   the  
ve loc i ty   o f   g round  f reez ing ,   a l lowing   for   mois ture  
m i g r a t i o n   i n   t h e   d i r e c t i o n  of t he   f r eez ing   f ron t .  
Using the   r e l a t ionsh ip   g iven  and  assuming the   va lue  
of  ground  heave t o  be p r o p o r t i o n a l   t o   t h e   i n c r e a s e  
i n  volume  by  1.09 times per   uni t   of   area,   one 
ob ta ins  : 

where 

' 1.09 is t he   coe f f i c i en t   o f  water expansion  due 
t o   f r e e z i n g .  
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= 
3(1 +E)pW 
1*09ps 

[a(wr-wo)+B(2wr+wo)l; 

[A(w~+w~)+~%(w~-w~)~ - (wn-w0). + 

x6a;(wn-wO)* + 8amA(wn+wo) -+ A2 . 
6WoWn 

J 

For  evaluation  calculations  were  performed using 
the  following  initial  data: 

am = 2 - 10-4m2/t; E = 0.97; wo = 0.17; w, = 0.27; 

p, = 2830 kg/m3 ; 

wt KDj 
x, = 1.74" magrad , (J = 333.6  - ; 5, = 1000 !% * 

kg m3 ' 

T = -1. 
P , -2; -5; -1OOC. 

The  results  of  the  calculations  are  given  in 
Figure 3.  It  is  obvious  that if Tfl = -2'C, then 
the  value o f  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. 

10 I 

FIGURE 3 Swollen  soil-dependence of time  under 
different  temperatures: 1) -10°C; 2) -5'C; 
3) -2°C; 4 )  -1°C.  

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-m pipeline with  working 
pressure of 7.5 MPa  was  evaluated.  They  have 
demonstrated  that  along  the  section  between CS the 
decrease i n  temperature amounts to T-lO'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): 

Tn = [ ~ T N  - aT  (1+exp[-(Al+a)] + 

gr A1 + a 

where: 

b=XRGZzo(P,T)/2gZDf2; n=1,2. 

DETERMINATION OF OPTIMAL GAS TEMPERATURE  PROFILES 
AND THERMAL  INSULATION  TEICKNESS  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 o f  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  numerical  calculations  it  has 
been  shown  that  optimal  profiles  for  gas  tempera- 
ture and  thermal  insulation  thickness  are  close to 
linear: 

T ;Tn- ( T n - T ) X  
OP t k L  

CONSIDERATION OF PIPE-GROUND  THERMAL 
TRANSFER 

For extensive  operation of a  pipeline  under Ts= 
0°C one  should  use  a  regression  equation,  derived 
from  mathematical  simulation  and  field  measurements: 

(13) 

where 
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For  chilled gas pipelines  data  from  Figure 4 may 
be  used  where 

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 o f  
ground  phase  transitions  and  seasonal  variation  in 
gas  temperature. 

The  results  described  above  serve  as a founda- 
tion  for  the themo-physical calculations  used  in 
designing  Northern  &as  pipelines  in  the  Soviet 
Union. 

FIGURE 4 Variation  of  Kirpichev's  criterion in the 
annual  cycle  for  a  subground  gas  pipeline  in  the 
Urengoi  area  under  different  gas  temperatures  €or 
the 6th  year of  operation: 
1) Tg = -20°C; 2) -15'C; 3) -10°C 

NOEENCLATURE 

%,ai,j - coefficients of  mass  and  thermal 
conductlvlty,  respectively;  Bi - Bio  criterion; 
Cp,C~ - specific  thermal  capacity  of  gas  and  soil; 
D~(P,T) - throttling  effect;  D,f - diameter  and 
area  of  pipe  section; G - mass  flow of  gas; 
ha l l , hna t -dep thofaL lowab leg round thawandunder  
natural  conditions;  ho - depth  of  pipeline  axis; 
K - coefficient  of  thermal  transfer; Ki, KO, L, - 
criteria  of  Kirpichev,  Kosovich,  and  Lukov; L - 
length  of  pipe; P - pressure; Of, 0-latent  heat  of 
ice  thaw  per  unit  of  volume  and  unit  of  frozen 
soil; q - thermal  flow  from  pipeline  to  soil  or  in 
reverse  direction; R - gas constant; %,Ri - pipe 
radius;  pis,  rv - values  of  thermal  resistance  of 
insulation  and  vegetative  cover,  respectively;  Ta, 
Tg, T,(T~) - 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;  nTdr - drop  in  gas  temp- 
erature  due to throttling  effect;  x,y - Cartesian 

coordinates; Zo = Zo(P,T)  - compressibility  factor; 

alr, X - hydraulic  resistance  coefficient; X,, = 
X;(;=l 2) - ground  thermal  transfer  coefficient; 
Xis - insulation thermal  transfer  coefficienr 
psk, pw - density  of  soil  skeleton  and  water; wo, 
wnat - moisture  level of soil at the  rolled  bound- 
ary,  and  under  natural  conditions; 6is - thickness 
of insulation;€ - porosity  of soil; 7' - time; 
a+(-) - warming  (cooling)  impulse (szt ( - )  = T, 
T + ( - ) ) ;  5 - coordinate  of  moving  boundary. 

thermal  transfer  coefficient  from  ground t o  

INDICES 

T, M - thawing  and  frozen zones;  N - outside 
layer of  insulation; 0 , l  - 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, " A W I N G ,  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  rhe  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 t o  migration  of  water  toward 
the  freezing  front. Heaving strains  are  directed  apward 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, o f  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. 

that  heaving  may  occur  not  only  during  freezing  but 
also  when  the  ground  is  frozen  or in a state  of 
unilateral  thaw.  Unfrozen  water i n  frozen 

Experimental  and  field  observations  demonstrate 

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  hI  represents  deformation  due t o  migration 
ice  accumulation  in  the  frozen  zone;  hexp  is  deform- 
ation of ground  surface  due  to  expanslon  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 t o  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 t h e  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 o f  variously  directed 
strains  that  result  in  both  the  fall  and  rise  of 
the  earth  materials. 

W 

Deformation  processes  occurring  in  materials  of 
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FIGURE 1 Diagram  of r e l a t ionsh ip   be tween   s t r a ins  
induced by the  accumulation of mig ra t ion   i ce   (h Iw) ,  
expans ion   (hexp) .   shr inkage   (hshr ) ,   se t t l ing   (hse t ) ,  
and  heaving  (hheav) i n   s o i l s  of d i f f e r e n t  composi- 
t ion :   a )   sandy loam; b) loam; c ) ,   d ) ,  e )  k a o l i n i t e ,  
polymineral ,   montmoril lonite  clays  thawing  in  open 
sys tems;   f )   kaol in i te   c lay   thawing   in  a closed  system. 

d i f fe ren t   g ranulometr ic  and mineral   composition and 
sub jec t   t o   d ive r se   t he rma l  and  water  condirions 
during  thawing were s tud ied .  The r e s u l t s   r e v e a l e d  
the  fol lowing:  As s o i l   d i s p e r s i t y   i n c r e a s e s  from 
sands   t o   c l ays ,   t he   f l ow  o f   mig ra t ion   wa te r  and t h e  
accumulat ion  of   segregat ion  ice   in   f rozen  ground 
inc reases .  I n  c l a y  o f  d i f f e r e n t   m i n e r a l  composi- 
t i on ,   wa te r   mig ra t ion  and the  accumulation o f  
s e g r e g a t i o n   i c e   i n c r e a s e  when s u c h   s o i l s   i n c r e a s e  
the i r   con ten t   o f   kao l in i t e   mine ra l s   (F igu re   1 ) .  
Deformation  result ing  from  the  accumulation  of 
segrega t ion  ice in   the  f rozen  zone  of   thawing  c lays  
and sandy  montmorillonire loams comprised 5-10% of 
the   t o t a l   va lue   o f   pos i t i ve   s t r a in   caus ing   heav ing ,  
w h i l e   i n   k a o l i n i t e   c l a y   t h e   d e f o r m a t i o n   d u e   t o   t h i s  
process  comprised 80-90% of t h e   t o t a l   v a l u e .  Con- 
ve r se ly ,   i n   mon tmor i l l on i t e   c l ays   t he   expans ion  
s t r a i n   o c c u r s  more f r equen t ly  (80-90%) w h i l e   i n  
kao l in i t e   c l ays   t hey   cons t i t u t ed   abou t  20% of   the 
to t a l   pos i t i ve   de fo rma t ion .  Sandy l o a m  and  loams 
a re   cons ids rab ly  less subjec t   to   expans ion:  i n  a 
thawing loam the  magnitude of expansion was half   of 
t h a t   i n  a kao l in i t e   c l ay ,   wh i l e   s andy  loam did  not  
r evea l  any  expansion at  a l l   ( F i g u r e  1). 

Our obse rva t ions   i nd ica t e   t ha t   expans ion   de fo r -  
m a t i o n   i n   s o i l s  thawed i n   a n  open  system i s  always 
h i g h e r   t h a n   i n  a c losed  one. This   can  be  a t t r ibuted 
t o   t h e   f a c t   t h a t  when water f lows   in   f rom  the   ou t -  
s i d e ,   p a r t  of  the   ex te rna l   migra t ion   f low i s  expend- 
ed on the  accumulation of s e g r e g a t i o n   i c e   i n   t h e  
f rozen  zone,   and  parr   of   this   water   goes  to   enhance 
expansion  deformation. When thawing  occurs  within 
a c losed   sys t em,   t he   s t r a ins   i n   t he  thawed s o i l  
caused by desiccat ion  and  shr inkage  increase  while  
those  due t o  swel l ing   decrease .  

in   heaving   usua l ly   l eve l   o f f   due  t o  developing 
shrinkage and s e t t l i n g   s t r a i n .   U n l i k e   f r e e z i n g  
s o i l s  where p rac t i ca l ly   t he   en ' c i r e   f r eez ing   l aye r  
undergoes  shrinkage,  thawing soils shr ink   on ly   near  
the  border  o f  thawing  and the i r   sh r inkage  las ts  
only a short   t ime.   This  phenomenon can  be  explained 
by  a f looded  horizon  appearing  near   the  interface 
border   a t   the   expense of t h e  thawed l aye r s   o f   i ce .  
It was found   t ha t   sh r inkage   s t r a in   du r ing  thaw i s  
lower i n  an  open  system as compared t o  thaw i n  a 
c losed   sys tem  (F igure   Ib ,e ) .   Shr inkage   s t ra ins  do 
not   level   heaving much; in   montmori l loni te   grounds 

P o s i t i v e   s t r a i n s   i n   t h a w i n g   s o i l s   w h i c h   r e s u l t  

of highest   shr inkage  they  seldom make  up more than  
20% of   the t o t a l  va lue  of n e g a t i v e   s t r a i n s .  

o f  heav ing   s t r a ins   can   i n   gene ra l  be expressed as 
follows: 

In  f r eez ing  Soils, unlike  thawing  ones,   the   value 

where  hheav(g%) i s  t h e   v a l u e  of ground  heaving  due 
t o  t h e  9% i n c r e a s e   i n   t h e  volume of f rozen  pore 
water (mass expansion);  hIw is t h e   v a l u e  of heaving 
due to   the  accumulat ion o f  seg rega t ion   i ce ;  and 
hshr i s  t h e   v a l u e  of physico-chemical  shrinkage 
s t r a i n s   i n   t h e  thawed  ground  due t o   d e s i c a t i o n .  

The ca l cu la t ed   va lue  of heaving  due  to  water 
migra t ion  i s  e q u a l   t o  

hIw = 1.09 Kan * Kw 6:h grad. t - T , 

where K,, i s  t h e   c o e f f i c i e n t  of anisotropy  a l lowing 
f o r   t h e   i n c l i n a t i o n   a n g l e  of ice l a y e r s ;  is the  
c o e f f i c i e n t  of wa te r   d i f fus ion ,  m 2 / s ,  and 6Ph i s  
the   rhermogradienr   coef f ic ien t ,   I /g rad  C.  The 
heaving   va lue   due   to   the  9% increase  of  pore  water 
volume during  f reezing  can  be  expressed  as   fol lows:  

where WF i s  t h e  water conten t  of the  ground's   mineral  
layers ,   which i s  quan t i t a t ive ly   equa l  t o  t h e  water 
conten t  a t  the   phase   in te r face   boundary ,   f rac t ions  
of uni t ,   and WUnfr is t h e  amount of unfrozen water 
i n   t h e   s o i l ,   f r a c t i o n s  of u n i t .  

The s h r i n k a g e   t h a t   t a k e s   p l a c e   i n   t h e  thawed 
por t ion  o f  t h e   s o i l   c a n   b e   c a l c u l a t e d  a5 follows: 

where K,hr i s  the   an i so t rop ic   sh r inkage   coe f f i c i en t  
showing the   con t r ibu t ion  of v e r t i c a l   s h r i n k a g e   t o  
to t a l   vo lumet r i c   sh r inkage ;  6 i s  the   coe f f i c i en t   o f  
r e l a t ive   vo lumet r i c   sh r inkage  o f  t h e   s o i l ;  AW = W - 
Wshr i s  the   d i f f e rence   be tween   t he   i n i t i a l   wa te r  
content of t h e   s o i l  and the   wa te r   con ten t   a t   t he  
f reez ing   f ront ;   and  A< i s  the  layer   undergoing 
dehydra t ion ,  m. I n  terms o f  t h e   d e n s i t y   d i s t r i b u -  
t i o n  of t he   so i l   ske l e ton ,   t he   va lue   o f   sh r inkage  
can be ca l cu la t ed  as fo l lows:  

where ysk and  ysk a r e ,   r e s p e c t i v e l y ,   t h e   i n i t i a l  and 
f i n a l   v a l u e s  of the   weight   dens i ty  of t h e   s o i l  
ske le ton   before  and a f t e r   f r e e z i n g .  When m a t e r i a l s  
of d i f f e r e n t   c o m p o s i t i o n ,   s t r u c t u r e ,  and p r o p e r t i e s  
freeze  under  diverse  thermal  and  moisture  conditions 
t h e   t o t a l   v a l u e  of  heaving  depends on t h e   p a t t e r n s  
f o r  development  of  individual  deformations  induced 
by frozen  pore  water ,   segregarion i ce ,  and  shrinkage 
(Figures 2 and 3). On the  whole,  ground  heaving  can 
be  expressed  as   fol lows:  

i n  € 

hheav = 0.09 (WE - W u n f r  )AE + 1.09 Kan * K, 
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FIGURE 2 Diagram  of the   re la t ionship   be tween 
s t r a i n s   i n   f r o z e n   s o i l s  of d i f f e ren t   compos i t ion   i n  
an  open system: a)  sandy loam; b)  loam, c )  b o -  
Lini te   c lay;   d)   polymineral   c lay;   e)   montmori l -  
l o n i t e   c l a y .  
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FIGURE 3 Diagram of the   re la t ionship   be tween 
s t r a i n s   i n  samples of k a o l i n i t e   c l a y   w i t h   d i f f e r e n t  
i n i t i a l   d e n s i t y  a) and c )  compaction  load up t o  
0.1 MPa; b )  up t o  0.2 ma; d) up t o  0.8 MPa: f reez-  
ing   in   an   open  (1) and i n  a c losed  (2)  system. 
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FIGURE 4 Displacement- induced  water   redis t r ibut ion 
in   f rozen   so i l   s amples   w i th   d i f f e ren t   mine ra l  com- 
pos i t ion :   1 -polyminera l   c lay ;  2 - k a o l i n i t e   c l a y ;  
3-montmor i l lon i te   c lay ;  4 - w a t e r  conten t   before  
the  experiment;   5-displacement   plane.  

This   t echnique   for   assess ing   the   va lues  of 
expansion  deformation  in   f reezing  and  thawing  ear th  
ma te r i a l s  was t e s t e d   i n   b o t h   l a b o r a t o r y  and f i e l d  
s t u d i e s   a n d   y i e l d e d   s a t i s f a c t o r y   r e s u l t s .  

of s t r e s s e s  in f r e e z i n g  and thawing  rocks  due  to 
heat  and mass exchange, as wel l  as physico-chemical 
processes   occur r ing   dur ing   phase   t rans i t ions ,   ind i -  
c a t e   t h a t   s u c h   s t r a i n s   a r e   i n t e r r e l a t e d   w i t h   s o i l  
de fo rma t ion   and   so i l   s t ruc tu r i za t ion .   Grea te r  
s t ra ins   deve lop   in   c lays ,   whi le   lower   ones   a re  
observed   in  loams  and  sandy  loams.  Freezing-induced 
s t r a i n s   i n c r e a s e   i n  open  systems as compared wi th  
closed ones, and a l so   under   h igher   ex te rna l   p res -  
su res .  An increase   in   bo th   the   ex te rna l   load   and  
t h e   i n t e g r i t y  of s t r u c t u r a l  bonds in t h e   f r e e z i n g  
s o i l s   r e s u l t s   i n   r e d u c t i o n  of deformations; more- 
over ,  when c r i t i c a l   l o a d   v a l u e s   a r e   a t t a i n e d ,  
deformations  fade  out  t o  ze ro .   Fu r the r   i nc rease   i n  

The dynamics  and  laws  governing  the  development 

p r e s s u r e   r e s u l t s   i n  compaction of f r eez ing  and 
f rozen   ma te r i a l s .  

These  studies  on  ground  deformation  in a 
g rad ien t - f r ee   t he rma l   f i e ld  show tha t   an   ex te rna  
load on a f r o z e n   s o i l   r e s u l t s   i n   m i g r a t i o n   o f  
unfrozen  water   and  ice   segregat ion,   in   addi t ion 
t ransformat ion  of t he   so i l   m ic ro   and  macro 
s t r u c t u r e .  Water r e d i s t r i b u t i o n  and micro-  and 
macrostructural   t ransformarion  were  observed dur 
both  the  slow  displacement of f r o z e n   s o i l s  and 
comaression  cornpaction. 

!1 

t 

Examination of t h e   m o i s t u r e   d i s t r i b u t i o n   c u r v e s  
before   and   a f te r   the   exper iment   (F igure  4 )  showed 
t h a t  maximum ice accumulation  caused by d i sp lace -  
ment s t r a i n s  i n  s o i l s  of d i f f e r e n t   m i n e r a l o g i c a l  
composition  occurred i n  the  displacement   region:  
i n   k a o l i n i t e   c l a y s  (Win = 39%, y,k = 1280 kg/m3 
i n  polymineral   c lay (win  = 292, ysk = 1410 kg/m5, 
i n   b e n t o n i t e   c l a y  (Win = 87.5%, ysk = 800 kg/m3. 
(The experiment was c a r r i e d   o u t  a t  -3’C, Tdisp l  = 
0 .2  m a ) .  The t h i c k n e s s   o f   t h e  ice accumulation 
zone  decreased  from  kaolinite (0.017 m) to  poly- 
mineral   (0.016 m) and  bentoni te   c lay  (0 .0035 m). 
Maximum des i cca t ion  (AWdes) was found in the  upper 
and  lower  par ts  of the  samples;  it comprised 5.5% 
in   kaol in i te ,   3 .5%  in   po lyminera l ,   and  1.5% i n  
ben ton i t e   c l ay .  The desiccat ion  zone  a lso  de-  
c r eased   i n   t h i ckness  from k a o l i n i t e   t o  polymin- 
era1 and  to  bentonite  clay,   comprising 0.025; 
0.017, and 0.0125 m, r e spec t ive ly .   Var i a t ions  
i n   t h e   t h i c k n e s s  of t h e   d e s i c c a t i o n  zone  and 
the   ex ten t   o f   des i cca t ion   can   be   a t t r i bu ted  ro 
the   unequal   water   conduct iv i ty  of t h e s e   c l a y s .  
The d i f f u s i o n   c o e f f i c i e n t   i n   k a o l i n i t e   c l a y  is  
t h e   l a r g e s t ,   a t t a i n i n g  3.5.10-9 m2/s, which i s  
why t h e   d e s i c c a t i o n  zone i n   k a o l i n i t e   c l a y  i s  t h e  
g rea t e s t .   Th i s   coe f f i c i en t  i s  t h e   l o w e s t   i n  
ben ton i t e   c l ay  (& = 0.5*10-3  m2/s),  which  has 
t h e   t h i n n e s t   d e s i c c a t i o n  zone  and t h e   l e a s t  amount 
of   des icca t ion .  The l a r g e s t   m i g r a t i o n  flows of  water 
a r e  formed i n   k a o l i n i t e   c l a y ,  namely, 12.6 * 10” 
kg/m2 s ;  in   po lyminera l   c lay   they   a re  8.9 * 
kg/m2 s ;  i n   b e n t o n i t e   c l a y   t h e y   a r e   e q u a l   t o  1 . 4 2  
lop7  kg/mz * s .  A s  s o i l   d e n s i t y   i n c r e a s e s  and s o i l  
d i spe r s i ty   dec reases ,   t he   mig ra t ion   f l ow i s  reduced, 

minera l ,   and   kaol in i te   c lay   samples   before   and   a f te r  
the  experiment show tha t   the   shape   and   s ize  of i c e  
inclusions  undergo  changes  during  the  process  of 

Mic ros t ruc tu re   s tud ie s  of montmori l loni te ,   poly-  
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FIGURE 5 Deformation  in  frozen  soils (-1.5'C) under 
diverse  external  loads: I ,  2 - montmorillonite  clay; 
3, 4 - polymineral  and  kaolinite  clays; 5, 6 - sandy 
loams  with  different  degree o f  pore  saturation  with 
water (q = 1 and q = 0.6); I, 11,  111, IV - compaction 
load  equal  to 0 . 3  MPa, 0.6 MPa, 0.9 m a ,  respectively. 

FIGURE 6 Rheological  curves  of  frozen  soil  flow at 
-3'C: 1 - clay (W = 41.6%; ysk = 1690 kg/cm2>; 2 - 
loam (W = 22.6%; Ysk = 1880 h/cm3); 3 - sandy  loam 

ysk - - 2010 kg$cm3). 
(w = 21.9%; y k = 1740 kg/cm3); 4 - sand (W = 20.0%; 

deformation;  isometric  and  irregularly  shaped  ice 
inclusions,  typical of the  initial  samples,  are 
transformed  into  micro-streaks  of  ice. 

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 )  e The 
more  dispersed a soil is, the  longer  the  deforma- 
tion  lasts.  For  example,  deformation in sandy 

Our  investigations  have  shown  that  the  progres- 

loam under an external  load of 0 . 3  MPa  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 i s  
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 
o f  flexible  laminated  particles of hydromica  (poly- 
mineral  clay  and  sandy loam) undergo  greater  defor- 
mation  than  kaolinite  clay  composed of  rhe  larger 
anisodiametric  particles. In terms  of  their 
relative  compressibility,  the  soils  under  study  can 
be arranged as f0llows:  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 * lom6 to  1.7 * s - ' ) ,  and  with 
possible  lateral  expansion,  showed  that t h e  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 o f  low 
rates with  high  plastic  viscosity  coefficients and 
an area of high  rates with low  values o f  this 
coefficient.  The  transition  zone i s  confined  to a 
definite  range  of  deformation  rates  (from 8.5 to 
85 l ov6  s-'); 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  invesrigation of the  effect  of  relative 
strains (ET) on rhe  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.  a5  the  soil's  elasticity  response  to 
compression  increases,  the  value  of ET increases. 
A similar  regularity  was  observed when both  rhe 
temperature  of  Soils  and  their  number 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  -1.5"C,  the  value  of ET i s  
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. 

0" to -1O"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 
aK the time  Khe  diameter  began  to  increase (Ea) was 
lower  than  that  in  clayey  Soils. In the  area  of 
high  deformation  rates, in the  case of clays, at 
temperatures  below -1 .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  volumetric  plastic 

It was  also  found  rhat  at  temperatures  as low as 
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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 + . s o ,  -1 .5';  -3" 
and -1O"C, respectively. 

strains  resulting  from  the  increase  in  the  sample 
diameter. A t  the  same time, at  temperatures  above 
-1.5'C and  at  deformation  rates  below 8.5 * 
s - I  the  flow o f  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 idenrify  the  main  characteristics o f  the  process 
of accumulation  of  volumetric  plastic  strains  in 

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 o f  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. A s  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  have  demonstrated  the  following, 
Deformation  of  freezing,  thawing,  and  frozen  soils 
is  interconnected  with  processes  of  heat  and  mass 
exchange,  of  structurization,  and  texturization. 
G n  the  one  hand, s o i l  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. 



MIGRATION OF ELEMENTS IN WATER IN 
TAIGA-PERMAFROST  LANDSCAPES 
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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 
o f  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 (H+), acid  gley (H+- 
Fe*), calcium (Ca*) and  azonal-sulphate (H+ - 
SO:'). 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 (H+) ortho- 
eluvial 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  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. 

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, 

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- 

The unconsolidated  relief  and  ledge  rock  govern 

The  physical  weathering  that  leads  to  the  forma- 

Surface  weathering  leads  to  the  formation of 

formation i n  stages o f  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  humus  (up t o  
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/R) 
and  organic  matter.  The  chemical  composition of 
surface  waters  (averaged  over 100 samples),  taken 
from 15 granitoid  formations, i s  as  follows: 

HC0373 C1 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/R  and  sulphate-hydro- 
carbonate  waters  appear.  Natural  waters  of 
landscapes  of  this  type  are  characterized  by a 
relationship  between  the  ions HC03 > C1 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. 

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 1 and 4 t/km2/year  and 
averages 2.2 t/km2.  Dividing  the  value of ion 
run-of€ by  the  average  weight  density of the 
region's  granites,  2.60, we obtain a value  for  the 
chemical  denudation (0.85 mklyear),  which  is  4-5 
times  less  than  that  for  granitoid  rock  in  moderate 
climatic zones (Strakhov, 1 9 6 5 ) .  

In order  to  quantitatively  estimate  the  water 
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The  values  for  ion  run-off  that  we  obtained  are 
much  lower  than  those  hitherto  available  for  grani- 
toids i n  the  north-eastern  part  of  the USSR, 16-17 
t/h2 /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). 

in  water  using  the  formula  reported  by  Perelman 
(1966) : 

Kx = 

where m, is  the  volume  of  the  element in the  waters, 
g/R; a is  water  mineralization, g/R;  and nx is the 
volume of the  element  in  rock, %. 

The  values  mx  and a  were derlved  analytically, 
while n, represent  the  amount  (in  percentages) of 
acid  rock  in  the  lithosphere  (Vinogradov 1962) .  

in  water  are  listed  in  Table 1. 

TABLE 1 Mobility of Elements  in  Water  of 
Granitoid  Strata 

We  have  computed  coefficients (Kx) for migration 

m * 100 

a * n x  
X ’ 

The rows  representing  the  migration of elements 

Value of coefficient  of 
IGgration  migration  in  water,  Kx 
rate 

100 10 1 0.1 0.01 

Very  high  C,C1, 
9 

Bi,Tl, 
Ag , Sb 

High  Sn,B,Mg, 
Ni ,F 

Medium  Zn,Pb,Cu, 
V,Na,Y,Ca, 
Cr  ,Be ,140, 
Mn 

Weak  Ga,Ba, 
Si  ,Co 

Very  weak  Ti  ,A1 , 
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 f o r  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 

I .  
Temperate zone 
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I 
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1 
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FIGURE 1 Contrast  range  of  element  migration  in 
granitoid  landscapes o f  different  climatic  zones. 
Fields of distribution of chemical  elements: 
1 - non-contrast  migration  (Kk = 1); 
2 - contrast  migration  (Kk = 2 - 10); 
3 - high-contrast  migration  (Kk = more  than 10). 

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 fo r  the  range  of 
contrast  equal  to 

K, of  granitoids  in  subarctic  zone 
k K, of granitoids  in  temperate  zone K =  

Maximum  migration  contrast (Kk is  larger  than 10) 
is typical f o r  Sn, A s , T i ,  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  graniroids  of  north-eastern  Yakutia 
(cf  Table 1 ) .  

The  set  of  elements  that  possess  high  mobility 
and  maximum  contrast  for  migration i n  water  can  be 
regarded  as a unique  paragenic  landscape  associa- 
tion. 

Taiga-permafrost  landscapes of acid  class (H+), 
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  3-41, a  high  concentration  of  exchange 
bases  within  the  upper  humus  layer  and  considerable 
(up  to 25%) organic  matter  content in the  form  of 
coarse  humus. 

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: 

Landscapes  of  this  type  are  characterized  by  the 

0.028 
HC0380C118S042 
Na37  Ca33  Mg30 pH 6.3 Eh  0.48B 

As compared  to  taiga-permafrost  landscapes 
occurring in volcanic  bedrock,  the  mineralization 
of  natural  waters  increases  in  this  case  by a 
factor o f  1.5-2.0, while  the  anion-cation  ratio 
remains  the  same. 

The  composition  of  the  ion  run-off  is  predom- 
inantly  calcium,  magnesium  and  sodium  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. 

for  stratified  rocks of the  Verkhoyansk  complex 
are  presented  in  Table 2. 

TABLE 2 Mobility of Elements in the  Water o f  
Terrigenous  Stratified  Formations 

The  rows  for  the  migration  of  elements in water 

Coefficient  values  for 
Nigration  migration  in water, Kx 
rate 

100 10 1 0.1 0.01 

Very  high  C,Cl,S, 
F,B,Ag, 
Na,Au,Hg 

High W,Be ,As, 
Mg,Ca,Tr, 

Mn 
Sr  ,Ba,lb, 

Medium Sn,Sb,Ti, 
Pb,Cr,Cu, 
Zr,V,Ti, 
Ni 

Veak Zn , Fe 
Very  weak Co,Ga, 

A l  ,Si 

temperate  climatic zone, is  characreristic  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 ) .  

(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  humus  increases 
in  the  soil,  its  peat  content  decreases  and  car- 
bonate  gleization  develops.  The  waters  are  more 
mineralized  and  contain  more  calcium  and  le55  acid 
organic  matter  and  the  pH  reaction  approaches  the 
neutral  one. 

Taiga-permafrost  landscapes of the  calcium  class 

HC0397  Cl 2 SO41 
Ca50 Mg30 Na20 i-4°*150 pH 6 . 8  Eh 0.27 B 

There  is a substantial  increase  in  the  ion  run- 
off  rare,  amounting  to 28 t/km2, or  nearly  twice 
the  mechanical  one  (Seimchan  River,  location 
Chapaevo). 

lead,  nickel,  titanium)  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, erc.  (Table 4 ) .  

I n  a  weak  alkaline  medium  many  metals  (copper, 

0 1 

Temperate zone 
c "" P 

A maximum  range  of  contrast  for  migration  in FIGURE 2. Contrast  range  of  element  migration  in 
water in taiga-permafrost  landscapes  of  stratified terrigenous  landscapes of different  climatic  zones. 
terrigenous  formations,  as  compared  to  those  of a Legend  same  as  in  Figure 1. 
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TABLE 3 Mobili ty of Elements i n   t h e  Water  of 
Carbonate  Stratif ied  Formations 

C o e f f i c i e n t   v a l u e s   f o r  
Migra t ion   migra t ion   in   water ,  Kx 
r a t e  

100 10 1 0.1 0.01 

Very high C,S,Ag, 
c1 

High Cd 9 %  

Medium  Ca,Mg,Mn, 
Na,Ti,Sn 

Weak Cu,Ni,Mo, 
Cr,Pb,Zn, 
Ee,B,V,Ga 

Very weak T i  

TABLE 4 Soil   Mobili ty  of  Elements  in  Carbonate 
Formations 

In tens i ty   index  of element  migration (K e l .   - acc .  ) 

Highly  mobile,  Mobile Weakly I n e r t ,  
below  0.35 0.35-0.7 mobile,  above 1.4 

0.7-1.4 

Ge, E, bh Co, Sn, cu  Y ,  Gay V ,  
C r ,  N i  Pb ,  Zn, T i ,  

MO 

The sa tura t ion   of   the  so i l s  of  taiga-permafrost 
carbonate  landscapes of  t he   ca l c ium  c l a s s   w i th  
microelements  has a favorable   impact  on s o i l  
f e r t i l i t y .  During  geochemical  exploration  in 
t e r r a i n   s u c h  as those  under   discussion,  i t  i s  
a d v i s a b l e   t o  employ lithachemical  methods  because 
i n   t h e   s o i l s  which o v e r l i e   d e p o s i t s   c o n t r a s t i n g  
r e s idua l   ha loes  of most of t h e   o r e s   a r i s e .  

Taiga-permafrost   laadscapes  of  the  acid  gleyey 
(H+-FeZ") c lass ,   accumula t ive   superaqui fe r   a re  
f o r   t h e  most par t   charac te r i s t ic   o f   low- ly ing   a reas ,  
composed of l o o s e ,   s t r a t i f i e d ,   t e r r i g e n o u s ,   c a i n o -  
zoic  accumulations and peat-bog s o i l s  forming on 
them. The la t ter  develop  underneath  the  plant  
cover  which  consists of carex-veinik  and bush-ledum- 
kassandra-carex-moss-bog s p e c i e s ,  An e s p e c i a l l y  
severe  soi l   c l imate   forms  underneath  the moss 
cushion  and  the  peat  horizon,  which  subsequently 
h inders   warming  of   minera l   so i l   in   the  summer. 
This is  because  peat-bog s o i l s   i n  most  cases  have 
an   ac id i c   r eac t ion   w i th in   t he   pea t   l aye r   (wa te r  pH 
5 . 2 - 5 . 8 )   t h a t  i s  ChSe   t o   t he   neu t r a l   one   occu r -  
r i n g   i n   t h e   u n d e r l y i n g   m i n e r a l   l a y e r   o f   s o i l  ( 6 . 4 -  
6.7 pH). Within  the  peat   layer   the  organic   mat ter  
content ,   in   terms  of  humus, v a r i e s  from 26 t o  70%, 
while  that   of  gross  phosphoric  acid  ranges  from 
0.26 to 0.46%.  The sum of  exchange  bases  varies 
from 30 t o  100 mg-equ  per 100 g of dry  substance,  
of which 75-93% i s  CaZ+ and 7-25% Mg2+. 

This   type of landscape i s  w i d e l y   d i s t r i b u t e d   i n  

r i v e r   v a l l e y s  and  lowlands. I n  pH and the  degree 
of m i n e r a l i z a t i o n ,   n a t u r a l  waters approach waters 
of  a c i d   c l a s s .  The abundance of organic   mat te r  
( p e a t ,   r e s i d u a l s  of vegetat ion)   produce a regenera- 
t i o n  medium. Gleizat ion  processes ,   wel l   developed 
i n   t h e   s o i l s  of such   landscapes ,   a re   respons ib le  
for   the  typomorphic   nature   of   the  Fe* ion .  

ized  by seams of  bedrock  underlying a cover  of 
f r iab le   ca inozoic   format ions .  The i n f l u x   o f  
elements  originates  mainly  from  contiguous  land- 
scapes.  There i s  p r a c t i c a l l y  no removal of element: 
because  the  processes are dominated by accumulation 
(except   for   a l luvial   landscapes) .   Bedrock,   in  
places  where  the  thickness  of  the  cainozoic  forma- 
t i o n  i s  small due t o  the   format ion  of s a l i n e   b u l b s  
on top  of t he   o re   bod ie s ,  i s  another   poss ib le  
source  of  element  accretion. 

Plain-type  landscapes,   widespread  occurrence of  
hover  rocks  and  geocryological  and  hydrogeological 
condi t ions  make i t  poss ib l e   t o   cons ide r   t hese  
landscapes  as   superaquat ic .  The processes   of  
mechanical  migration o f  substances  everywhere, 
except   for   r iver -beds   and   f loodlands ,   a re   g rea t ly  
weakened.  Physical and chemical and b iogenic  
migra t ion  i s  very  pronounced. The rate of  water 
migra t ion  of microelements i s  increased   (Table   5 ) .  

TABLE 5 Basement Levels of Elements i n  Accumula- 
t ive  Superaquatic  Landscape Water 

A l l  the   landscapes  of   this   group  are   character-  

Value  of c o e f f i c i e n t  of water 

Migration migra t ion ,  KX 

rate 100  10 1 0 . 1  0.01 

Very high Hg 

High MO 

N i  
Zn 
Ag 

Medium 

Weak 

Very  weak 

Mn,Y,Pb, 
Cu,Cr,Ba, 
V,Ti,Co, 
Ga 

The presence  of   weak-acid,   u l t rafresh,   chlor ide-  
hydrocarbonate  water  with mixed ca t ions  i s  t y p i c a l  
of these  landscapes.  The composition of n a t u r a l  
waters of t h e  Verkhne-Adychanskaya  depression i s  
typical   (average  over  1 9  samples):  

The i o n s   c h a r a c t e r i s t i c a l l y   h a v e   t h e   f o l l o w i n g  
r a t i o :  HC03 > C 1  > SO9 and Na+ > Mg* > Ca*. 

I n  peat land  waters ,   the   mineral izat ion  sometimes 
i n c r e a s e s   s u b s t a n t i a l l y  (up t o  100 mglk),  while  the 
a c i d i t y  i s  decreased  due  to   the  presence o f  humic 
ac ids  (pH 5 .2  o r   l e s s ) .  

This  type of  landscape is l i t t o r a l  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 of 
near-neutral  pH.  These  are  exemplified  by  spring 
water  and  shallow  lakes  in  the  eastern  Primorye 
lowlands,  in  the  Kolyma  River  basin  (the  average 
f o r  5 2  samples  from  an  area of about 2,000 kd): 

HC0351  C1 49 

Na71  Ca22 Mg7 
M0*070 pH 6 . 7  Eh  0.5B 

In the  surface  water  composition,  the  chlorine- 
ion  content  averages 25 mg/R (12-50 mg/R), whereas 
in  landscapes of this  class  occurring  further  in- 
land,  the  background  content of chlorine-ion  is 
4 mg/R.  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 
o f  the  landscapes  under  study,  the  geochemical 
specialization of a given  landscape  being  defined 
on the  basis of paragenic  associations, i.e.  groups 

of  elements  that  are  characterized  by a  high con- 
trast  range of migration in the  subarctic zone, in 
comparison t o  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 
i n  the  surface run-off, by low  mineralization of 
atmospheric  precipitation  and  by  weak  development 
of the  technogenic  processes. 

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. 

here  are  typical of certain  landscapes  and  indicate 
not  only  geochemical  but  a150  ore  specialization. 
The  abundance o r  shortage of a  number  of  elements 
determines  the  balneological or economic  value  of 
a landscape. 

The  behavior  of  concentrating  elements,  charac- 

The  paragenic  associations of elements  isolated 

TABLE 6 Biochemical  Absorption of Microelements 
in  Accumulative  Superaquatic  Landscapes 

Coefficient of biological  absorption 

Region 10 10-1 1-0.1 

Verkhne-  Cd,Ag,As Mo,B,Zn,Pb,  Li,V,Ga,Ti, 
Adychanskaya Cu,Ni,Sn,Cr,  Y,Mn,Sc 
depression co 

Primorye  As ,Mo Mn,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 

Terrigenous 0.028 4 . 2  H+ Au,Be,W,Hg, Si ,Zn,Co,Al 
P I Z  Na,F,Cu,Ag,MTI, 

Ba,As,Sb,Sn 

Granitoid 0.019 2.2 H+ Bi,Sn,Ti,As,  Na,Ca,Si,A, 
MZ Hg,Ag,Ni,Be,Cr  Zn,Co 

Carbonate 0.150 28 .o Cat+  Cd,Mn,  Ti  ,Ag , Pb ,Zn,Ni  ,Ti, 
PZ Hg, Sn V,Ga,B,Mo 

Terrigenous 0.023 7.0 Hf-Fe* Mo,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. Malyshev, V .   V .  Fursov.  and M. V. Baluyura 

Institute of  Civil  Engineering 
Tomsk, USSR 

The  relationships  between  the  deformation o f  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 o f  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. 

ted in Tomsk.  The  soils  represented  are  alluvial 
loams  and  sandy loams with  soft  plastic  and  fluid 
consistency.  These l o a m  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  1.8-2.8  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. 

(Figure I), 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  pf  the  foundations,  constructed in  1978, had 
a  depth  of 1 m  and  the  pressure  of (ma) : F1 = 
0.05; F, = 0.1; F, = 0.2; FL, = 0 . 3 .  In 1979  six 
more  foundations  were  put  up,  two  of  which  had  the 
depth  of 1 m and  the  pressure  of: F5 = 0; Fg =0.3; 
and  four  foundations  at  the  depth  of 1.5 m  had  the 
pressure  of:  F7 = 0 ;  Fa = 0.1; F9 = 0.2; Flu =0.,3. 

The  field  test  procedure is described  below 
(Malyshev  and  Fursov, 1982). 

Before  setting  a  foundation, a hole 50 nun 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  Maximov's  defor- 
mation  meters  and  clock-type  indicators  were  used. 
In experiments  the  leveling 'cy anchors  and  marks 

The  construction  site with foundations  is  loca- 

The  area  of  the  settlement  plates  was 10,000 cm2 

on foundations  was  made.  The  depth o f  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, 

"-0"""""- YT- 

FIGURE 1 Schematic  drawing  of  the  settlement  plate 
1- model  of  the  settlement  plate  1.OX 1.0% 0.4 m; 
2- frame  for  load; 3- load; 4- film,  covered with 
solido1  and  a  board box; 5- loam 1 ~ = 0 . 4 - 0 . 7 ;  
6- loam IL = 0.75-1.0; 7- depth  of  freezing; 
8- ground  water  level. 

2 5 9  
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FIGURE 2 Ver t ica l   d i sp lacement  of s e t t l e m e n t   p l a t e s  a t  a depth 
of 1.5 m i n   f r e e z i n g  and  thawing  of  foundation  beds: 

1 , 2 , 3 , 4  - foundations F7, F a ,  F’J. and F l o ;  5 - depth  of 
f r eez ing .  

and foundation  displacement  were made, A t  t h e  
beginning and a t   t h e  end o f  win te r   t he  level of 
ground  water w a s  measured. 

t i o n s  set a t   t h e  same depth  but   under   differenr  
so i l   p re s su re   were   cha rac re r i zed  by heaving,   the  
beginning of which d id   no t   co inc ide   wi th   the   so i l  
f r eez ing  o f  foundarion  beds  and was d i f f e r e n t   i n  
va lue .  See also  Shvets  and  Mel’nikov  (1969), 
Kise lev  (1971), and Karlov  (1979).  Foundations 
wi th   h igher   p ressure  on t h e   s o i l  had  a t h i c k e r   l a y e r  
of f r o z e n   s o i l  below the   foundat ion   foo t ing ,  so  t h a t  
foundat ions  did  not   heave,   and  the  total   value  of  
heaving was decreased. For i n s t ance ,  when t h e  
se t t lement   p la te   p ressure   increased   f rom 0 t o  0 . 3  
MPa, the  maximum value  of  heaving of foundations 
s e t  a t  a depth  of 1.5 m decreased  from 2.8 t o  0 cm 
(Figure 2 ) .  Of foundat ions  with  the same s o i l  
p re s su re ,   bu t   s e t   a t   d i f f e ren t   dep ths   (1 .0  and 1.5 
m), the   g rea t e r   capac i ty  o f  t h e   f r o z e n   s o i l  below 
the  foot ing,   before   heaving  began,  was inhe ren t   t o  
foundations  that   were  deeper.   These  foundations 
had a ground  water  level a t  t h e  end of w i n t e r   t h a t  
was approximately 40-80 cm lower  than  the  depth  of 
f r eez ing .  A t  higher  ground  water  levels,   with  the 

Observa t ions   in  1978-82 indicated  that   founda-  

depth  of  1.7-1.9 m from the   su r f ace  and  with  f reez-  
i ng  t o  1.9 m i n  1979-80,  foundation F6, s e t   a t  a 
depth o f  1.0 m wi th  a foot ing   pressure   o f  0 . 3  ma, 
heaved  7.4 cm. The heaving  began when t h e   f i r s t  
below  foundation  footing  reached 40 cm and sha rp ly  
a c c e l e r a t e d   d u r i n g   f u r t h e r   f r e e z i n g  up t o   t h e  
ground  water  level.  Under t h e  same cond i t ions ,  
foundation F g ,  set  a t  a depth  of 1 . 5  m and  under 
the  lower  pressure  of  0 .2  ?Pa, heaved only 0.5 cm. 
The foundat ion  displacement   curves   are   presented 
in   F igu re  3.  The greater   heaving of foundation 
F6 as compared wi th   foundat ion  Fq i s  accounted  for  
by the   i nc rease  of  water  migration  through  the 
f r e e z i n g   s o i l ,   w h i l e   t h e   p r e s s u r e   i n f l u e n c e  i s  
sharply  decreased  because of t h e   r e d i s t r i b u t i o n   i n  
the  f rozen  soi l   under   the  foundat ion  foot ing.   Thus,  
the   l eve l   o f   g round  water   be ing   in   the   f ros t  zone, 
t he   i n f luence  o f  pres su re  on the  decrease  of  heav- 
ing  is more e f f ec t ive ly   man i fe s t ed   i n   t he   h igh -  
temperature  lower  part  of t h e   f r o z e n   l a y e r .  
According t o  observa t ions  on the  displacement  of 
founda t ions   w i th   d i f f e ren t   p re s su res  it can be 
s t a t ed   t ha t ,   a t   t he   beg inn ing   o f   heav ing ,   t he  
normal  pressure  under  the  foundation  footing  result-  
i ng  from f r e e z i n g  of  1 cm s o i l   f o r   f o u n d a t i o n s   s e t  
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FIGURE 3 Vertical  displacement o f  settlement  plates  and  marks - heavemeters in freezing 
and  thawing  of  foundation  beds'  soil. 

1 - surface  mark; 2 - foundation Fg; 3 - foundation Pg;  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  influence 
of pressure on deformations  of  loaded  foundation 
beds  during  the  freeze-thaw  process  can  be  clearly 
seen  in  the  displacement  curve o f  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  foundation  foot- 
ing  is 3 cm, and  at  the  level  of  soil  surface  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  foundation  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  faun- 
dation  settlement  stops a  month  later  after  the 
soil  is  completely  thawed  and t h e  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  had no additional 
settlements. 

Examination  of  displacement  stages of the  loaded 
foundations  made  it  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  increase. 
All  the  loaded  foundations in the  last  stage  had 
additional  settlement,  which  was  greater  for  more 
heavily  loaded  and  less  deep  foundations,  but  it 
was  especially  characteristic  of  foundations  with 
0 . 3  ?.'&'a pressure on the  foundation  bed  (Figure 3 ) .  
With  decreased  pressure  and  increased  depth  of 
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FIGURF, 4 Deformation  of  the  soil   samples  under  repeated  freezing-thawing 
condi t ions .  

1,2,3,4,5 - s o i l  samples 
- " " - - " heaving ; thawing  sett lement 

Table 1 

Granulomerric  composition of p a r t i c l e ,  % Void P l a s t i c   L i q u i d   L i q u i d i t y  
TYPf! Rat io  L i m i t  L i m i t  Index 

No. of s o i l  0.25-0.10 0.10-0.05 0.05-0.01  0.01-0.005  C0.005 (e)  (W,) (WL) (IL) 

1 Loam 5.6 36.5 45.9 3.7 8.3 0.86 0.15 0.25 0.55 
2 Loam 50,9 15.6 8.5 12.2 12.8 0.61 0.12 0.22 1 .oo 
3 Lo am 28.2 10.2 40.1 10.0 11.5 0.57 0.18 0.28 0.00 
4 Clay 4.9 11.2 36.8 43.9  3.9 0.89 0.13 0.37 0.85 
5 Clayey - - - + 100.0 1.94 0.41 0.86 0.66 

f r a c t u r e  

foundat ion ,   addi t iona l   se t t lements   decrease   and ,  To estimate the   in f luence   o f   repea ted   f reez ing  
i n   t h e   c a s e  of  unloaded  foundations,  were nor and  thawing  on the  deformation  acd  on  the  bear ing 
observed. capacity  of  loaded  foundation  beds of  c l a y e y   s o i l ,  

Sof t  soi ls  under   pos i t ive   p ressure   dur ing   the   l abora tory  tests have  been  carried out: ( b l y s h e v ,  
f i r s t   y e a r  of f r eez ing  and thawing  give only 1969; Fursov,  1979). 
s e t t l emen t ,  The four   years  of observa t ions  show I n  consolidometers made of   organic   glass ,  ne 
t h a t   f o r   t h e   f i r s t  winter season ,   addi t iona l   samples   wi th   d i f fe ren t   types   o f  s o i l ,  dens i ty ,  and 
se t t l emen t s  are g r e a t e s t  and  they  subsequently  moisture  were  compressed  under  pressures of 0.1- 
decay  as   the  f reeze- thaw  cycle  i s  repea ted .  0.3 "a, u n t i l   a b s o l u t e   s t a b i l i z a t i o n  w a s  achieved. 

Additional  compression of clayey soi ls  under   the Then they were frozen  and thawed under  the same 
in f luence  of f r eez ing  and  thawing  was  caused by the   l oad ing .  In some of the   samples   a f te r  a s e r i e s  
complex i n f l u e n c e s   a c t i n g   i n s i d e   t h e   s o i l   f o r c e s ,  of   f reeze- thaw  cycles   the  loading was reduced o r  
caus ing   d i s loca t ion   of   minera l   par t ic les   and   f i lm  to ta l ly  removed.  While  examining  water-saturated 
water ,   formation of c ryogenic   t ex tures ,   decrease  o f  s o i l s   t h e r e  was water i n  the  lower  porous  disk  of 
so i l -bear ing   capac i ty  and inc rease  o f  deformation  the  apparatus .  I n  examining  the  soi ls   not   satu-  
a b i l i t y  i n  thawing out. ra ted  with  water   the  upper   disk was covered  with 
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para f f in   t o   p ro t ec t   t he   so i l   f rom  d ry ing .   F reez ing  
w a s  ca r r i ed   ou t   €o r  40 hours a t  temperatures  from 
-5 'C  t o  -20°C, and  thawing  took  place a t  +18'C. 
The cyc le s  were repeated  from 6 t o  30 times. 

The t e s t s ,   g i v e n   i n   F i g u r e  4 and  Table 1 f o r  
t yp ica l   t ypes  of  so i l s   y i e lded   t he   fo l lowing  
r e s u l t s .  Clayey s o i l s  were  compressed t o  a consid- 
e r a b l y   g r e a t e r   e x t e n t  by cyc l i c   f r eez ing  and  thawing 
under   loading  than  without   f reezing.  The most 
in tens ive   compress ion   deve loped   dur ing   the   f i r s t  
cyc les .  A s  the  compression  increased and t h e  
freeze- thaw  cycles   were  repeated,   soi l   deformation 
decreased,   and  the  f rost   heaving  and  set t lement  
during  thawing  level led  out .  The u l t ima te   dens i ty  
depended  on the   loading ,   the   degree  of mois ture ,  
and the   t ype  of so i l .   I n   t he   c l ayey ,   wa te r - sa tu r -  
a t ed   so i l   w i th   t he   p reva lence  of clayey  and  dusty 
p a r t i c l e s ,  0.2-0.3 MPa pressure  densi ty   corresponded 
to   the   equat ion:  

e =!.@E 
S 

where e = 

G s  = 
s =  

wp = 
v o i d   r a t i o  
p l a s t i c  limit, % 
s p e c i f i c   g r a v i t y   o f   s o l i d s  
s a t u r a t i o n ,  % 

The u l t ima te  loam density  depended  on  the  loading 
and optimal  compressibil i ty  of  the  sandy  and  large 
d u s t y   p a r t i c l e s   c o n s t i t u t i n g  them.  Unloading a f t e r  
compression  and t h e   r e p e t i t i o n  of freeze-thaw 
cycles   increased  heaving and decreased  densi ty .  

Analysis o f  t h e   r e s u l t s  of tests on d i f f e r e n t  
types  of soils under  repeated  freezing  and  thawing 
conditions  provides  approximate  deformation  depend- 
anc ies  of loaded  foundation  beds on the   phys i ca l  
c h a r a c t e r i s t i c s  of t h e   s o i l .  

and  sandy  loams  before  freezing  and  immediately 
a f t e r  thawing,  run  in  the  regime  of  the  quick 
unconsolidated-undrainaged s h i f t ,  showed t h e  de- 
c rease  of t he i r   so i l -bea r ing   capac i ty .   F igu res  
of   so i l -bear ing   capac i ty  of dus ty  loams of   na t ive  
s t r u c t u r e   ( e = 0 . 7 - 0 . 9 ;  Ip = 0.1-0.14; IL = 0.1- 

Exper imen t s   on   r e s i s t ance   t o   t he   sh i f t   o f  loams 

0.8) were reduced  from  10 t o  80%,of  sandy loams 
to 10%. The i nc rease  of d e n s i t y  and  sandy  par- 
t i c l e s   c o n t e n t ,   t h e   c o n s i s t e n c y  and the  degree  of  
mois ture   reduct ion   ends   in   the   decrease   o f   f reez-  
ing  and thawing  inf luence  on  the  soi l -bear ing 
capac i ty .  

of founda t ion   foo t ing   t o  be  chosen  based  on t h e  
foundation bed ca l cu la t ions   acco rd ing   t o   u l t ima te  
states.  

The r e su l t s   o f   t he   i nves t iga t ion   a l low  the   dep th  

REFERENCES 

Fursov, V. V., 1 9 7 9 ,   I s s l e d o v a n i j e   v l i j a n i j a  prom- 
o razh ivan i j a  i o t t a ivan i j a   g run tov   na   i kh  
f iz iko-mekhanicheski je   svoj i s tva . -   I ss ledovani ja  
PO s t ro i te l 'nym  kons t rukts i jam i fundamentam. 
I z d a t e l ' s t v o  Tomskogo u n i v e r s i t e t a ,  Tomsk, 

Karlov, V .  D., 1979,  Frost  heave of unsa tura ted  
p .  214-217. 

loamy s o i l  under f ie ld   condi t ions .   Engineer ing  
Geology,  vol.  13,  no.  1-4, p .  41-52. 

Kise lev ,  M. F., 1971 ,   Meropr i j a t i j a   p ro t iv  deform- 
a t s i j i  z d a n i j i  i s o o r u z h e n i j i   o t   d e j s t v i j a  
moroznogo vypuchivanija  fundamentov. MOSCOW, 

S t r o j i i z d a r ,  p .  47-54. 

gruntov   pr i   p romerzani i  i ot ta ivani i . -   Inzhen-  
e rna ja   geo log i j a ,   o snovan i j a  i fundamenty. 
Sbornik  nauchnykh Crudov Tomskogo inzhenerno- 
s t r o i t e l ' n o g o   i n s t i t u t a ,  Tom XIY, Tomsk, p .  
58-62. 

Malyshev, M. A. and Fursov, V .   V . ,  1982 ,   V l i j an i j e  
sezonnogo  promerzanija i o t t a i v a n i j a   g l i n i s t y k h  
gruntov na r abo tu   o snovan i j i  i fundamentov.- 
Osnovanija,  fundamenty i mekhanika  gruntov, no. 
3, p. 16-18. 

Shvets,  V. B. and  Mel'nikov, B. N., 1969,  Ustoichi- 
vost'  melkozaglublennykh  fundamentov v us lov i j akh  
glubokogo  sezonnogo  promerzanija.-  Osnovanija, 
fundamenty i mekhanika  gruntov,  no. 2 ,  p. 13-18. 

Malyshev, M. A . ,  1969,   Deformatsi ja   gl inis tykh 



ARTIFICIAL ICE MASSES IN ARCTIC  SEAS 

P. I. Melnikov, K. F. Voitkovsky, R. M. Kamensky,  and I. P. Konstantinov 

Permafrost  Institute,  Siberian  Branch 
Academy o f  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 -2O'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 o f  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 
o i l  and  gas. 

tions  for  oil  and  gas  prospecting  and  extraction 
is one of the most 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 o f  the  year. 
Considerable  movement  of  the  ice  cover  occurs  in 
most  regions.  The  action  of  winds  and  tides, 
together with temperature  fluctuations,  cause  ice 
hummocking.  As a result of ice  movement  and 
hummocking,  the  ice  cover  exerts  considerable 
pressure on artificial  structures  and  islands. 

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 t o  determine ways to 
amplify  them  (Gordeichik  and  Sosnovskiy  1981, 
Gordeichik  et  al.  1980,  Sosnovskiy  1982).  The 
construction of artificial  ice  massifs  from  sea 

Construction  of  artificial  islands  and  founda- 

Natural  and  climatic  conditions  of  the  arctic 

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 
(Voltkovskiy  and  Kamenskiy 198l). 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 o f  an 
engine-driven  pump,  the  water  layer  being  about 
50 mm deep.  After  this  layer  froze  and  cooled  down, 
water  was  poured  successively  and  ice  layers  from 
15 to 60 rmn 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 o f  artificial  ice. 

It was  found  rhar  monolithic  ice  formed  under 
conditions in which  the  next  layer  was  frozen  only 
after  cooling  the  previously  produced  ice  layer 
down ro -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  warnings  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  tests 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 ou t  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. 

under  laboratory  conditions were Undertaken, in 
addition  to  in-situ  ice  production. To do  this,  a 
wind  tunnel  was  designed  in  the  underground  refrig- 
erating  chamber o f  the  Permafrost  Institute  of  the 
Siberian  Branch  of  the USSR Academy of Sciences. 
Inside  the  wind  tunnel  there  was  a  special 3 0 ~  8x4 
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'~. 

The  thickness of the  layer  of  frozen  water  in 
the  pan  was  recorded  from 5 to 40 mm. 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  -1OOC  is  in  approximate  linear  dependence 
on  this  layer  thickness 6 (within 5 and 30 nnn) and 
can be  expressed  by  the  empirical  formula 

Studies  of  layered  ice  production  from  sea  water 

6 
t6 = t25 

where 6 is  the  thickness  of  the  freezing  water 
layer in mm, t25  is  the  time  required  to  freeze  a 
water  layer 25 mm thick  and  to  cool  it down to 
-10°C. 

thick  was  t6 = 1,7  t25.  This  means  that  by  freez- 
ing  a  water  layer with  a  thickness  greater  than 
30 mm, the  linear  dependence  changes  towards  the 
increase  of  freezing  rime,  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 m. This  can b e  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 nun does  the  reduction  of  the  intensity of 
the  heat being given  off  become  pronounced  as  well 
as usual  decrease  in  water  freezing  rate  when  ice 
thickness  increases. 

From  the  aforementioned  considerations,  the 
actual  rate  of  layer-wise  production  process  can 
be  estimated  based on the  test  results  of  freezing 
25 mm thick  layers  of  sea  water  (Table 1). The 
dependence o f  the  rate  of  production  upon  the  air 
temperature  at  different  wind  speeds  is  shown in 

The  time  it  took  to  freeze  a  water  layer 40 mm 

Figure 1. As indicated in the  plot,  the  rare of 
layered  ice  production,  taking  into  account  cooling 
down  to -lO'C, increases  substantially  when  the  air 
temperature  decreases  to - 2 O O 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 -1O'C (thick- 
ness of water  layer  is 25 mm) 

Air Wind  speed h/s) 

("C) 1 2 5 10 15 
temperature 

-12 14.5 13.8 11.1 8 . 3  6.5 
-14 12.7 11.8 9.8 7.4  5.7 
-16 11.8 11.2 9.1 6 . 8  5.3 
-18 11.2 10.3 8 . 3  6.2 4.9 
-20 10.7 9 .8  7.9 6 . 0  4 . 6  
-25 9.8 9.0 7 . 3  5.5 4.2  
-30 9.1 8 . 4  6.8 5.1 4.0  

0 
-to -20 -30 '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 o f  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 resultsin increased 
strength  as  compared  to  ice  produced from fresh 
water,  whereas  further  increase in ice  salinity 
leads t o  decreased  strength.  In  all  cases  the 
strength  of  ice  increased  as  the  temperature  was 
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TABLE 2 Maximum  resistance  of  ice  produced  in  TABLE 4 Physical  characteristics  of  ice 
layers  to  uniaxial  compression (ma) 

Density Porosity  Salinity 

Ice  Strength of ice  at  temperature("C) 
Kind o f  ice  (g/cm3) ( X )  ( O / O O )  

salinity 
( O I O O )  -4.5 -7 .0  -14.6  -27.5 

Natural  sea  ice 0.90 3 .5  

Manufactured  ice, 
4.5 

30 
22 
17.4 

9.2 
0 

produced  in 
layers 0.87 5.7 0.8 1.2 2.5 6 . 3  

1.1 1.6 3.4 7.4 
1.5 2.6 4.1 7.5 Manufactured  ice, 
2.4 3 . 3  4.8  7.6 produced  by 
2 . 6   2 . 9  3.7 5.0 showering 0.84 9.0 

9.9 

16.5 

TABLE 3 Ice production of sea  water  by  the  shower  method 

Pre-experi- 
mental  temp  Thickness  Intensity  Time to cool 

Avg.  air of ice Wind Shower of produced of ice ice  layer 
temp. surface velocity duration ice layer production to -looc 
( "C) ( " C )  (m) (hr) (cm) (cm/hr)  (hr) 

-18 -16.5 12 2.9 6.0 2.1 5.4 
-18 -12.4 I1 2 . 4  6.0 2 . 5  - 
-21 -19.4 0 2.0 5 . 0   2 . 5  - 
-23  -21.4 1 2.25 3 .0  1.3 - 
-19 -18.2 3 4.25 2.0 0.5 0.5 

lowered.  However,  the  higher  the  salinity,  the 
greater  its  relative  strength. 

water is relatively  low,  and  this  limits  the  thir-k- 
ness of the  ice  massif  created  in  the  course o f  
one  winter.  It  is known that  the  rate of ice 
production when the  shower  method  is  used  to  build 
ice  masses i s  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. 

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 R/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 o f  shower  intensity  varied  from 0.15 to 
0.29 m/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 o f  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 
o f  salts  and  spherical  air  blobs;  it  is  a  fine- 
grained  ice  having  chaotic  structure. 

The  rate  of  layered  ice  production  from  sea 

Experimental  ice  production  from  sea  water  using 

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  rime. 
Based on experiments  and  theoretical  calculations 
it  was  found  that  the  optimum  thickness  of a single 
ice  layer  ranges  from 5 to 40 m. In field  con- 
ditions  at  weak  wind  the  actual  rate o f  sea  water 
ice  production (J) by  the  shower  method  attains, 
depending  on  the  air  temperature (ta), the  follow- 
ing  values : 

at  ta = -15°C J = 0.7 cm/hr 

ta = -25°C J = 1.0 cm/hr 
ta = - 3 O O C  J = 1.1 cm/hr 

ta = -20ac J = 0 . 9  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 o f  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. 

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 

To compare  the  mechanical  properties  of  the  ice 
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FIGURE 2. Strength  of  ice (U, Mea)  to  ball  stamp 
press  in.  1 - ice,  manufactured  by  sprinkling; 
ice  temperature  Bi = 6.4'C; 2 - the  same ice, Bi= 
-11.8'C; 3 - ice,  produced  layer-by-layer,  Bi = 
-6 .4'C; 4 - the  same  ice,  Bi = -11.8'C; 5 - natural 
sea ice, Bi = -11.8'C. 

of  ice  to  the  pressure  exerted on it  by a 20 mm 
diameter  punch  having  a  4.65  kg  applied  load 
weight  are  presented  in  Fipure 2 .  

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 LOW strength of the ice 
obtained  by  the  sprinkling  method i s  due  to  higher 
porosity  and  salinity o f  the  ice. 

Because o f  the  higher  porosity  and  salinity of 
the  manufactured ice, especially  at  temperatures 
higher  than  -7OC,  its  strength is less than that  of 
natural  sea  ice.  Partial  removal  of  brines  during 
ice  production  could  be  a  means o f  increasing ice 
strength. A s  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  pumping  it  out  of  an 
,ice  mass.  Drainage  pipes  from  various  systems  can 
be  used  to  increase  the  intensity of brine  filtra- 
tion. 

substantially  increased  by  maintaining  within  it  a 
lower  temperature  by  means  of  artificial  freezing 
as well. 

Strength  of  the  ice  produced  by  the  shower 

The  strength  of  the  manufactured  ice  mass can be 

When construc ting artificial  b ases  in the  arctic 
seas  it < R  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 o f  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  tech- 
nological  problems. 
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The  paper  examines  the  heating of frozen  ground  by  means o f  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  rocks  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 o f  a 
thawed  zone  at  the  surface  through  which  the  electro-  and  thermo-physical  properties 
of the  rock  exerr 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,  dependlng on the  frequency  and  type of 
rock,  are  0.1-0.6 m with  a COnsmptiQn o f  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-consuming 
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  numerous 
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; 

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 

- technologically  acceptable,  microwave  depend- 

effective.  Examples  are  mining  deep  gravels, 
geological  exploration,  driving  of  prospect  pits, 
opening  of  damaged  zones of underground  networks, 
etc. 

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 o f  the 
thawed  zone,  the  time  of  electromagnetic  action  and 
the  energy  efficiency.  This  paper  addresses  the 
results  of  experimental  and  theoretical  study o f  
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 t o  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  surface in a  normal 
fashion  and  where  the  energy's  flux  density S 
depends  only on coordinate 2, 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. 

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. 

Since we are  interested  primarily  in  phase  front 
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0 f a  the  depth of electromagnetic  field  penetration 
determined  from  relationship E(O)/E(h) = e, where 
E i s  electrical  field  intensity 

h = x o v T / l T  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  assuming  evident  condition-energy  absorb- 
ed at given  point Z by  the  time t of  phase  front 
approach  to  this  point  to  be  equal Q = cvlT; I t q , 
where +, T i ,  and qp are  respectively  heat  capaciry 
per  unit  volume,  inltial  temperature,  and  phase 
transition  energy  per  unit  volume.  This  brings 
about  the  following  equation  (Nekrasov  and  Ricken- 
glass 1973). 

~[exp(2d/hf) - 11 = 1 N(d) dt ( 3 )  

where T is the  time of surface  layer  thawing 

t 

T 

FIGURE 1 Diagram  of  microwave  device fo r  frozen After  integro-differential  transformations  and  a 
soil  thawing. number  of  algebraic  manipulations  the  desired 

function d(t) can  be  found  as  (Rickenglass  and 
Electrical  properties of frozen  and  thawed  soils  Shonin 1980). 

differ  enough  to  represent  temperature-dependent 
changes of complex  permittivity f = E' - i&" by 
step  function  at T = O ,  averaging  the  value o f €  d = O.5ht&n[l+B(t/-r- I)] (5) 
separately  for  temperature  zones  above  and  below 
zero.  Typical  values  of  the  dielectric  constant 
E' and  the  dielectric  loss  factor&",  based on 2375 
KHz  frequency  measurements  (Shonin  and  Sokolova 
1981),  are Ef = (3-71, &; = (0,1-3) and E[ = (10- 
251, &; = (2-71, depending on soil  type.  Sub- 
scripts f and  t  refer  to  frozen  and  thawed  states 
of  soil,  respectively. 

If a  step  approximation of &(T) is  adopted, 
frozen  soil  occupying  a  half-space Z 2 0 ,  may  be 
considered in electromagnetic  terms as a  layered 
lossy  dielectric  medium,  in  which  the  boundary 
between  electrically  contrasted  media  coincides 
with  a  moving  phase  front. 

smaller  than  the  time  needed  for  thawed  layer  depth 
d to  change  markedly,  the  electromagnetic  field 
distribution  in the ground  may  be  defined  assuming 
the  value  of  d  to  be  constant.  These  assumptions 
allow  solution of the  intensity  of  heat  sources  per 
unit  of  volume 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 pet 

q(z) = 2So/hf * N(d) exp  (-2dhf). d z 500 (1) 

where So is  incident  energy  flux  density, N(d) is 
penetration  coefficient,  taking  into  account  the 
energy  reflected  from  ground  surface  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 x,. Note,  that N(0) 2 e  / (i + @) and  N(d+m)= 

As the  period  of  oscillations  is  obviously  much 

where B = hf/ht. This expression  helps  to  deter- 
mine  the  speclfic  microwave  energy  consumption  as 
a  transmitted  energy  flux  density  per  depth  of 
thawed  zone 

W(t) - St/0.5htRn [I + i3(t/T- I)] (6) 

Analysis  of  equation (6) allows  examination  of 
microwave  thawing with  minimal  energy  consumption. 
If S is  given,  the  parameters  of  such  a  regime  may 
be  derived  from  condition  aw/at = 0 ,  which  results 
in the  following  equation 

Next, the  value  of  d  is  easily  defined  from  (51, 
where t = topt. 

The  expressions  derived  above show that  intro- 
ducing  such  characteristics  of  thawing  as  h  and T 
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 S, and X, (just  as 
permafrost  electrical  and  thermal  properties), 
depending  in  turn on soil  types,  moisture  content, 
soil density, s o i l  grain  size  etc.,  influence 
permafrost  thawing. 

The  developed  theoretical  model  of  permafrost 
heating  promoted  further  experimental  investigation 
of  frozen  soil  thawing  under  microwave  action. 

opt 
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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 -1O'C and -3O'C. There 
were  two  soil  types  under  study:  sand-loam  (mois- 
ture  content w = lo%,  soil  density y = 1.55 g/cmS, 
initial  temperature  Ti = - 3 O O C )  and  sand (W = 52, 
y = 1.4 g/cm3, Ti = -10°C  and  -30°C). 

rectangular  waveguide with a  cross  sectional  area 
of 9 x 4 . 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 o f  a 
bidirectional  coupler.  Power  flow  density 
radiated  was 110, 40 and 16 W/em2  at  2375  MHz 
frequency.  Frozen  soil  block  dimensions  were 
chosen (0.3~ 0 . 3 ~  0.4  m3) to  simulate  a  semi- 
infinite  dielectric  half  space so far  as  propaga- 
tion  of  electromagnetic  waves  was  concerned. 

The time of surface  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/o, where P is  power  trans- 
mitted  into  the  irozen  soil block and 0 is  the 
cross  sectional  area of waveguide. 

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 radiator  utilized  had  flanges, open  ends, a 

When experimental  verification o f  the  theory  was 

The relation  between  the  depth  d o f  thawed  zone, 
obtained for different  values of power  flux  density 
S ,  and  normalized  time  of  microwave  action t/'l is 
shown  in  Figure 3. Inspection  of  the  plotted  data 
indicates  that, if the  normalized  variable  t/r  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  hf = 1 9 . 5  cm and  h = 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  recomnended  for  approximate  calcula- 
tions  of  the  process  parameters. 

frost  employed  experimental  microwave  devices  at 
2375 MHz and 915  MHz  frequencies,  providing  an 
energy flux density  at  the  i  radiator  center o f  
4 10 and 23 a lo4 W/m2  respectively. In the 
former  case,  a  pyramidal  horn  with  cross  sectional 
area of aperture 0 = 0.,75 x 0.38 m2  was  used, 
while  in the  latter  E-sectorial horn with a = 0 . 5  
x 0.22 m2 was chosen. 

one heated  at  2375 MHz was coarse-grained  soil- 
pebbles  cemented  by  clay  50-60%  filling (.Ti = 
-6OC, w = 9-IO%, y - 1.9 tn/m3, C, = 0.7-0.8 
M..T/m3 * "C) and  the  second  one  heated  at 915  MHz 
was  represented  by  the  sand of active  layer in 

The investigations  of  microwave  thawing  of  perma- 

There  were  two soil types  covered. The first 
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FIGURE 2 Influence of microwave  energy  flux  den- 
sity S and  energy  of  phase  transition Q on the  time 
T o f  surface  layer  thawing. 
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FIGURE 3 Dependence of thawed  zone  depth  d on 
normalized  time t1-i of  microwave  action. 

Yakutsk  region (Ti = -7"C, w = 12-14%, y = 1.6 
tn/m3 , C, = 1.2 MJ/m3 - "C) . 
thawing  shows  that  both  curves  change  most  rapidly 
from T (40s - curve 1 and 50s  - curve 2) until  t = 
( 4 - 5 ) ~ .  During  microwave  action  the  depth of the 
thawed  zone  reaches 0.28-0.32 m at 915 MHz and 

Figure 4 illustrating  the  dynamics o f  permafrost 
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FIGURE 4 Dynamics  of permafrost  thawing  by  micro- 
waves a t  915 MHz (curve 1, sand) and  2375 MHz 
(curve 2, coa r se   g ra ined   so i l ) .  

0.07-0.08 m a t  2375 MHz. Fur ther  microwave 
treatment  of  the  massive  permafrost   slows down t h e  
r a t e  of phase  f ront  movement. This is  caused by 
a t t e n u a t i o n  of the   e lec t romagnet ic  wave propagat ing 
through  the thawed l aye r .  

Figure 5 indicates   that   dur ing  thawing,   micro-  
wave energy  consumption  per  unit  of volume W changes 
so t ha t   t he   cu rves  W ( t )  have minimums. This   fac t  
is  of p r a c t i c a l   i n t e r e s t   b e c a u s e  it promotes thaw- 
ing   wi th  maximum p r o d u c t i v i t y .  The experimental  
hata indica te   tha t   such   a   reg ime  for   hea t ing   f rozen  
sand a t  915 MHz i s  r e a l i z e d  when dOpt = 0.27-0.28 
m ,  S topt  .= (2.5-2.8) * l o4  k J / d  and W = lo5 kJ/m3 
o r  30 Wh/r3. 

in   the   g round,   the   energy   consumpt ion   for  i t s  thaw- 
i n g  i s  0.75 * lo5 kJ/m3. Comparing t h i s   v a l u e   t o  
that   obtained  above,  we see t h a t   t h e   c o e f f i c i e n t  of 
microwave power u t i l i z a t i o n  is ra ther   h igh  and 
e q u a l   t o  75%. 

Similar  parameters of c o a r s e   g r a i n e d   s o i l  thaw- 
ing a t  2375 MHz may be  def ined as dopt = 0.06-0.07 
m ,  S topt  = (0.5-0.55) - l o4  kJ/m2 and W = 0.7 * lo5 
? d i m 3  o r  20 kWh/m3. 

The energy  consumption  l isted  above was d e t e r -  
mined t ak ing   i n to   accoun t   r ad ia t ed  microwave power 
on ly .   I f   t he   gene ra t ion   l o s ses  of 30-40% are 
cons ide red   t he   ac tua l   va lue  of th i s   parameter  
i n c r e a s e s  1.4-1.7 times. 

The curves of F igu re   5   i nd ica t e   t ha t  microwave 
energy  consumption  decreases when moisture   content  
o r ,  what  amounts t o   t h e  same th ing ,   phase   t rans i -  
t ion  energy  diminishes .   That  i s  why it i s  especi-  
a l ly   p romis ing  to use  microwave  thawing of perma- 
f r o s t   i n   c o a r s e   g r a i n e d   f r o z e n   s o i l s .  

I f   i nne r   hea t   sou rces   a r e   d i s t r ibu ted   un i fo rmly  

FIGURE 5 V a r i a t i o n s   i n  microwave power consumption 
W wi th   t ime  of   e lec t romagnet ic   ac t ion :   1 -sand ,  
h e a t e d   a t  915 MHz, 2 -  coa r se   g ra ined   so i l ,   hea t ed  
a t  2375 PMz. 

According t o   e q u a t i o n s  (2 )  and  (5)  as well as  
exper imenta l   da ta   (F igure  4 1 ,  t he   dep th  o f  thawing 
increases  when frequency  decreases .   Therefore ,   the  
estimation  of  parameters of thawing a t  430 KHz is  
e s p e c i a l l y   i n t e r e s t i n g .  New values  of d, may be 
defined  based upon exper imenta l   da ta  d l  and d2 
o b t a i n e d   a t  2375 and 915 MHz r e s p e c t i v e l y ,   i f   t h e  
e l e c t r i c a l   p r o p e r t i e s  of s o i l s  are assumed t o  be 
frequency  independent,  and it i s  r equ i r ed   t ha t  
t / T  be  constant  at   every  frequency  covered. Using 
expressions (21, ( 4 1 ,  and (5) th i s   p roduces  

d, = anXm/Xn, t, = tn&s,/AnS, (8) 

where s u b s c r i p t s  m, n = 1, 2 ,  3 r e f e r  t o  wave- 
lengths  12.6, 33,  and 70 cm, which  correspond  to 
frequencies  2375, 915 and 430 Mlz r e s p e c t i v e l y .  
Formula (8) gives  values   of  optimum depths  of 
thawing a t  430 MHz as fol lows:  0.55-0.6 m f o r  
f rozen  sand and  0.35-0.40 m for  coarse-grained 
s o i l .  The depth limits of thawing   res t r ic ted  by 
slowing down of  phase  front movement may be  esti- 
mated as 0.6-0.7 and 0.40-0.45 m r e s p e c t i v e l y .  
Permafrost   thawing  to   greater   depths   should be 
performed  layer-by-layer. 

independent   o f   f requencies   used ,   the   charac te r i s -  
t i c s  of microwave power a c t i o n   s h o u l d   s a t i s f y   t h e  
fol lowing  condi t ion XmSn/XnSm = const.  Energy 
consumption i n   t h i s   c a s e ,  as it i s  seen from 
equat ion  (61, does  not  change. 

f o r   t h e   r a t i o n a l   u s e  of microwave  energy i n  var ious  
t e c h n i c a l   a p p l i c a t i o n s   r e l a t e d  t o  permafrost .  

Note t h a t ,   t o   s e c u r e  a permanent rate of thawing 

I n   c o n c l u s i o n ,   t h e s e   r e s u l t s  may serve  as a b a s i s  
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CRYOGEOTHERMAL  PROBLEMS IN THE  STUDY OF THE ARCTIC  OCEAN 
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Leningrad, USSR 

One  of  the  most  notable  geological-geophysical  features  of  the  Arctic  Ocean  is  the 
presence  in  any  sea-bed  section o f  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 t o  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 i s  closely  related 
to  the  evolution of the  cryolithozone.  Widespread  occurrence o f  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 t o  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 i s  extremely  critical in the  case  of  forma- 
tion  and  degradation  of  the  frozen  andlor  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 
i s  discussed  as  well. 

A cryolithozone,  submarine  inclusive,  may  be 
determined  as  a  part  of  the  lithosyhere  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 i s  typical  of  the  submarine  frozen 
cryolithozone  (frozen zone, for  short)  both  for  the 
aggradation  during  the  formation  and  the  degrada- 
tion  of  relic f rozen ground. 

Conditions  favorable  for  deep  freezing  and 
frozen zone formation on land  in  the  northern  polar 
area  seem t o  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. 

regressions  and  the  last  Late  Pleistocene-Holocene 
transgression-affected  most  of  the  present  sub- 

Two final  stages-Late  Pleistocene  (pre-Holocene) 
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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. 

are  based on numerous  datings o f  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. I n  
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 

The  above  two  stages  of  cryolithozone  evolution 
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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) number  of  individual  curves  used; d) rate of 
eustatic  change in sea  level. 

FIGURE 2 Position  of LatePleistocene 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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are  due  to  recent  tectonic  and, in  particular, 
glacioisosratic  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  lacusrro-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 comon 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  assumptions  (Soloviev, 1978). 

The  coefficient  of  relative  clay  content y 
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FIGURE 3 Some  variants (1-111 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 - boundar  of  the  frozen  zone. 

of  phase  change in  sea  water  and  pore  water  respectively; X - thermal  conductivity  of  deposits (X 4 X2). 
SI and S2 - salinities  of  sea  water  and  pore  water  respectively ( S I  > S2);  T $  and T$ - temperatures 

(Richter,  1965)  was  used as an  index  of  the  par- 
ticle  size  distribution o f  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 i s  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  opinion,  this  is  due 
to  the  fact  that,  at  the  final  stage  of  transgres- 
sion,  intense  thermal  abrasion  strongly  affects 
"edema"-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 o f  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 comon genesis. 

The  data  for  the  sautheastern  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 LOO 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 numerous  submarine 
pingo-like-features  (O’Connor, 1980) whose  extent 
i s  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  110-m  isobath. 

Chamberlain,  19791,  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  bottom  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 

The  data  available  for  the  Beaufort  (Sellman  and 
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owing  to  marine  water  salt  diffusion. In such  a 
state,  neither  temperature  nor  hydrodynamic  con- 
ditions  change  (Figure 3-1). 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  3-11]  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 
t o  24 m. The  process  discussed  can  result  in a 
completed  degradation  of  the  frozen  zone  and  the 
formation  of  an  unfrozen  cryolithozone  (Figure 
3-IIc), such  as in the  Sannikov  Strait  (New 
Siberian  Islands). 

Continuous  erosion of the  bottom  underlain  by 
frozen  rocks  (Figure  3-111)  can also occur.  While 
its  thickness  remains  constant,  the t o p  of the 
frozen  zone  moves  down  the  section  (Figure  3-IIIb). 
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). 
This  may  occur  in  areas of present  submarine  up- 
lifts  at  a  water  depth  of 100 m y  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 -5OC. 

is accompanied  by  the  crystallization  of  ice  and 
calcite.  The  average  content o f  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 t o  -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  -22.5OC  (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  thar  were 

The  freezing  of  deposits  saturated  by  salt  water 

in H,O* 

45 1 \'\ 
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 o f  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 i n  the  rocks 
(Ginsburg, 1969) .  

To  formulate  a  problem  to  assess  the  possible 
existence of gas  hydrates  in  offshore  arctic  seas 
it  is  reasonable  to use an equilibrium  curve  for 
the  methane + 3.5% sodium  salt  solution i n  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. 

hydrate  stability in the  Arctic  are  situated  where 
the  total  thickness o f  the  cryolithozone  and  the 
seawater  layer  exceed  250-300  m  (Figure 4 ) .  Eence, 
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- 

Calculations  show  that  areas  of  probable  methane 
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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  rocklsalt  water  interface. 

The  similar  physical  properties  of  gas-hydrate 
bearing  and  frozen deposits.result  in unambiguous 
interpretation  of  geophysical  data,  In  debatable 
cases,  the  absence of frozen  ground  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.  Feat  flow 
measurements  obtained  for  the  bottom  sediments in 
such  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 o f  the  frozen 
zone.  The  paleothickness  may  be  within  a 500-111 
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  underlain  by  the  unfrozen  sub- 
marine  cryolithozone.  There  are  two  alternative 
viewpoints on the  nature o f  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 deepwater 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 o f  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, 

the  authors  have  tried  to  show  that  these  studies 
are  closely  connected with those of the  Late 
Cenozoic  paleogeography  and  the  present  thermal 
state o f  the  Arctic  Ocean.  Most  of  the  problems 
have  not  yet  been  fully  solved.  Problems t o  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 
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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 o f  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).  

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. 

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. 

The  results  of  research on thawing  soil  consoli- 

The  pattern of the  compaction  (consolidation) of 

where T is a  function; x,y, z, and T are independent 
C variables  (coordinates, time);  and e,  a, b, and 

are  physical  characteristics of the  medium. 
To solve  the  problem of thawing  soil  compact 

over  time,  it  is  necessary to solve  two  success 
tasks : 

ion 
ive 

- the  change  of  depth  of  thawing  over  time  (the 

- the  pore  pressure  change  over  time  (the 

The  result  of  the  first  task,  whose  method  of 

thermal  physical  task), 

consolidative  task. 

solution  is  described by Golovko (19581,  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=O coordinate).  Block 
volumes  and  resistivities  between  their  centers 
have  been  calculated  by  The  formula: 

where  Ci,k - block  volume i, k; 
a0 - compressibility  coefficient  of  the 

i , k  blocks  of  the  region 
i, k  under  investigations; 

R;,k - resistivity  between  centres of the Fi,k - block  crOSS-SeCtiOn; 
blocks ; 

ei,Rk - block  thickness; 
k;,kk - block  filtration  coefficient. 

Then  the  scaling  correlation  between  the  block 
volumes  and  the  cross-section of the  hydrointegra- 
tor  pipes  %,and  between  the  block  centre  resis- 
tivities  and  the  hydrogenerator  hydraulic  resistivi- 
ties  MR  are  determined. 

M ,  = c/w ( 4 )  

% = W P  

where  Mc - the  scale  volume; 
C - the  block  volume; 
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w - volume of the  hydrointegrator; 

R - the  resistivity  between  block  centres; 
p - hydraulic  resistivity  between  hydro- 

MR - the  scale  of  resistivities; 

integrator  pipes; 

Time  scale M, and  height  scale  Mh  have  been  com- 
puted on the  basis of the  scale  correlations: 

Pi i  = Mc Mp, (6) 

i'ih =s U/h, (7) 

where U i s  the  pore  pressure  in  the  blocks of the 

hr  is  the  water  level  in  the  hydrointegrator 
region  under  investigation;  and 

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. 

boundary  conditions  have  been  established,  compu- 
tation  can  begin.  The  hydromodel's  elements 
(hydrovolume 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. 

(Lukyanov, 1 9 7 4 )  : 

When  the  assembly  is  finished  and  the  necessary 

The computation  results  are  processed  by 

where: SF - thawing  soil  compaction  settlement  at 

hr, hr,T - water  level  in  the  hydrointegrator 
a  given  point  in  time; 

piezometric  pipes,  initial  and  at  a 
given  point  in  time; 

aoi,k- same  as  in  equations 2 and 3.  

Thawing  soil  consolidation  has  been  investigated 
using  the  hydrointegrator,  which  might  be  applied 
to  the  next  three  cases: 

Case 1 - permafrost  thawing  during  constructioa; 
Case 2 - permafrost  thawing  at  the  full  depth of 

the  presumed  thaw zone,  when  the  thaw- 
ing  soil  layer  is  underlain  by low com- 
pressed  bedrock. 

ning of construction with subsequent 
thawing  assumed  during  the  period o f  
exploitation. 

Case 3 - partial  permafrost  thawing  before  begin- 

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 o f  the  interpretation  of  the  solu- 
tion,  the  relationship of consolidation  extent 
(Sr/Sp) of thawing  soil  to  the  rate  of  its  thawing 

and  compaction (B/a) (Figure 1 )  has  been  obtained. 
Visual  support o f  this  proposition  is  given  in 
Tsytovich  et  al. (1966) .  

over  time in the  depth of thaw  and  the  thawing  soil 
compaction SF might  be  determined  by  equations 9 
and  10: 

h, = a F  ( 9 )  

When  the  process  is  one-dimensional,  the  change 

a a02 004 0.06 am@ 
FIGURE 1 Dependence S:/Sp from B/a. For 
thawing soil by different  values P; h 
1, 2, 3 - P = (0.05 + Po); (0.2 4- Po) MPa; 
Po - dead  weight of the  thawing  soil; 
P = 0.05; 0.1; 0 .2  MPa - compression  pres- 
sure;  a, b, c, - hT,- = 6, 10, 20 m. 
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FIGURE 2 a )   Re la t ionsh ip  S!/Sp from 5 
1, 2,  3, 4 - h = 2, 6 ,  10, 20 m; 
b) Dependence of t h e   s e t t l e m e n t   s t a b i l i -  
za t ion  time upon preliminary  thawed s o i l  - 
G; 1, 2, 3 - P = 0.05; 0.1; 0.2 ma; 
a ,   b ,  c - h,=m = 6 ,  10, 20 m. 

sp  = B E  
T 

where h, - 

a -  

ST - 
B -  
T -  

depth of thawing ar a given  point  i n  
time ; 
parameter of thaw ratel thermal   coef-  
f i c i e n t ;  
t h e  same as i n  eq. 8; 
parameter of compaction rate; 
time ; 

(10) 

FIGURE 3 Nomogram t o  e s t a b l i s h   o p t i m a l  
depth o f  thawing  before  the  beginning of 
cons t ruc t ion .  a ,  b ,  c - h = (0.05; 0 .8 )  
h,,,; 1, 2, 3 - P = 0.05; 0.1; 0 . 2  MPa. 

Div id ing   bo th   par t s  o f  eq. 10 i n t o  (Sp = aoh,=-P) 
one ob ta ins  an ana ly t i ca l   exp res s ion  f o r  t h e  
eva lua t ion  of  the  degree of thawing s o i l   c o n s o l i -  
da t ion  a t  t h e  moment of thaw  completion: 

where Sp - s t a b i l i z e d   s e t t l e m e n t  of compaction a t  

h - depth  of  thawing a t  t h e  moment of time 
t h e  moment T-; 

r- 
a. - t h e  same as i n  eqs. 2 ,  3 ,  and 8; 

p - pressure  under which s o i l  i s  thawing. 
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It has  been  stated  that when (e/a  pa) 2 1 
(Golovko,  1958),  soil  compaction  hasobeen  com- 
pleted  during  the  process of thawing,  but  when 
B/a  pa < 1 (Porkhaev,  19701,  thawing  soil  compac- 
ti08 nas continued  to  develop  after  thawing  com- 
pletion. 

Data  computations  on  hydrointegrator  have 
identified  the  dependencies o f  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). 

over  a  wide  range  (from  a  month  to  hundreds  and 
thousands  of  years),  and  at  small  values of G, 
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 '1 can be taken  into  account.  For  the 
computed  curve  of  consolidation of the  preliminary 
thawed  layer,  dependence S F  = 6 K  is  valid  within 
the  limits of S$/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  the  maxi- 
mum depth  of  thawing  (h = 20 m) under  mean  permis- 
sible  settlement (S = 0.15 m) for 

It is  evident  that  the  consolidation  time  varies 

0 0  

c) h/hT- = 0.8 

The nomogram  allows  the  depth of the  preliminar- 
ily  thawed  layer  h  relative  to  the  depth  of  the  thaw 
zone h,- to  be  established  without  additional 
computations.  The  hydroanalogy  method  gives  a  pre- 
cise  solution. 

The  investigations  lead to the  following  con- 
clusions : 

1. The  hydroanalogy  method  gives  a  satisfactory 

2. Developed  techniques for calculating  settle- 
solution. 

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 THERMOKARST LAKES 
IN CENTRAL  YAKUTIA 

A. V. Pavlov  and F. E. Are 
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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  summer.  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 1.5-4'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 warns up  to  25-30°C.  Mean  annual  temperatures of the  lake  bed  are 
positive  throughout  the  entire  water  area.  The  maximum  warming  effect  on  the  bottom 
materials  is  produced  by  a  water  layer  1-1.5  m in depth. In the  central  areas o f  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  19741,  but 
the  observations  gathered  were  not  comprehensi.ve 
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 themokarst lake 
measuring 2X 1 km and  up ro 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  surface  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). 

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 

The  observational  data  acquired on Syrdakh  Lake 

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  numerous  lakes  only 0.3-0.5 m  deep with 
an extensive  water  surface.  They  usually  have  a 
flat  bottom  covered with silt. 

tinenral. 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. 

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  summer  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  summer  and are  responsible  €or  a  variety 
of  interesting  features  of  the  lacustrine  thermal 
regime. 

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  summer.  During  the 
winter  months  the  albedo  ratio  of  lakes  and  land 
varies  from 0 - 8  to 1. A maximum  albedo o f  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 ice-free  period  the  albedo of 
lakes  is  less  than  that of meadow  areas,  the  net 

The  climate  of  Central  Yakutia  is  strongly con- 

Central  Yakutia  is  situated  within  the  continu- 

The  albedo (A) of lakes  up  to  2.5  m  deep  varies 

2 8 2  
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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  surface 
I, and  the  atmosphere IA. On the  average  for  the 
summer  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 i n  winter  and  in  summer.  This 
is accounted  for  by  the  higher  temperature o f  lake 
surface  and  by  a  corresponding  increase  of I,. 

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 nun. 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  onl'y  to  about 
10-15 mm (Are  19781, 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% o f  R per  year. 

TABLE 1 Totals of thermal  balance  components  of 
Syrdakh  Lake  averaged  over  Sept.  1974-Aug.  1976 
(10"J/rnZ ) 

The evaporation  E  from  the  water  surface  of  lakes 

Period 
Components 

= S  TW TY 

Q 24 5 113 35 8 
S 21 70 91 
Ief  74 55 129 
R 150 -12 138 
P -13 26 13 
E 119 3 122 
B 43 -4 3 0 
'BTS 1 2 3 
%I 27 -27 0 
BW 10 -10 0 
BE5 6 -6 0 

Notes: Ts - period  with  air  temperature  tA > O"C, 
Tw - period  with  tA O'C, T~ - year, 
S - reflected  solar  radiation. 

Turbulent  heat  exchange P on lakes  differs  from 
the  land  where  it  is  positive i n  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 t o  -42  W/m2 
(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 

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  summer  day. 

For seasonally  freezing  lakes,  thermal  flow 
through  the  surface (B) can be  determined  as  the 
sum of heat  expenditures €or changing  the  heat 
content of the  water  mass (Bw), for  thawing  of  ice 
(BTI), 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 I). 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 BTS 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 t o  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 (I). 
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Syrdakh  amounts t o   n e a r l y   0 . 1 2   w h i l e   t h e  B/R r a t i o  
i s  0.21. The mean annual  temperature  of  the  sur- 
face   o f   l akes  i s  by 4-6°C h ighe r   t han   t ha t  on land 
because of l a r g e   h e a t  amounts  accumulated by water  
masses. 

The temperature  regime of water masses has been 
s t u d i e d   i n   d e r a i l  on small and l a r g e   l a k e s  (Are 
1974,  Tishin  1978).   Usually  the  lakes become ice-  
bound i n   t h e   f i r s t   h a l f  o f  Octobe r ,   t h i s   occu r r ing  
1.5-2  weeks l a t e r  on l a r g e r   l a k e s  i n  comparison 
wi th  smaller ones,  a t  a comparatively  high  tempera- 
t u r e  of water of 1.5-2'C i n  small shallow  lakes  and 
of 3-4°C for   l a rge   deep   lakes .  The temperature 
d i s t r i b u t i o n   w i t h   d e p t h  i s  near ly   i so thermal   wi th  
g rad ien t s  of 0.2-0.3'C/m. Only  near rhe water 
surface  and  bottom do g rad ien t s  become s t eep .  

I n  the winter   per iod   lake   waters   cool   due   to  
atmospheric  cooling.  Heat  flow  from  the  bottom 
does  not  produce  any  increase of water   temperature  
a f t e r  the l akes  become icebound,  which i s  accounted 
f o r  by a r e l a t ive ly   h igh   t empera tu re   o f   t he  water 
before   the  formation  of   ice   cover   and by  a decrease  
of   the amount  of hea t   f l ow  due   t o   t he   coo l ing  
e f f e c t  of a frozen  mass.   There are no observed 
d iurna l   var ia t ions   o f   t empera ture   be low  ice .  Once 
t h e   l a k e  becomes i ce   cove red ,   t he   i nc reased  
ver t ica l   t empera ture   g rad ien ts   o f   water   wi th in   the  
near-surface  layer   disappears   rapidly  but   remains 
unchanged within  the  near-bottom  layer  throughout 
t h e   e n t i r e   w i n t e r ,   r e a c h i n g  2-3"C/m toward  the  end 
of  March. Within  the  main mass of water t h e  
t empera tu re   d i s t r ibu t ion   i n   dep th  i s  c l o s e   t o  
i so thermal .   In   sha l low  lakes   the   water   cools  
d u r i n g   t h e   w i n t e r t i m e   t o  the f r eez ing   po in t   and   t he  
water i n  deep   l akes   coo l s   t o  2-3°C. 

The sp r ing  warming  of the water starts a t   t h e  
end  of Apr i l  after t h e   d a i l y  mean air temperatures 
have  t raversed O"C, t h a t  is long  before   ice   break-  
up o n   l a k e s .   I n i t i a l l y   t h e  warming i s  produced by 
thermal  flow  from  the  bottom. The f i r s t   m a n i f e s -  
t a t i o n s  o f  the thermal e f f e c t  of s o l a r   r a d i a t i o n  
p e n e t r a t i n g   t h e   i c e   a p p e a r   i n  mid-May a f t e r   t h e  
snow cover   disappears   completely  and  the  ice   thick-  
ness  i s  dec reased   t o  1 m. Subsequent ly ,   the   water  
tempera ture   be low  the   i ce   increases   rap id ly   due   to  
t h e   p e n e t r a t i n g   r a d i a t i o n  and  can  be as h igh  as 
10°C by the  beginning of the  ice  cover  break-up. 

During  the  per iod o f  under-ice  warming, the 
WaKer temperature   dis t r ibut ion  depends on t h e   s i z e  
of   lakes ,  their  depth,  and water t ransparency .  In 
lakes t h a t   a r e  less than  1.5 m deep ,   the   pene t ra t -  
i n g   r a d i a t i o n  warms no t   on ly   t he  water b u t   a l s o   t h e  
bottom  sediments.   For  instance,   within a lake 1.35 
m deep, a t  the   water   t empera ture  of 8.5'C, t h e  
bottom  temperature was measured t o  be 6'C. Within 
small t u r b i d  lakes 2-3 m deep t h e  warming 
p e n e t r a t e s   t o   1 . 5  m while  deeper  layers  remain 
near ly   i so thermal   p r ior   to   b reak-up .   Wi th in   l a rge  
and  deep  lakes  with a t r anspa ren t  water t h e  warming 
pene t r a t e s   t o   g rea t e r   dep ths .  For i n s t a n c e ,  warm- 
i n g   p e n e t r a t e s   t o  a depth  of 6 m i n  Lake  Syrdakh. 
In t h i s   ca se   t he   t empera tu re   g rad ien t   g radua l ly  
decreases   with  depth.  The period  of warming  below 
i c e  is  n o t a b l e   f o r   d a i l y   f l u c t u a t i o n s   o f   w a t e r  
temperature  of 1°C t o  a depth  of 1 m .  The rad i -  
a t i o n  warming  of t h e  water below i c e   i n i t i a t e s  
intensive  thawing of i c e  from  below,  which  con- 
s t i t u t e s  35-45% of   t he   t o t a l   t hawing   fo r   t he  time 
before   the  start o f  i ce   cover  movements. 

The summer temperature  regime of water i s  es tab-  
l i s h e d   a f t e r   t h e   l a k e s  become i ce - f r ee  i n  t h e  f i rs t  
ha l f  of June.  Smaller  lakes  open 10-15 days 
ea r l i e r   t han   l a rge r   ones .   Af t e r   b reakup   t he re  i s  
some decrease  o f  temperature  within  the  upper one- 
meter  layer  of water b u t   t h e r e a f t e r  a r a p i d  warming 
starKS and  even  within a few days  the  temperature 
of su r face   l aye r s  on l a rge   l akes   u sua l ly   r eaches  
10-15°C and on small l akes  15-20'C. I n   t h i s  case 
on lakes   deeper   than 1.5-2 m a normal  three-layer 
t empera tu re   d i s t r ibu t ion   i n   dep th  i s  es t ab l i shed .  
The th ickness   o f   ep i l imnion  i s  1-1.5 m on smal le r  
lakes  and  2-3 m on larger   ones;   that   of   metal im- 
nion,   respect ively,   ranges  f rom  0.5  to  4 m. The 
v e r t i c a l   t e m p e r a t u r e   g r a d i e n t s   i n   t h e  smaller l ake  
metalimnion are 20-25"CIm w h i l e   t h o s e   f o r   l a r g e r  
l a k e s   a r e  2-3"C/m. The su r face  water l a y e r s   a r e  
warmed up t o  maximum temperatures of  25-30°C. I n  
this c a s e   t h e   e p i l i m n i o n   d e c r e a s e s   i n   t h i c k n e s s  
while on l akes  up t o  2 m deep the  temperature  
d i s t r i b u t i o n  sometimes  becomes r ec t i l i nea r   t h rough-  
out  the e n t i r e   d e p t h ,   p a r t i c u l a r l y   d u r i n g   t h e  day- 
time. The ve r t i ca l   t empera tu re   g rad ien t s   r each  
8"C/m. Diurna l   f luc tua t ions  of temperature   wirhin 
the   ep i l imn ion   r each  3-4°C and on occasions 6°C  and 
those  within  the  metalimnion  do  not  exceed 1°C. 

The summertime cool ing  of water masses  StarKS i n  
t h e   f i r s t   h a l f   o f   A u g u s t .   I n  t h i s  case   the   ep i l im-  
n ion   i nc reases   i n   t h i ckness   and  a icothermal 
condi t ion  is  ea tab l i shed   th roughout   the   en t i re  
depth  a t  a temperature of about 10°C in   the   second 
ha l f  of September  even in   t he   deepes t   l akes .  Sub- 
s e q u e n t l y ,   i n  the p e r i o d   p r i o r  t o  f r e e z i n g   t h e  
water   temperature   decreases   and  the  character   of  
the temperature   gradient   remains  unal tered.  

There are no subs t an t i a l   ho r i zon ta l   t empera tu re  
g rad ien t s  of water €o r  most  of t h e   y e a r .  Only a t  
the   onse t   o f   the  summer warming i n  June  and i n   t h e  
f irst  half   of   July  in   shal lows less than 1 m deep 
i s  t h e  water tempera ture   h igher   than   tha t   wi th in  
t h e  same layer   of  a deep  par t   of   lakes .  

the  thawing  of  permafrost  below water r e s e r v o i r s  
i s  the  temperature   of   the   bot tom  surface.  It i s  
largely  determined by t h e  water temperature and 
depends on the depth  of a lake .  The observa t ions  
on 12  lakes  have  been  used t o   i n f e r  a dependence of 
t he  mean annual  temperature of t h e  bottom  surface 
on the depth  for   smaller   shal low  lakes   and  for  Lake 
Syrdakh, shown i n   F i g u r e  2 .  The p l o t s   i n   F i g u r e  2 
show t h a t   t h e  maximum warming e f f e c t  on under ly ing  
ground i s  produced by  a water layer   of  1 m th ick-  
ness   for   smal le r   l akes   and  of 1.5 m for   l a rger   ones .  
A fu r the r   i nc rease   o f   t he  water l aye r  o f  smal le r  
lakes   leads  to   an  abrupt   decrease  of   bot tom 
temperature .   For   larger   lakes  t h i s  e f f e c t  is  much 
weaker. The maximum temperature  of  the  bottom 
surface  of   smaller   lakes  i s  about 6°C and t h a r  of 
larger   ones i s  7'C. It is  found that under clima- 
t i c   c o n d i t i o n s  of   Central   Yakut ia   the mean annual 
temperatures of the  bot tom  surface  are   above  zero 
throughout   the   en t i re  water a r e a  of lakes up t o  
the  water  edge. 

The heat  exchange  of  water masses w i t h   t h e  
bottom i s  cha rac t e r i zed  by a heat flow Bg, which 
v a r i e s   o v e r   t h e   a n n u a l   c y c l e   b o t h   i n   v a l u e  and i n  
s i g n ,   I n   t h e   p a r t  of the water area  of  lakes t h a t  
do not   f reeze  up to   t he   bo t tom,  BB becomes p o s i t i v e  
i n  the second  half  of May and t h e n   r e v e r s e s   s i g n   i n  

An important   parameter   needed  in   calculat ions  of  

* 
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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.mZ)  is  received  by  the 
bottom in July  and  the  maximum loss of  heat of 
17-20  MJ/(month  m2)  takes  place in September or in 
October.  The  maximum  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  (19731, 
Are  (1974) , and  Pavlov (1979). 
TABLE 2 Heat  absorption  of  bottom  of  lakes f o r  
a  season 

Predominant 
Lake  depth (m)  BB(MLT/m2 

Syrdakh 
Prokhladnoye, 
Tyungyulru 

Kradenoye 

4.5 58 

2.0-2.5  63-66 
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 

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. 
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PREDICTION OF CONSTRUCTION  CHARACTERISTICS OF SLUICED  MATERIALS 
USED  IN  FOUNDATIONS  UNDER  PERMAFROST 
CONDITIONS AND IN SEVERE: CLIMATES 
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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 i n  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 i s  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 i n  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 
3f  the  site  must  provide  for  the  conservation o f  
the  calculated  temperature  regime  of  the  foundation 
soil and  for  the  preservation  of  the  natural  envir- 
onmental  conditions. In order  to  drain  stormiwater 
and  other  kinds  of  surface  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 in to  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 o f  
efficiency  of  fill  construction  by  hydro- 

mechanical  means  has  promoted  the  widespread  use of 
sluiced  materials  for  the  engineering  preparation 
o f  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 o f  Western,  Central,  and  Eastern  Siberia 
and  to  the  east of BAM. 

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 
marerials  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 i t s  channel which floods  every  year.  The 
alluvial  deposits  mainly  consist  of  fine-grained 
sand 14-20 mm 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 -1.9'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 m3  and  varying  in  thickness  from 1 to 6 m, 
was  constructed  by  the  sluice  method  on  a  12- 
hectare  test  site. 

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 i n  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 
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 t o  build  them on beds  composed o f  sluiced 
materials  should  provide  the  optimal  solutions  for 
their  future  application in large-scale  development. 

The  processes  of  heat  exchange  were  studied.  The 

FIGURE 1  Schemes €or using  fill soil as  a  bed: 
(I) Foundation  does  not  influence  fill; (11) Fill 
is  influenced  by  the  foundation  together  with  un- 
derlying  layer; (111) 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. 1. 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 s o i l  before  sluice; 6 .  plot of distri- 
bution o f  compressed  pressure; 7. foundation  bot- 
tom  mark. 
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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) : 

embankment fill; it  functions  as  the  levelling 
layer. 

the  embankment  fill  and  its  natural  underlying 
layer. 

exerted  on  it  by  the  foundations  and  structures. 
The  underlying  layers  are  not  affected  by  the 
foundation  loads. 

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 1 is used, 
freezing  takes  place  over  the  course  of  one  winter 
if  the  fill  height  does  not  exceed 2 m. 

If  foundation  works f o r  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  rota1  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 rn 
(Dalmatov  and  Lastochkin 1978). 

When  scheme I1 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 o f  the  sluiced 
materials  it  is  compacted  and  a  redistribution  of 
moisture  takes  place.  It  is  recommended t o  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 o f  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  thawing 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. 

is  adopted,  the  thickness  of  working  layer  exceeds 
the  computed  thickness  of  the  linearly  deforming 
layer.  Therefore,  the  total  depth  of  the  sluiced 

I. The  foundation  does  not  exert  load on the 

11. The  foundations  of  structures  exert  loads on 

111. The  embankment  fill  accepts  all  of  the  loads 

In the  first  scheme  the  use of a  fill  embankment, 

When scheme 111 for  the  use of sluiced  materials 

embankment will  be 10 m 
skeleton  soils. 

or  m ore in the  case  of  big 

The  deformation  requirements  for  the  srructural 
properties of the  sluiced  and  underlying  soils  are 
the  same as for  scheme  111. If underground  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 o f  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, 
i n  the engineering  preparation  for  future  construc- 
t i o n  on the  Yakutsk  Lena  River  floodplain, all 
three  schemes  could  be  adopted. 

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 i s  being 
performed,  moisture  content  of  the  alluvial  fill 
and  also  upon  the  design  of  building  foundations. 
In  order fo use  permafrost  as  a  foundation  bed  (in 
thawed  or  frozen  state)  it i s  recommended  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 t o  a  great  extent  the  soil's  COnStruc- 
tion  properties.  In  connection with  this,  the 
prediction  of  fill  thermal  conditions  is  particu- 
larly  important  for  differant  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  firSK  time  using  hydro- 
integration  and  computer  technology  at  the  Perma- 
frost  Institute  of  the  USSR  Academy  of  Sciences 
(Konstantinov  and  Votyakova 1981). 

When  the  fill  embankments  are  constructed  by  the 



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 
o f  the  principles for definition  of  the  conditions 
€or  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. 

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), 

Thus,  the  formulation  of  the  first  principle's 

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- 

ture), I n  this  case,  steps  must  be  taken to 
prevent  subsequent soil freezing. 

and when  schemes 11 and I11 are  used  it is advis- 
able yo use  foundations  with  developed  surface of 
support,  which  make  greatest  use of the  resistance 
of alluvial  soil t o  normal  pressure. 

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 o f  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. 

In the  process  of  sluicing  big  skeleton  soils 

When  principle 1 is  employed  the  freezing  periods 
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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 a11-0~ 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 
o f  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 o f  soil  decreases,  other 
things  being  equal.  In  its  turn,  the  effect  of 
temperature on the  strzin  value  is  interconnected 
and  interequivalent with the  effect o f  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  rhe 
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  bas 
is  the  correlation  of  compaction  intensity  as a 
function of time  and  temperature  (Urzhumtsev, 19 

is 

75): 

(1) 

where g(t,e) - the  function of the  compaction 
intensity; 

respectively; 
p,Po  - densities  under  temperatures 8 , 0 0  

t - time; 

t' - t/aq; 
ag - temperature-time  reduction  ratio. 

The equation is-compZicated to  use. In practice, 
the  reduction  coefficient  is  determined  according 
to  the  dependence  of  the  specimen's  compliance  upon 
the  effect of the  rime of loadiag  under  different 
temperatures.  Compliance  is  the  relationship  of 
relative  strain  to  stress (0): 

J = 616 (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. 

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).  

only  upon  the  displacement  of  the  macromolecules. 
Isothermal  curves of viscous-elastic  compliance 
obtained  for  different  temperatures  are  similar. 
The  reduction  ratio ag. which  permits  the  general- 
ized  curve  under  comparative  experimental  conditions 
to  be  plotted, i s  the  function of  the  single 
argument o f  temperature. 

Geometrically,  the  sense  of  this  proposition  is: 
under  temperature  change  the  compliance  curves J vs 
In 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 a0 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 
I n  t  also  becomes  complicated. A vertical s h i f t  as 
well  as  the  horizontal  one  has  been  marked.  The 

Using  the  analog  method  it  is  necessary  to  estab- 

1. Under  temperature  change,  compliance  depends 
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FIGURE 1 Compliance  of  the l o g  peat (R = 20%, yo = 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 o f  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 i s  
a  simple  or  a complex material. 

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 o f  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 nun. 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 lOOX 1 0 x 1 0 0  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  tested were as  follows:  soil  density, 
1.03; soil  skeleton  density, 0.172; particle  den- 
sity, 1.5; moisture, 4 . 9 5 ;  and  initial  freezing 
temperature  of  soil water, -0.08"C. The  unfrozen 

waKer  content,  determined by calorimetric  method, 
is  shown in Table 1. 

TABLE 1 Unfrozen  water  content (WH unit  frac- 
tions) in peat  test  specimens  vs.  temperature 

O°C -2 .5 -4 -6 -8.5 -9.5 -13 -25.5 -28 

WH 2 1.3 0.9 0 . 7   0 . 6  0 . 5 5  0.51 0 .5  

The most appropriate  metho,d,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 o f  the  spherical  punch  test. 

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  recipracal 
magnitude  of  the  strain  module  using  the  above 
solution  it  can  be  determined  by  the  formula: 

Experimental  analysis  showed  that  the  modulus 

4s 3/2 (d-S) 1 J =  
3(1-p2)P 

where S is  the  punch  settlement (cm); 
p is  the  Poisson  ratio;  and 
P is  the  load on the  punch. 

In  Figure I, the  compliance of the  tested  speci- 
mens  in  conditions J vs In t calculated  by eq. 3 
is  represented. 

for  both  rhermorheologically  simple  materials  (curve 
The  generalized  curve  has  been  plotted  for -13'C 
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FIGURE 2 Compliance  with  X-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  both  methods  is  detailed  in  Roman (1982). To 
evaluate  the  degree  of  reliability o f  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'  continum 
and  homogeneity  are  the  main  reasons  for  stipulating 
the  vertical  shift of the  compliance  curves. To 
p l o t  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. 

gases as well as  the  volume  occupied  by  ice  and 
soil  particles can be determined. The  relative 
content o f  ice  and  particles (K) is  easily  expressed 
as  a  proportion o f  the  soil volume: 

The  volume of soil  occupied  by  unfrozen  water  and 

K = Yck[ l / y ,  + (Wc - WH) /Y * I  ( 4 )  

where Yck - density of the  soil  skeleton; 
yr - soil  particle  density; 
Wc - total  moisture; 
Wn - unfrozen  water  content 
yn - ice  density. 

To take  the  influence  of  the  gas  content  and 
unfrozen  water on compliance  into  account,  the 
stress  should  be  referred not t o  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 t o  the  source of soil  par- 
ticles  and  ice  will  be  equal  to: 

J - 6k/(r = JK 

For  the  experimental  data  given  in  Table 1, K-values 
calculated  with  eq. 4 are  represented  in  Table 2 .  

k -  (5) 

TABLE 2 K-values  for  specimens  tested 

B°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 In 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 o f  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. In 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  (Urghumt- 
sev  and  Maksimov, 1975). Instantaneous-elastic 
compliance  taken as a  reciprocal  value Ey was from 
1. 1-6 to 2. 1-6 ma-'. 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 0 .  

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 Jx 
vs. In t from Bt-Bo under  temperature-time  analogy 
and  ai - o0 under  stress-time  analogy  have  been 
plotted. (ao, Bo ate  stress  and  temperature  corres- 
pondingly,  and  the  base  curve  has  been  plotted  for 
them). Extrapolating  these  relationships  to  the 
ordinate  axis we determine  the JK and In t  values 
corresponding  to ui-u0 = 0 or Bi-Bo = 0; 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 P l o t t i n g  method o f  general ized  curve  construct ion  using 
the log  peat  experimental results by t h e  stress-time analogy method 
(e  = 4 . 5 % ) .  

time exceeding  the  experimental  one by s e v e r a l  
orders  of  magnitude was plot ted.   Figure 3 i s  an 
example  of general ized  curve  plot t ing  based on t h e  
r e s u l t s  of f rozen  peat  tests using the   s t ress - t ime 
analogy. In  pract ice ,   the   general ized  curve  coin-  
cides  with  the  curve  obtained by the conventional 
method, i . e .  a r i g i d   h o r i z o n t a l   s h i f t   t o   t h e  com- 
p l iance   curvep   to   the   r igh t  o f  t h e   r e d u c t i o n   r a t i o  
value. 

The secant   ray  technique  proposed  in   this   paper  
i s  less labour-consuming  and it permits the period 
of s t r a in   p red ic t ion   t o   be   i nc reased .  

A series of experiments   carr ied  out   to   plot   the  
‘generalized  curve  allows  long-term  strains t o  be 
predicted  under  other  than base stress. I n t e r -  
pretat ion  of   the  experimental   data  shows that t h e  
p lo t t i ng   r e l a t ionsh ips   l n JK  vs  u - o0 determined 
f o r   e i t h e r   f i x e d  time form a famfly of p a r a l l e l  
l ines   (F igure  4 A ) .  Therefore it i s  easy t o  g e t   t h e  

a .  

o r b i t   l i n e  I n l K  - oi - o fo t  t h e  time being  equal t o  
each  value  within a preaicted  per iod  including  the 
maximum one (tmax). For  this  purpose i t  i s  neces- 
s a r y   t o   f i n d  1nJK value on t he   absc i s sa  of t h e  
1 d K  vs   ‘7 i -uo   p lo t   t aken  from the  base  curve  for  
tma. Across t h i s   p o i n t  a l i n e  i s  drawn p a r a l l e l  
to   the  experimental   ones .   This   l ine i s  t h e  com- 
p l i ance   r e l a t ionsh ip   w i th  stress for  time period 
tmax- 

For the temperature-time  analogy method the 
1nJK vs  l n t   r e l a t i o n s h i p s  p rove   t o   be   l i nea r .  
Their   extrapolat ion  to   the  given time period  allows 
t h e  long-term  compliance  under a l l  experimental 
values  of t t o  be determined  (Figure  4b). 

long-term s t r a i n   p r e d i c t i o n  by the  analogy method 
has   been   ver i f ied   in  two ways: 

d i c t i o n  based on the  creep  equations  suggested by 

The r e l i a b i l i t y  of t h e   r e s u l t s  of f r o z e n   s o i l  

1 .  Comparison of t h e   r e s u l t s  of the s t r a i n   p r e -  

b. 

FIGURE 4 I n  J K  r e l a t i o n s h i p s :   a )   I n  J K  - ui - uo p l o t t e d  on test data   given in Figure 3.  
b) I n  JK - I n  t p lo t ted  on test data  given i n  Figure 2. 
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Vyalov  (1978)  and  those  based on the  time-stress 
analogy  method. 

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 f o r  908 hr. 

2.  Comparison  of  the  punch  experimental  settle- 

Technique JK. 10-"Pa-l 

Using  unconfined  compres- 
sive  strength 1.45 
Creep  equation 1.68 
Stress-time  analogy  1.39 

The  punch  test  was  used  to  test  the  second  method 
of comparison  of  the  settlements. In the  under- 
ground  laboratory (0  = -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  was  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  far  these  specimens. 

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  periads 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 
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Academy  of  Sciences,  Yakutsk, USSR 

The  article  examines  the  present  state of some  aspects of resistivity  logging  as  a 
means o f  studying  the  cryolithozone,  and  the  results o f  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 i n  relation  to  the  effects  produced  by  external  physical 
factors. 

Resistivity  logging  as  a  method  of  obtaining 
information  about  frozen  rocks  is  based  upon  the 
assumption  that  the  geocryological  section  can  be 
represented  as  spatially  distributed  electrical 
parameters o f  the  medium  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 o f  resistivity  logging with regard  to 
permafrost  is  justified  given  the rich background 
o f  experience  associated  with  the  application of 
resistivity  logging  in  prospecting  for oil,  coal, 
and  ore  in  areas  where no permafrost  is  present. 

mination  of  analytical  and  experimentally  staristi- 
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 o f  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 

In a more  specific  context-that  is,  the  deter- 

rock  studies i n  boreholes  and  should  be  taken  into 
account in field  data  interpretation. 

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 t o  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 t o  
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 t o  investigate  only  relatively 
thick  frozen  rock  benches.  The  use  of  drilling 
fluid  in  drilling  operations  plays  an  important 
role  in  assessing  the  thickness o f  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 this  connection we now  consider, in the  first 

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 
this  task. In a  number of cases  the  high  electrical 
resistivity o f  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  elecrrical  conductivity,  natural  electrical 
field, and  polarizability  (for  example,  ensuring 
low  contact  resistance  at  the  electrode-rock  con- 
tact,  the  use  of  instrumentation 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  maximum  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). 

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. A t  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. 

the  results  of  investigations,  but  technical  and 
methodical  questions  are  discussed t o  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 o f  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 
instruments. 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 

For several  reasons,  notably  the  lack o f  water 

Most  of  the  publications  include  an  analysis o f  

therefore of operations  in  each  borehole. 

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. 

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 o f  the  published  data  and 
of  results of special  research  shows  this  explana- 
tion  is  premature. 

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 i s  ensured. 

The  former  (except  for  the  solution  of  special 
problems  such  as  detection of ice in the  borehole 
cross  section,  evaluation  of  the  amount o f  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). I n  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 o f  pel  is  reached  as  high  as 
500 Kohm; therefore,  to  obtain  a  relative  error of 
measurement 6 = 1-20%, the  input  resistance of the 

All  of  this  requires  further  solution  of  the 

Theoretically,  due  to  the  wide  range  of  electric- 

Several  problems  face  resistivity  logging,  namely 
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measuring  device  should  be of at  least 50 Kohm. 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 of  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 5 100 Kohm. 

than  3-5  mV)  makes  it  possible KO study  in  a  dry 
borehole  the  natural  electrical  field  and  the  in- 
duced  electrochemical  activity  of  rocks. 

One  other  property o f  the  measurements  may  in- 
clude  current  leakage  from  the  current  line i n t o  
the  measuring  line  through  the  surface o f  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. 

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 t o  vari- 
ations  in  its  thickness,  salt  concentration,  etc. 
Depending on voltage,  the  electrical  resistivity 
of  the rock, and  the  electrode  earthing  resistance, 
the  amount of  current  leaked  may  be  substantial. 
It is  easy t o  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 a l l  structural 
elements  of  the  resistivity  logging  installation 
(not  less  than 50 Mohm) and  requires  the  develop- 
ment of special  methods fo r  eliminating  the  current 
leakage  between  borehole  electrodes  that  occur  over 
the  surface of the  cable.  One  of  these  devices, 
proposed  in  Snegirev  et a].  (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. 

The  evaluation  of  the  influence  of  complicating 
factors,  such  as  the  diameter  of  the  borehole w a l l ,  
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 

In  addition,  stable  electrode  potential (no more 

As a  result of friction of the  electrodes on the 

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. 

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. 

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. 

le) incorporated  nonpolarizing  electrodes,  a  resis- 
tivity  logging  cable,  and a millivoltmeter  with 
input  resistance  of  more  than 50 Mob. 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. 

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 o f  the  borehole 
a  uniform  thickness,  horizontal  bedding,  and  differ- 
ent  electridal  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 
o f  the  measuring  installation  being  used. 

The curve pk on the  interval o f  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, IC), 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, 5 0  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). 

The  scientific  objective  included  an  assessment 

The  last  two  modifications  were  used  to  preclude 

The  measuring  system of all  installations  (Figure 

The  set  of  all  elements  of  the  system  and  allow- 
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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 X of frozen  rocks; e) layouts of measuring  resistivity  logging 
installations. 

Comparison  of  the  plots in Figure l b  and IC 
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 laborconsuming 
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. 

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 fo r .  

The essence  of  these  merits  lies  in  the  possi- 

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). 

ized.  It  is  advisable t o  conduct  studies  of  geo- 
electrical  cross  sections o f  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 dara-will largely determine  the 
successful  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 
technique,  to  start  implementation of the  most 
advantageous  continuous  resistivity  logging  of 
frozen  rocks  in  dry  boreholes. 

In  summarizing,  the  following  has  to  be  emphas- 
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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 
Moscow, 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 o f  the  rock,  including  the  above-mentioned  variables,  complete  the 
system  of  equations  of  equilibrium  expressing  geometric  relationships  and heatmass 
exchange. It is  possible  to  simplify  the  proposed  scheme  to  the  level o f  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 o f  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 o f  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 

E =  aae (1) 

should  be  more  accurate.  Here E is  the  relative 
strain, a is  the  thermal  expansion  factor,  and A0 
is  the  temperature  change. 

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 i s  necessary  to  apply  thermo- 
dynamics to describe  the  processes  in  such  a  medium 
(Merzljakov 1980) e 

To describe  a  thermodynamic  system  one  should 
choose  the  so-called  external  parameters  charac- 
terizing  conversible  processes.  First,  there  are 

In  frozen  masses  of  complicated  geological  com- 
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the  stress  tensor  components  Gij  (or  strains  Eij) 
and  temperature 8. The  influence of the intensive 
phase  transition  zone  is  taken  into  account  by 
adding  concentrations of components  and  phases mi, 
variable  in  this  process,  to  the  mentioned  variables. 
The  degree  of  fissuring  described  by  crack  density 
tensor B;* (Vakulenko 1 9 7 4 )  also  influences  the 
mechanical  properties  of  rock  to  a  considerable 
extent. Thus, thermodynamic  functions,  namely  full 
thermodynamic  potential 9, are  the  functions  of 
four  variables 

and  a  potential  change  in  a  reversible  process  may 
be  expressed  by 

Also  taking  into  consideration  that in the  rever- 
sible  process, 

d$ = p dm + SdO - E..dOij 1 1  11 
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we  get 

where  p1 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 E ~ ~ ,  in general, is a tensor o f  
tlnite  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: 

% = Gkdt (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 

+ "ijklokle + * . . (7 )  

Here,  the  constant  coefficients  are  respectively 
equal  to  the  following: 

. . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  
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 

where  coefficients  Cijkl  and  aij  are  functions of 
variables  Okl,o,  Rkl,  and mp, which  are  determined 
experimentally. 

Equations o f  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). Comon calculation of the  stress-strain 
state  and  filtration  is  one  of  the  indirect  ways 
of using  eq, 6. 

Describing  the  mechanical  behavior  of  rock  in 
terms of non-linear  equations 7 or 8 causes  a  non- 
linear  equation  system of the  stress-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  medium,  eq.  7 is equivalent  to  the  relation- 

11, = 2VIT,5 

where 

Ix = xkk/3, 

(10) 

11 X = J(xLL-x22>2 f (x11-x3d2 + (x22-x33)2 
2 2 2 

f 6(~12 + X13 + x23). 

Here, X and p are  elastic  characteristics  in  terms 
of Lame  factor,  concentrations  mi  are  considered to 
be temperature  functions,  and  their  change  are 
evaluated  by a ,  the  coefficient,  thus, 

a = a' + 61-3ml/a@ 
(Merzljakov 1980). To determine  the  parameters  of 
relationships 9 and 10 I,, IIE, I,, 110, k, 0 it 
appears  to  be  necessary t o  add two dependencies 
that  are  determined  experimentally: 

$i(fE, IIE, I,, IIu, 1-r6, 0 )  = 0 ,  i = 1,2 (11) 

where &is the  Lode  parameter. It is  assumed  that 
a  stress  tensor  and  a  strain  tensor  are  similar 
(Q pol; temperature  changes  during  the  experiment 
and  parameter CI may  be  determined  by  the  supplem- 
entary  experiments.  Dependencies  11  also  include 
strength  conditions. Then, using  equilibrium  equa- 
tions  in  displacements 

(U'U. . I  i +(!J U j ) , i +  2 0  'ukk>,j + (Ye) 
1 , J  a ,i 

+ 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  (19791,  but  taking  into 
account  temperature  changes.  Equation  12  makes  it 
possible  to  determine  displacements with the  given 
elastic  constants X and p, thus  determining I,, 
IIE, and PI. I, and XI, may be determined  from 
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eq. 11. and lore a ccurate  valu es of A and p from 
eis. 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. 

it  is  necessary  to  consider  particularly  chosen 
internal  parameters  along with the  external  para- 
meters  of  a  medium  (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.  Non-holonomic  relations 8 
under  condition 13 turn  into  the  following: 

dEij = CijkldOkl t aijdO + A .  .dx . . . (14) 

where  coefficients  Cijkl, " i j ,  and A i .  are  external 
parameters,  functions,  and x. If necJssary,  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 o f  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 o f  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 (Ks) 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 (Ks) as  the  ratio o f  forces  keeping 
a  creeping  fill  to  forces  shifting  it  along  the 
given  surface  of  sliding.  Experimental  data  of K, 
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  rathet  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. 

of complicated  geological  composition,  developing 
upon  suggestions  of  ukhov (19751, 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  model  and  design  scheme 
are  worked  out.  They  reflect  its  structural  peculi- 
arities,  composition,  state,  and  other  factors 

To describe  irreversible  processes in the  system, 

1 J  

The following  method o f  evaluating  slope  stability 

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 o f  the  object  and  a  stress- 
strain  state  problem. 3) Strength  safety  factors 
(Kss) 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  acring  shear  stresses,  the 
stress  field  being known. 4 )  By analyzing  the 
minimum Kss 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 (K,) 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 K, value. 
Below,  as  an  example,  the  results  are  given o f  

the  slope  evaluation  of  the K, of  the  complicated 
geological  composition of a  northern  water-storage 
reservoir.  The  slope i n  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 i s  under  consideration  to  make  eq. 7 more 
concrete.  The  calculations  are  carried  out on the 
basis  of  the  thermo-physical  and  mechanical  proper- 
ries of rock  in  frozen,  thawing  and  thaw  states. 
The  design  versions  and  calculation  results of Ks 
are  given  in  Table 1. 

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  slope 
melting  area  at  filling  of  a  water  storage  reservoir 
(Figures 5 and 6) is  meant  for  50-year  maintenance. 
In deciding upon the  design  (calculation)  schemes 

and  the  numerical  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 K,, 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 
Version 1). For  example,  the  value of K, 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 
different. In the  first  case,  the  slope  is  stable, 
in the  second  it  is  not. Thus, when  applying 
numerical  methods  of  evaluating  slope  stability, 
one  should  be  very  accurate in outlining  the  calcu- 
lation  area. 

calculation  area  boundaries:  at  the  lateral  bound- 
aries,  horizontal  displacements  are  equal  to zero; 

In different  periods  (pre-construction,  construc- 

The  following  conditions  are  assumed  as  the 
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F I G U R E  1 Geological  scheme of a left bank and a 
river bed 

FIGURE 4 Calculation  area  schematic in construc- 
tion period (Section 1-1) 

FIGURE 2 Calculation  area  schematic i n  precon- 
struction period (Version 1) 

Y 

/ z2 

FIGURE 3 Calculation  area  schematic  in precon- 
struction  period  (Version 2) 

Y 
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FIGURE 5 Calculation  area  schematic in maintenance 
period (cross-section is higher than darn) 

Y 

""- 
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TABLE 1 Calculation  Results  of  Minimum  Stability  Safety  Factor (PSI 

Calculation 
number Description 

K, values 

With a crack 
Without  filled  with 
cracks  breccia 

1 Preconstruc'cion  period  (natural 
slope) 1.35 1.18 

2 Construction  period  (design 
out, "discharge"  stress 
considered) 

Similar t o  No. 2 but  without 
"discharge"  stress 

Maintenance  period,  natural, 
melt  slope  at  TWL 

Similar  to No. 4, at  instant 
discharge  of  NTWL  up  to  tail- 
water  level  and  non-stabilized 
depression  curve,  stress  dis- 
charge  involved 

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 

1.26 

1.57 

1.46 

1.09 

1.39 

1.38 

1.28 

1 . 2 3  

1.20 

1.13 

1.42 

1.73 

1.32 

1.60 

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 1.36 1.27 

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 
assumed  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. 

probable  sliding  surfaces  disposed  in  the  area  of 
minimum  values of local  strengrh  safety  factors. 
The  typical  surfaces (I, 11, 111) corresponding to 
minimum  values of K, are  presented in  Figure 2-6. 
In the  calculated  versions with  a supposed  crack, 

For every  design, K, has  been  calculated  for  the 

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 I1 
and 111, for  versions with cracks-to  surfaces I V .  
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 K, value  decrease. 

stability  increases  due  to  the  horizontal  component 
of  hydrostatic  water  pressure. A t  maximum  water 
discharge  and a stabilized  depression  curve, 
tends  to  minimum  values.  The  latter is conditloned 
by the  size of the  thawed  slope  area  and  by  the 

When a water  storage  reservoir  is  filled,  slope 

K? 
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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. 

sible to draw  the  following  conclusions: 

properties  in  the f rozen,  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 K, 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  conEiguration  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 
extenr  actual  non-homogeneity of slopes  (initial 
and  changing  with  the  maintenance of the  water  power 
project,  variable  force,  thermal  effects,  and  other 
factors. 

Thus, calculation  result  analysis  makes  it pos- 

1. The  differences in rock's  strain  and  strength 
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Existing  techniques  for  determining  the  static  fatigue  limit (b) of the  frozen 
ground  are  time-consuming  and  labor-intensive  (Vyalov  et al. 1966,   1978;  Tsytovich 
1 9 7 3 ) .  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 o f  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 b. 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'~. 

INTRODUCTION 

The  mechanical  properties  of frozen ground  stem 
mainly  from  porous  moisture  crystallization  and 
icecrete  bonding  (Tsytovich  1973,  Vyalov 1978). 
Two types o f  bonding  can  be  distinguished:  intra- 
crystalline  bonding  within  the  polycrystalic  ice- 
ctete  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. 

limation  for  the  evaluation  of  the  static  fatigue 
limit lL,, which  is  a  basic  engineering  parameter 
used in the  design  of  structures  with  foundations 
in frozen  ground  (Vyalov  et  al. 1962). 

dict  the  origin  and  development of cryogenic  pro- 
cesses  (Grechischev  et al, 1966) .  Existing  methods 
to  determine  parameters  of  strength  and  deform- 
ability  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 

The  present  paper  considers  the use of ice sub- 

R, is  used in different  design  formulae  to  pre- 

in  the  field of intensive  phase  transformation 
should  not  exceed +O.l"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  perfornance o f  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  sauples 
are  rested  by  loads  that  are  different in  strength, 
but  constant  over  time. The firsr  sample  was  tested 
by  rapid  loading  and  its  conditional  instantaneous 
strength Ro was  then  determined. The  rest of  rhe 
samples (no less than 6 )  were  tested  for  creep 
effect  at  various  loads  less than Ro. 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 
t in- 
T 

(1) 

where 6, T are  parameters  of  the  static  fatigue 
curve  and t is  the  time  to  destruction.  Assuming t 
to  be  equal  to 100 years, we obtain  the  static 
fatigue  value, R,,. 

The  proposed  method  of  accelerated  estimation 
of ILL 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  compasition,  structure, 
and  mechanical  properties  of  frozen  ground. 

first  type,  and  is  a  direct  transformation of water 
molecules  from  solid  to  gas  phase  (Lykov 1968). 

Ice  sublimation  is  a  phase  transformation  of  the 
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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). 

??iETBOD Or TEST PREPARATION AND 
PERSORMANCE 

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 (mPgp) having  natural 
and  disturbed  structure  and  a  moisture  content (W), 
on  the  order  of  about 32-34%, and  a  framework 
density (Yck) of 1.45 g/cm3  were  analyzed.  More 
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 
constituenc  elements or units  (Zhestkova  et  al. 
1972). 

Ice  has  been  sublimated  at -10°C in  the  special 
sublimators  in  which  air  at an optimum  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 

PH - PK = v YCk (tiH - w ) H . B .  (2) 

where PH is  initial  sample  mass  (in  grams); PK is 
final  mass  (in grams), V is  sample  volume  (in cm3) ; 
Y,k is  density of ground  framework  (in  g/cm3);  WH 
is  initial  sample  moisture (in %); and WH.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 ( W H . B . =  
7.5%). 

The  moisture  limit WH.B. is  of  special  considera- 
tion;  below  this  limit  volume  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  micra-aggregate  composition o f  
the  described  samples  was  determined  by  Kachinsky's 
method (1957). Creep  tests  have been performed  at 

-1O'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 i s  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. Icecrete 
was n o t  detected  even at 500OX magnification.  There- 
fore, we can  suppose  that  structural  bonding i n  the 
aggregates  is  determined  mainly  by  the  molecular 
and  ion  electrostatic  interaction  of  mineral 
particles.  Ice  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 o f  one or, rarely,  several 
crystals with chaotic  orientation o f  optical  axes. 
The  ice  inclusion-ground  aggregate  boundary i s  
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- 
cementation.  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 "1 is  determined 
by 

where A is  density  of  mineral  mass  of  the  ground 
(2.72 g/cm3)  and Y,k is  density  of  solid  in  g/cm3. 
Porosity  formed in 0 .02  mm voids  has  been  calculated 
as  a  pexcentage  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. 

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, o f  
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 vacuum-sublimation  drying on the  structure 
of capillary  porous  bodies.  Lykov  noted  that  "this 
drying  technique  keeps  the  pores o f  the  material 
uncompressed  and  the  structure  almost  unchanged. 
Slight  shrinkage  does  occur  during  elimination  of 
adsorptive  bound  water." All this  allows  the  sub- 

Analysis of the  structure of the  mineral  frame- 
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TABLE 1 Composition  and  Structural  Properties of Clay  Samples 

Micro-aggregate  composition 

Size  of  particles (mm) 
Content  of  particles ( W )  

Clay 
Sand Silt Clay 

r0.05 0.005-0.05 S0.005 yCk (g/cm3) nc n > 0.02  mm 
"- 

Frozen 46.2   44 .6   9 .2  
33.2  37.3  29.5 

- 1.45 
1 .43  

46.5 - 
47.4 9.9 

__ 

Sublimated - 4 8 . 2  43 .8  8,O 
30.0 38 .4  31.6 

1.47 46.0 - 
1.46  

- 
46.3  8.1 

Note:  Numerator  stands  for  indices of natural  composition  of  ground, 
denominator is for  destructed  ground. 

l, % 

FIGURE 1 Creep  curves  for  frozen  clay  of  natural 
composition;  stresses  equal  to: 1 - 0 . 4 7 ;  2 - 1 . 2 4 ;  

2.94 MPa. 
3 - 1 . 4 9 ;   4 - 2 . 1 0 ;   5 - 2 . 4 8 ;  6 - 2 . 6 4 ;  7 - 2 . 7 9 ;  8 -  

4 % 

t', day Q 
FIGURE 2 Creep  curve8  for  sublimated  clay  of 
natural  composition;  stresses  equal  to: 1-0.1; 
2 - 0 . 5 ;  3 -   1 . 2 7 ;  4 -  1.58; 5 -  1.7; 6 -   1 . 7 8  ma. 

limated  ground 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 1 9 7 9 ) .  As has 
already  been noted, icecrere  and  structural  bonding 
can  be  distinguished  in  the  frozen  ground.  Forma- 
tion of icecrete  bonding  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 o f  
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 clay 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  un- 
frozen  water  (Vyalov 1 9 7 8 ,  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 
( O > ' 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 o f  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 
( u < R d ,  and  the  deformation  process  occurs  as 
attenuated  creep with  a gradually  decreasing  rate 
of deformation. 

Ice  elimination  due  to  frost  drying of the 
frozen  ground  sharply  changes  the  character of the 
deformation  and  the  destruction of the  samples 
(Figure 2 ) .  Even for stresses & 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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Frozen 32t2.0 
34S2 * 0 

1.4520.34 3.1020.3 1.74iO.  25 
1.44f0.03 3.90k0.2 1.50k0.25 

Sublimated 9 . 7 ~ 0 . 5  1.45t0.01 2.00i0.1 1.73tO. 05 
10.2*0.5 1.45f0.01 1 e 35kO.l 1.27S0.05 

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 o f  unfrozen  water,  General  creep 
deformation o f  the  frozen  ground i s  15-20% depending 
on the  effective  stress  and  is  mainly  plastic 
(reverse). That of sublimated  samples is reduced 
to 3-5% with  domination o f  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 o f  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 Q is  determined  by (I) 
and  equals 0.45 to 0.5 (Table 2). 

samples,  do  not  demonstrate  considerable  decrease  in 
strength  over  time;  their  static  fatigue  resistance 
to  compression is 0.85 to 0.9 o f  the  conditional 
instantaneous  strength. of the  frozen  ground 
and % 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 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  medium  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 

Sublimated  clay  samples,  as  compared  to  frozen 

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 h5 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 (k4%) than  for  frozen  samples 
(k12 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 - 1 O O C  is  also  debateable  because we 
have  little  knowledge  about  the  rheology  of  low- 
temperature  frozen  ground. 

CONCLUSIONS 

1. To determine  the o f  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 CJ,.,,, and 
its  static  fatigue  limit  corresponds to the  condi- 
tional  instantaneous  strength of the  sublimated 
ground. 

2. The  proposed  method for determining  the FJL 
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  ARCTTC SEAS 
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Frozen  seabed  materials  are  widespread  beneath  the  Arctic  seas,  thus  forming  a 
submarine  cryolithozone.  The  major  part o f  this  submarine  cryolithozone  consists 
of mineralized  materials  containing  water  supercooled  below O'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 i n  offshore 
zones,  lack o f  knowledge  about  and  insufficient 
account of, or  disregard o f ,  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. 

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  copditions  is to be  expected in 
estuarine  offshore  regions as a  result  of  inter- 
basin  diversion o f  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,  commander  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 i n  the  seabed  was 
made by  the  Uussian  polar  expedition  headed  by  E. V. 
Toll, 

In the USSR, systematic  studies  of  the  subaqueous 
cryolithozone with the use of  boring  have  been 

Changes  in  cryogenic  conditions in the ofl- 

Carrie d  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 I932 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 commenced  only  in  the 
late '60s  in  connection  with  the  discovery  of  oil 
and  gas  deposits in the  Beaufort  Sea. 

These  studies  have  revealed  patterns o f  dis- 
tribution  of  cryogenic  rocks in the  Arctic  seas, 
as  well  as  special  features  of  the  subaqueous 
cryolirhozone  formation.  They  allowed  evaluation 
o f  permafrost  conditions  within  a  large  part o f  
the  water  area in the  Arctic  basin.  Such  evalua- 
tions  were  made  by  Baranov (1958), Grigoryev  (1962), 
Kudryavtsev  and  Romanovsky  (19751,  Are (19761, and 
Danilov  and  Zhigarev (1977). Recent  research  into 
the  subaqueous  cryolithozone  makes  it  possible t o  
essentially  clarify  the  cryogenic  conditions in 
the  Arctic  seas. 

But  is  is to be  recalled,  first  of  all,  that 
cryogenic  racks  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 f r e e z i n g   i n   t h e  bottom  sediments. 
A s  has  been  established  earlier  (Nolochushkin 

and  Gavrilyev,  1970;  Zhigarev and Plakht ,   1974) ,  
t h e  mean annual  temperature  of  the  bottom  water 
l a y e r  is  a l m o s t   i d e n t i c a l   t o   t h a t  of t he   depos i t s  
a t   t h e   b a s e  of t he   l aye r  of  zero  annual  amplitudes. 
Hence t h e   c o r r e l a t i o n  between the  temperatures   that  
determine  the  external  and in te rna l   agents   ind ic-  
ates d i r e c t l y   t h e   p o s s i b i l i t y  of f reez ing  or thaw- 
ing   of   the   depos i t s ,   i . e .   the   format ion   of   recent  
(newly  formed)  frozen  rock  series,  conditions o f  
conse rva t ion   o f   r e l i c t   pe renn ia l ly   f rozen   rocks ,  
and d i s t r i b u t i o n  of seasonal ly   or   perennial ly  
supercooled  deposits.  Only f ros ty   rocks   a r e  
cha rac t e r i zed   so l e ly  by t h e  mean annual  temperature 
o f  the  bottom  sea-water  layer.  

Exis t ing  perennial ly   f rozen  rocks  are   found  to  
occur   i n  a l l  r e c e n t l y  emerged l o c a l i t i e s  as wel l  
as  i n  the   water   a reas   o f   the   seas ,   bu t  a t  depths 
not  exceeding  the maximum thickness  o f  t h e   f a s t  
ice. Bottom sediments   in   the   coas t - ice   a reas  
f reeze   deep   due   to   the   h igh   hea t   conduct iv i ty   o f  
i c e  and t h e   i n s i g n i f i c a n t   t h i c k n e s s  of t h e  snow 
cover. The annual   repet i t ion  of   deep  f reezing 
r e s u l t s   i n  new growths of permafrost.  With  the 
sea depth  exceeding  the  mentioned  value,   recent 
perennial ly   f rozen  rocks do not  form  even  near  the 
shore.  In a l l  t he   o the r  areas, the   recent   f rozen  
r o c k s   e n c i r c l e   t h e   e n t i r e   o f f s h o r e  zone a t   t h e  
c o n t i n e n t a l  and i s l and   coas t s   w i th  a b e l t  of vary- 
ing  width.  The wid th   o f   t h i s   be l t  is  g r e a t e s t   i n  
the  Laptev Sea  (up t o  35 km) and i n   t h e   w e s t e r n  
p a r t  of t h e  East Siberian  Sea (up t o  30-40 km). 
The temperature   of   the   recent   perennial ly   f rozen 
rocks a t  the   dep th  of the   annual   var ia t ion   base  
was - l l ° C  i n  one  of  the  sections  of  the  Laptev  Sea,  
and t h e i r   t h i c k n e s s   f o r  35 years   of   f reezing 
approximated 60 m,  as was e s t ima ted   i n   t he   Eas t  
Siberian  Sea. 

The problem  of  occurrence of r e l i c t   pe rmaf ros t  
i n   A r c t i c   s e a s  i s  extremely  complicated; it can  be 
solved  only on t h e   b a s i s  of research   in to   the   pa leo-  
geographical  conditions of the   La te   P le i s tocene  
period.  These  conditions  comprise  the  development 
o f  t ransgress ions  and regress ions  o f  t he   Arc t i c  
seas  and the   s ea   l eve l   du r ing   t he i r  maximum phases, 
t h e   r e l i e f  of t he   she l f  and possible  formation  of 
an ice  shee t  on it, the   th ickness  of t he   pe renn ia l ly  
f r o z e n   r o c k s   p r i o r   t o   t h e i r  becoming  subaqueous, 
t he   i n t e r io r   hea t   f l ow,   a s  well a s   t he  above- 
ment ioned   ex terna l   and- in te rna l   agents   o f   f reez ing  
and  thawing. 

s u r v i v e d   i n  some comparatively  recently  abraded 
areas   in   the   Laptev   Sea  and i n   t h e   w e s t e r n   p a r t  of 
the   Eas t   S iber ian   Sea   wi th in   the  bounds of t h e  
l acus t ro -a l luv ia l   p l a in   o f   t he  Zyryan-Kargin  age. 
The boundary of t h i s   p l a i n   p r o b a b l y   r a n   a t  a depth 
of about 30 m. This is demonstrated by numerous 
sand   f i e lds  and  banks t h a t  are res idua l   ou tcrops  of 
the   former   cont inenta l   p la in  and t h a t  do not  exceed 
t h a t   d e p t h   i n   t h e   A r c t i c  seas, and also by t h e   f a c t  
t h a t   t h e r e  i s  l i t t l e  o r  no s u b a e r i a l   r e l i e f   o v e r  
t h e   e n t i r e   a r e a  of t he   s and   f i e lds  and  banks. 

During  the  period  of  development  of  transgres- 
s ions  of t h e   A r c t i c  seas, as i s  known, there   took  
place  thermoabrasional   destruct ion of the   shores  
b u i l t  of  ice-rich  deposits  of  the  Zyryan-Kargin 
l a c u s t r o - a l l u v i a l   p l a i n .  The depos i t s  thawed i n  

Relict  perennially  frozen  rocks  have  undoubtedly 

the  destroyed  shore  sections  as  they  were sub- 
merging. It has  been  noted  (Zhigarev,  1981)  that 
t h e  most intensive  thawing  of  frozen  sediments 
takes  place  at   sea  depths  ranging  between 2-3 rn 
and 5-7 m. The mean annual  temperatures of The 
bot tom  water   layer   within  this   depth  range  are  
p o s i t i v e  and  can  reach  re la t ively  high  values .  
The sea  takes  hundreds,  and possibly  thousands,  of 
years  t o  t ransgress   through  this   depth  range.  
Therefore ,   extremely  intensive  degradat ion o f  t h e  
frozen  rocks  from  top  and  from  bottom  develops 
d u r i n g   t h i s  time period.  The c o n t i n u i n g   r i s e  of 
t h e   s e a   l e v e l  and  bottom  sediment  washout  increase 
the  depth,   lower   the mean annual  temperatures of 
the  bot tom  water   layer ,  and hence  stop  the  thawing 
of  frozen  rock from  above  and re ta rd   the   thawing  
rate from t h e  bottom.  Occurrences o f  r e l i c t  perma- 
f r o s t   a r e   d i s t i n g u i s h e d  on t h e   b a s i s  of an   ana lys i s  
of sea   depths ,   bo t tom  re l ie f ,  and t h e   l i t h o l o g i c a l  
composition of t h e  bottom  sediments. Relict f rozen 
rock   s e r i e s  have  survived  in  areas of the  completely 
thermoabraded Semenov, Vasilyev,  Figurin,  and Diomid 
i s l a n d s .  
' The s u r v i v a l  of r e l i c t   pe rmaf ros t  i s  a l s o  pos- 
s ib le   in   reg ions   wi th   in tens ive   p resent -day  accumu- 
l a t i o n s  of marine  sediments  where  the  sea  depth 
has  decreased t o  a va lue   equa l   t o   t he  maximum 
thickness  o f  t h e   f a s t  ice.  Thus, f o r  example, 
highly  ice-r ich  rocks  were  recorded  a t  a depth of 
from 86 m to   the   borehole   face  a t  100 rn on  an i n l e t  
offshore  bar   in   the  Laptev  Sea,   wi th  i t s  depth  here  
being 1.9-2 t o  2 . 5  m (Zhigarev, 1981). R e l i c t  
frozen  rock  masses  can be supposed t o   o c c u r   i n  
reg ions   o f   ex tens ive   sand   f ie ld   d i s t r ibu t ion   over  
shoa ls  of the   seas .  It can  be  assumed,  according 
t o   t h e   m e n t i o n e d   c h a r a c t e r i s t i c s ,   t h a t   r e l i c t   f r o z e n  
rock series a r e  most widespread in   t he   Lap tev  Sea, 
bur   they   a l so   occur   in   the   wes te rn   par t  of t h e  EabL 
Siberian  Sea and more r a r e l y   i n   t h e  Kara Sea.  Their 
thickness  can  reach  hundreds  of meters i n   f r e s h l y  
abraded areas, but it probably  does  not  exceed  tens 
of meters   in   reg ions  of old  thermo-abrasion  within 
t h e  Zyryan-Kargin l a c u s t r o - a l l u v i a l   p l a i n .  

The recent  and r e l i c t   pe renn ia l ly   f rozen   rocks  
near   cont inenta l  and i s l and   coas t s  form o r i g i n a l  
"visors"  (overhangs)  directed  towards  the sea where 
they wedge out.  Grigoryev (1966) was t h e   f i r s t  t o  
record  such  forms  of  deposit ion  of  perennially 
frozen  rocks.  I n  some g u l f s  of the  Laptev and  East 
Siber ian  Seas ,  we happened to   observe  double  
visors", with  the  upper  and  lower ones being 

cha rac t e r i s t i c   o f   t he   r ecen t  and r e l i c t   f r o z e n  
rocks  respect ively.  

As i s  known, t h e  zone of t h e  Arcric seas i s  a 
mosa ic   s t ruc tu re   cons i s t ing  of a number of l a r g e  
upheaved o r  lowered  blocks  divided by folded 
formations  or by wide   rup tured   be l t s .  The upheaved 
b locks   a r e   bu i l t  of  sedimentary  rocks of t h e  
S i l u r i a n ,  Devonian, or   Carbonic   per iods.  In t h e  
e a s t e r n   s e c t o r  o f  t he   Arc t i c ,   t hese   a r e   ove r l a in  by 
the  Cretaceous  effusive  rocks and by a t h i n  cover 
of   loose   depos i t s ,   bu t   th i s   cover  i s  l o c a l l y  washed 
away completely, and the   e f fus ive   rocks ,   under  
nega t ive   t empera tures ,   a re   over la in  by f ros t   rocks .  
The l a t t e r  are widespread i n  t h e  Kara, Laptev, and 
Eas t   S iber ian  seas. 

The lowered  blocks i n   t h e   w e s t e r n   s e c t o r  of t h e  
Arctic a r e   b u i l t  of a series of  poorly  consolidated 
or  unconsolidated  sediments  with a th ickness  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  MSU  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 o f  such 
mineralization  and  of  relatively  high  negative 
temperatures  of  the  bottom  deposits  (-0.4"  to 
-l.a"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 o f  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). 

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  thic.kness o f  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. I n  the  autumn- 
winter  period,  due  to  the  reduction of the  warm 
flows  of  the  river waters,  sea  waters  supercooled 
below O°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 o f  their 
freezing,  according  to  estimations,  reaches 1 m. 

A unique  characteristic  of  freezing  bottom 
sediments  is  observed  in  regions  of  stamukha 

Seasonally  frozen  rocks  in  areas with rapidly 

occurrences.  Stamukha  is  an  ice  hummock  (or 
grounded  ice)  of  dynamic  origin  that  forms  a5 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  hummocky  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 k m *  can  be  observed  (Eosbunov  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, 19631, 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,  195&), 

place in summer i n  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 o f  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  comp1,icated  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. 

A rather  intensive  destruction of stamukhas  takes 
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PREFACE 

The p r e s e n t   c o l l e c t i o n   c o n t a i n s   p a p e r s  by 
l e a d i n g   S o v i e t   e x p e r t s  i n  t h e   f i e l d  of  geocryol- 
ogy ,   p repared   for   the   Four th   In te rna t iona l   Confer -  
ence on Permafrost ,   held  in   Fairbanks,   Alaska,  
J u l y  1983. "ne c o l l e c t i o n   c o n t a i n s   t h e  results of 
research  conducted  between 1978 and 1982 i n   v a r i -  
ous areas o f  permafrost  study.  Problems of theo- 
re t ica l ,  experimental ,  and engineer ing  geocryology 
are examined,  and  principles  of new s c i e n t i f i c  
t r ends   a r e   fo rmula t ed .  

T h i s   c o l l e c t i o n   c o m b i n e s   t h e   r e s u l t s  of re- 
s e a r c h   c a r r i e d   o u t  on general   geocryology,   cryo-  
l i t h o l o g y ,   t h e   t h e r m a l   p r o p e r t i e s  of permafrost ,  
rheology,  mechanics and engineer ing  geocryology,  
as well as on the   pr inciples   of   environmental   pro-  
t e c t i o n  and t h e   r e c u l t i v a t i o n  o f  l a n d s c a p e s   t h a t  
have   been   a l te red  by man and t h a t  are found in t h e  
v i c i n i t y  of permafrost ,  

The combina t ion   of   l ead ing   exper t s  in d i f f e r -  
en t   a reas   o f   geocryology,  who descr ibe   impor tan t  
problems fo r  f u t u r e   r e s e a r c h ,  i s  of g r e a t   i n t e r e s t  
within  the  f ramermrk  of  a s i n g l e   c o l l e c t i o n ,  

kov e t  al. t h a t ,   b a s e d  on a g e o h i s t o r i c a l   a n a l y s i s  
of t h e   c o n d i t i o n s  of development o f  cryogenic  
s t ra ta  dur ing   t he   Qua te rna ry   pe r iod ,   p re sen t s  zon- 
a l  and r e g i o n a l   p r i n c i p l e s  of t he   c ryogen ic   t r ans -  
formation of rocks  and  groundwater i n   v a r i o u s  hy- 
d r o g e o l o g i c a l   s t r u c t u r e s   w i t h i n   t h e  USSR. Kud- 
ryav t sev ' s   pape r   p re sen t s   an   ana lys i s   o f   t he   t he r -  
mal bases  of  geocryology  and  describes ways t o  im- 
prove  geocryological   surveys  and t o  o b t a i n  raw 
d a t a   f o r   f o r e c a s t i n g   c h a n g e s  in permafrost  condi- 
t i o n s  and f o r   c o n s i d e r i n g   c r y o l i t h o g e n e s i s  as a 
zonal t ype   o f   l i t hogenes i s .   Spec i f i c   zona l   f ea -  
t u r e s  are d i s t i n g u i s h e d   i n   t h e   s t r u c t u r e   o f   e p i -  
c ryogen ic   rock   s t r a t a ,  and t h e   s p a t i a l   c o r r e l a t i o n  
be tween  types   o f   c ryogenes is   and   the   condi t ions  of 
un id i r ec t iona l   t ec ton ic   deve lopmen t  i s  noted. 

A number of t h e   p a p e r s   p r e s e n t   r e s u l t s  of re- 
s e a r c h   i n   t h e   a r e a  o€ s o i l  mechanics  and  the  con- 
s t r u c t i o n  of foundations.   Tsytovich e t  al .   pres-  
e n t  a unique method for fo recas t ing   t he   t he rma l  
s t r e s s - s t r a i n  states of s o i l   s t r u c t u r e s  that i s  
based on t h e   t h e o r i e s  of t h e r m o e l a s t i c i t y  and 
thermomechanlcs. The paper  by Vyalov e t  al .  pre- 
s e n t s  new methods for c a l c u l a t i n g   p i l e   f o u n d a t i o n s  
on t h e   b a s i s  of two g roups   o f   l imi t ing   cond i t ions  
t h a t   t a k e   i n t o   c o n s i d e r a t i o n   t h e   r h e o l o g i c a l   c h a r -  
a c t e r i s t i c s  of f r o z e n   s o i l s .  A new approach t o  
the   thermal   phys ics  of the   foundat ions  of build-  
i n g s  and s t r u c t u r e s  i s  desc r ibed  by K h r w t a l e v .  

The c o l l e c t i o n   o p e n s   w i t h  a paper by Mel'ni- 

The c o l l e c t i o n   i n c l u d e s   p a p e r s   t h a t   a r e  de- 
v o t e d   t o   t h e   s t u d y  o f   c ryogen ic   s t ruc tu res   and   t he  
s t r u c t u r e  and c h a r a c t e r i s t i c s  of f r e e z i n g ,   f r o z e n ,  
and  thawing so i l s .  The re   a r e   pape r s   desc r ib ing  
r e sea rch   i n to   t he   dynamics  of t he   c ryo l i rhozone  as 
i t  i s  a f f e c t e d  by changes i n   c l i m a t e  and by human 
a c t i v i t y ,   t h e   r o l e  o f   t he rma l   ab ras ion   i n   t he  de- 
velopment of t he   c ryo l i thozone  of t he   Euras i an  
Arctic s h e l f   d u r i n g   t h e  l a te  g l a c i a l   p e r i o d ,  and 
other  problems.  Current  views on t h e   h i s t o r y  of 
the  development of permafrost  in t h e  USSR are   g iv-  
e n  by Baulin e t  a l .  Gorbunov p r e s e n t s   c o r r e l a t e d  
r e s u l t s  of s t u d i e s  on permafrost  i n  the  mountain- 
ous  regions of Central   Asia.  

Individual  problems  of  environmental   protec- 
t i o n  and t h e   r e c u l t i v a t i o n  of d is turbed   landscapes  
are examined in the   papers  by El'chaninov  and Gri- 
goryev. 

on  various  problems  and  trends i n  geocryology  and,  
i n  some measure, sum up t h e  work t h a t   S o v i e t  geo- 
c ryologis t s   have   conducted   in   recent   years .  

The m a t e r i a l s   i n   t h i s   c o l l e c t i o n   s h e d   l i g h t  

ABSTRACTS 

New t r ends   i n   g round  water s t u d y   i n   c r y o n e n i c  re- 
gions. Mel'nikov, P . I . ,  Romanovskii, N.N., and 
Fo t i ev .  S.M. .  D. 7-21. 

Based on a g e o h i s t o r i c a l   a n a l y s i s  of  t h e  de- 
velopmental   conditions  of  cryogenic s t ra ta  dur ing  
the   Quaternary   per iod ,   the   zonal   and   reg iona l  
c h a r a c t e r i s t i c s  of t he   c ryogen ic   t r ans fo rma t ion  of 
r o c k   s t r a t a  and  ground waters i n  various  hydrogeo- 
l o g i c a l   s t r u c t u r e s  in t h e  USSR are examined  and 
i n d i c a t e d  on a map. The c h a r a c t e r i s t i c s  of t h e  
c ryogenic   t ransformat ion  of t h e   c o n d i t i o n s  of 
water  exchange i n  d i f f e r e n t   g e o c r y o l o g i c a l   z o n e s  
and   hydrogeologica l   s t ruc tures  are evaluated.  
P a r t i c u l a r   a t t e n t i o n  i s  g i v e n   t o   t h e   r e s u l t s  of 
new s t u d i e s  of   open   underwater   t a l iks   and   ic ing ,  
which are i n d i c a t o r s  of ground water d i scha rge  
f o c i .  The importance  of   s tudying  the  composi t ion 
and m i n e r a l i z a t i o n  of cryometamorphosed  fresh  and 
s a l t   w a t e r s  i s  discussed.  

_ _  

I n i t i a l   a s s u m p t i o n s  of the  thermophysical   (geo-  
p h y s i c a l )   b a s e s  of geocryology. 
Kudryavtsev, V.A., p. 21-27, 

A broad  geophysical  approach,  which  unites 
t h e   g e o s t r u c r u r a l ,   g e o g r a p h i c ,   g e o h i s t o r i c a l ,   a n d  
thermophysical   approaches,  i s  s u b s t a n t i a t e d  for  
t h e   s t u d y  of t h e   f r o z e n  zone of t h e   E a r t h ' s  
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c r u s t .  It i n v o l v e s   t h e   u s e  of a l a r g e   v a r i e t y  of 
methods t o   s t u d y   t h e   q u a l i t a t i v e   a n d   q u a n t i t a t i v e  
re la t ionships   be tween  the   parameters   o f   seasonal ly  
and p e r e n n i a l l y   f r o z e n  s t ra ta ,  as well as t h e  
p r i n c i p l e s  of  formation of the   composi t ion   and   the  
c r y o g e n i c   s t r u c t u r e  of  permafrost,  cryogenic  proc- 
esses and phenomena w i t h   t h e   c o n s t i t u e n t s  of t h e  
g e o l o g i c a l  and  geographical  environment,  examined 
w i t h i n  a g e o h i s t o r i c a l  framework.  The permafrost  
survey i s  t h e   b a s i c  method  of o b t a i n i n g   t h e   i n i -  
t i a l  information.  

Geoc ryo log ica l   cond i t ions   o f   Yaku t iya   i n   r e l a t ion  
t o  t h e   c o n s t r u c t i o n   o f   t r u n k   p i p e l i n e s .  
Mel'nikov, P . I . ,  and  Grave, N.A., p. 28-35. 

The paper   p resents  a brief  physico-geographi- 
cal  d e s c r i p t i o n  of Yakutiya.   Geocryological re- 
g i o n s   a r e   d e s c r i b e d ,  and t h e   t e r r i t o r y  i s  schemat- 
i c a l l y   d i v i d e d   i n t o   r e g i o n s   a c c o r d i n g  t o  t h e  re- 
s i s t a n c e  of t h e   s u r f a c e   t o   t e c h n o l o g i c a l   a c t i v i -  
ties. Data   are   presented of obse rva t ions  of t h e  
development of s u r f a c e  damage al-ong  the  route  of a 
bu r i ed   p ipe l ine .  

Cryo l i thogenes i s  as a zonal   type of l i t h o g e n e s i s .  
PODOV. A.1..  De 35-43 .  

. The g e n e i a l   p o s i t i o n  of c r y o l i t h o g e n e s i s  
w i t h i n   t h e   l i t h o g e n e s i s   s y s t e m  i s  determined. 
Cryo l i thogenes i s  is examined as a phenomenon  of 
d i a g e n e s i s  and  hypergenesis   (cryodiagenesis   and 
cryohypergenea is )   tha t  i s  c h a r a c t e r i s t i c  o f  t h e  
thermodynamic  s i tuat ion o f  the  zones of c o n s t a n t  
coo l ing  of t he   Ea r th ,   Spec i f i c   zona l   f ea tu re s  
are d i s t i n g u i s h e d   i n   t h e   s t r u c t u r e  o f  epicryogen- 
i c  r o c k   s t r a t a   t h a t   a r e   c h a r a c t e r i s t i c  of north-  
e r n   E u r a s i a   ( a s  an example of the   zonal   na ture   o f  
c r y o l i t h o g e n e s i s ) .  The s p a t i a l   r e l a t i o n s h i p s  of 
t ypes  of c r y o l i t h o g e n e s i s   t o   t h e   c o n d i t i o n s  of 
equ id i r ec t iona l   t ec ton ic   deve lopmen t   a r e   no ted .  

P r e d i c t i n g   t h e   t h e r m a l   s t r e s s - s t r a i n   c o n d i t i o n  of 
ear thworks by t h e   f i n i t e   e l e m e n t  method. 
Tsytovich,  N.A., Kronik,  Pa.A., Gavri lov,  A.N. ,  
and Demin, 1.1. , p. 44-56. 

How t o  formulate   and  obtain  an  approximate 
s o l u t i o n   t o   t h e  problem of p red ic t ing   t he   t he rma l  
s t r e s s - s t r a i n   s t a t e  of ea r thworks   t ha t  are con- 
s t ruc ted   under   severe  climatic c o n d i t i o n s  i s  ex- 
amined. A u n i f i e d  method i s  developed  for   pre-  
d i c t i n g   t h e   t h e r m a l  and s t r e s s - s t r a i n  states of 
ear thworks on t h e   b a s i s  of t h e   t h e o r i e s  of thermo- 
e l a s t i c i t y  and  thermomechanics i n   t h e   f o r m u l a t i o n  
o f  a disconnected  plane  problem. As an  example, 
t h e   t h e r m a l   s t r e s s - s t r a i n  s ta te  of a tes t  embank- 
ment cons t ruc t ed  of m a c r o e l a s t i c   s o i l  i s  c a l c u l a t -  
ed by t h e   f i n i t e   e l e m e n t  method w i t h   t h e   a i d  of a 
computer. The r e s u l t s  of t he   computa t ions   a r e  
compared wi th  two yea r s  of f i e l d   o b s e r v a t i o n s  of 
t h e  test embankment. 

Se t t l emen t  and b e a r i n g   c a p a c i t y   o f   p i l e  founda- 
t i o n s  on permafrost.  Vyalov, S.S., Slepak,  M.E. , 
and  Tikhomirov, S.M., p. 57-67. 

Methods a r e   p r e s e n t e d   f o r   d e s i g n i n g   p i l e  
founda t ions   on   t he   bas i s  of two groups of l i m i t i n g  
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c o n d i t i o n s .   I n   c o n t r a s t   t o   t r a d i t i o n a l  nrethods, 
t h e  methods descr ibed   take   in to   account   the   rheo-  
l o g i c a l   c h a r a c t e r i s t i c s  of f r o z e n   s o i l s   a n d  make 
i t  poss ib l e   t o   ca r ry   ou t   p i l e   computa t ions   unde r  
bo th   cons t an t   and   va r i ab le   ex t e rna l   l oads  and tem- 
pe ra tu res .  Examples are p r e s e n t e d   t o   i l l u s t r a t e  
t h e  new methods. 

Foundat ions  on  permafrost   that   thaws  while   the 
bui ldinR or s t r u c t u r e  is in use.  Kolesov, A.A., 
p. 68-75. 

E f f e c t i v e  methods a r e  examined f o r   t h e  con- 
s t r u c t i o n  of foundat ions on permafros t   for   indus-  
t r ia l  and c i v i l   u s e s .  Recommendations a r e   g i v e n  
f o r   t h e   d e s i g n  of  foundations,  how t o  l a y  them, 
and how to   p repa re   t he   g round   p r io r  t o  construc-  
t i on .  

Ven t i l a t ed   so l id   founda t ions  on f i l l ,  
Kutvi tskaya,  N.B., and  Dashkov, A . G . ,  p. 76-82. 

d a t i o n s  of t h e   s l a b ,   s t r i p ,   a n d  column types ,  
which  combine  bearing  and  cooling  functions.  On 
t h e   b a s i s  of expe r imen ta l   and   t heo re t i ca l  re- 
s e a r c h ,  a s o l u t i o n  i s  g iven   to   the   p roblem of t h e  
in t e rac t ion   be tween   bu i ld ings  on v e n t i l a t e d   s o l i d  
foundations  and  the  permafrost.  Examples are pre-  
s en ted  of des ign   so lu t ions  and of ac tua l   cons t ruc -  
t i o n .  

Des ign   so lu t ions   a r e  examined f o r  s o l i d  foun- 

Ca lcu la t ing   t he   t hawing   dep th  o f  mult i layer   cover -  
ings   on   permafros t   , inc ludinE a h i g h l y   e f f i c i e n t  
layer   o f   thermal   insu la t ion .   Ivanov,  V.N.,  
Merzlyakov, V.P., and  P lo tn ikov ,  A . A . ,  p. 82-89. 

An a n a l y t i c a l  method i s  proposed   for   ca lcu-  
la t ing   S te fan- type   thermal   conduct iv i ty  in mult i -  
l a y e r   c o n s t r u c t i o n s   t h a t   i n c l u d e  an  e f f i c i e n t   l a y -  
er of t he rma l   i n su la t ion  as used i n   p e r m a f r o s t  
coverings.  The s o l u t i o n  i s  reduced t o  a series of 
r e c u r r e n c e   f o r m u l a s   t h a t   a r e   u s e d   t o  write a com- 
pu te r   p rog ram  in   Fo r t r an  I V .  The r e s u l t s  of t h e  
c a l c u l a t i o n s   a r e  compared w i t h   f i e l d   o b s e r v a t i o n s .  

Fundamentals  of  the  thermorheology  of  cryogenic 
so i l s .  Grechishchev, S . E . ,  p. 90-100. 

i s  def ined.  A brief   overview i s  p resen ted  of ce r -  
t a i n   s c i e n t i f i c   t r e n d s   i n   t h e   p h y s i c s   a n d  mechan- 
ics of   c ryogen ic   so i l s   f rom  the   po in t  o f  view  of 
t h e   a p p l i c a b i l i t y  of t h e   o b t a i n e d   r e s u l t s   t o   t h e  
development of t h e   p r i n c i p l e s  of TCS, The thermo- 
dynamic  and  mechanical  conditions a t  the   phase  
boundar ies   in   water logged   so118  a re   p resented ,  a s  
i s  a t h e o r e t i c a l  model of cryogenic  heaving. Sev- 
e r a l  known c r y o g e n i c   s o i l  phenomena a re   exp la ined  
on  t h e   b a s i s  of the  proposed  theory.  

The  thermorheology of cryogenic  soi ls  (TCS) 

S h e a r   r e s i s t a n c e  of permafrost   dur ing  thawing.  
Shusherina,  E.P., Maksimyak, R.V., and  Martynova, 
G.P., 100-108. 

Resu l t s  of expe r imen ta l   s tud ie s  of t h e   s h e a r  
r e s i s t a n c e  o f  permafrost   during  thawing are ex- 
amined.  The r e s e a r c h  was c a r r i e d   o u t  on undis- 
t u r b e d   n a t u r a l   s o i l s  of va r ious   o r ig ins ,   cha rac -  
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t e r i z e d  by d i f f e r e n t   s t r u c t u r a l   a n d   t e x t u r a l   f e a -  
tu res ,   mois ture   conten ts ,   and   composi t ions  o f  t h e  
skeleton.  The s h e a r   r e s i s t a n c e  of  thawed s o i l  a t .  
the  thawing  boundary as a f u n c t i o n  of t hese   f ac -  
t o r s  i s  presented,  as is t h e  r e l a t ion  o f  t h e   s i z e  
of the   normal   load   and   the   angle   o f   inc l ina t ion   of  
t h e  ice l a y e r s  t o  the   shear   p lane .  

The  flow of f r o z e n  soils on  rock  slopes.  Sadov- 
s k i i ,  A.V. , and  Bondarenko, G. I. , p. 108-113. 

The mechanism  of t he   shea r   de fo rma t ion  o f  
f rozen  soil during  f low  over  a rock   s lope  was 
s tud ied .  The s h e a r   t e s t i n g  of  samples  of s o i l  
t h a t  are adf rozen   to   rock   s lopes   and   observa t ions  
of the   deformat ion  of f r o z e n   s o i l s   d u r i n g  dumping 
on rock   s lopes   e s t ab l i shed   t he   ex i s t ence  o f  two 
flow zones in s o i l s   t h a t  are flowing down a rock  
channel:  a con tac t   l aye r   and  a l a y e r   t h a t  is lo- 
ca t ed   h ighe r  in t h e   s o i l .  The rate of flow a t   t h e  
soil s u r f a c e  i s  equa l  t o  t h e  sum of t h e  rates o f  
f low  of   these  layers .  The rates of flow t h a t  are 
ca lcu la ted   us ing   the   sugges ted   formulas   a re  in 
good  agreement  with  observed rates of c reep  of 
f rozen  s o i l  dumps. 

Phys icochemica l   a spec t s   o f   t he   c r ea t ion   o f  man- 
made ice  s t r u c t u r e s   u s i n g  seawater. Savel 'ev,  
B . A . ,  Gagarin,  V.E., Zykov, Yu.D., L a t a l i n ,  L A . ,  
Rozhdestvenski i ,  N.Yu., and  Chervinskaya, O.P., 
p. 113-118. 

The c r e a t i o n  of man-made ice s t r u c t u r e s  i s  
examined from t h r e e   p o i n t s  of view: t h e   q u a l i t y  of 
t h e   a r t i f i c i a l   i c e ,   t h e   a d f r e e z i n g  of t h e   s t r u c -  
t u r e   t o   t h e   b o t t o m  of t h e   r e s e r v o i r ,  and the  dura-  
b i l i t y  of t h e   s t r u c t u r e .  On t h e   b a s i s  o f  experi-  
men t s   t ha t   u sed   s t ruc tu ra l   ana lys i s  and  geophysi- 
cal   methods,   the   advantage i s  shown o f  c r e a t i n g  
ice s t r u c t u r e s  and of s ecu r ing  them t o  the  bot tom 
by f r e e z i n g   i c e   w i t h i n  a volume  of water. The 
ques t ion  of the  thermal  regime  of a man-made ice 
s t r u c t u r e  i n  sha l lcw  water  i s  examined. 

Elastic and electrical p r o p e r t i e s   o f   i c e - r i c h  
s o i l s   a n d   i c e .  Zykov, Yu.D., Rozhdestvenski i ,  
N.Yu., and  Chervinskaya, O.P., p. 118-127.  

s tudy   i ce - r i ch  soils and i c e ,  i t  is n e c e s s a r y   t o  
s t u d y   t h e i r   p r o p e r t i e s ,   b e g i n n i n g   w i t h   t h e i r   e l a s -  
t i c  and e l ec t r i ca l   p rope r t i e s .   Expe r imen ta l   da t a  
a r e  examined  on s p e c i f i c  e lectr ical  r e s i s t a n c e s  
and   speeds   o f   e las t ic  waves i n  ice o f  varying com- 
p o s i t i o n  and s t r u c t u r e ,   a s  well as the  dependence 
of these   parameters ,  as measured  on  model  samples 
w i t h   l a y e r e d   c r y o g e n i c   s t r u c t u r e ,  on t h e   i c e  con- 
t e n t .   S i g n i f i c a n t   a n i s o t r o p y  was observed,  and 
i t s  dependence on v a r i o u s   f a c t o r s  was s tud ied .  
The r e s u l t s  are compared w i t h   c a l c u l a t i o n s .  The 
p o s s i b i l i t y  of e v a l u a t i n g   t h e   p r o p e r t i e s  of i c e  
a n d   i c e - r i c h   s o i l s  by e l e c t r i c a l   a n d   a c o u s t i c  
measurements Is demonstrated.  

To s u c c e s s f u l l y   u s e   g e o p h y s i c a l  methods t o  

Thermophysical  problems of permafrost   engineer-  &. Khrustalev,  L.N.,  p. 127-136. 
P r a c t i c a l   p r o b l e m s   t h a t   c u r r e n t l y   c o n f r o n t  

r e s e a r c h e r s   i n   t h e   c o n s t r u c t i o n  of foundat ions on 

permafrost  are examined.  The a u t h o r   d i s c u s s e s   t h e  
p r o b l e m  of thermal   in te rac t ion   be tween  e rec ted  
s t ructures   and  permafrost ,   foundat ion  cool ing  us-  
i n g   n a t u r a l   c o l d   w i t h   t h e   a i d  of va r ious   t ypes  o f  
se l f - r egu la t ing   coo l ing   i n s t a l l a t ions ,   and   eva lu -  
a t i n g   f o u n d a t i o n   r e l i a b i l i t y  t o  a r r i v e   a t  a sei-  
e n t i f i c a l l y   v a l i d  way of   choosing  the method fo r  
bu i ld ing  a foundation. The most e f f e c t i v e  ap- 
proaches  and  methods  of  solving  these  problems 
are ind ica t ed .  

S i g n i f i c a n c e  o f  s o i l  complex  changes on t h e  per- 
mafrost  temperature  regime.  Shur, Yu.L., 
Shvetsov, P. F., Slavin-Borovskii ,  V.R., 
Moskalenko, N.G., and  Malevskii-Malevich, S , P , ,  
p. 136-143. 

The e f f e c t s  of weather ing,  s o i l  formation,  
and   vege ta t ion  on the  temperature  regime  of  per- 
maf ros t   a r e  examined.  Changes i n  mean annual  tem- 
p e r a t u r e   a r e   e v a l u a t e d   i n   c o n n e c t i o n   w i t h  a d i -  
r e c t e d   c h a n g e   i n   t h e   p r o p e r t i e s  o f  t h e   s e a s o n a l l y  
thawing  layer .   Temporary  var iabi l i ty   of   the  com- 
ponents of the   t empera ture   ba lance  i s  s tudied.  

Formation of c ryopenic   s t ruc tures   dur ing;   ep lgenet -  
i c  and   syngene t i c   f r eez ing  of d i s p e r s e d   s o i l s .  
Ershov, E.D., p. 143-152. 

and  t ransformation  of   var ious  types of cryogenic  
s t r u c t u r e s  i s  examined on t h e   b a s i s  of  heat-mass 
exchange  and  physicochemical  and  physicomechani- 
cal p r o c e s s e s   t h a t   o c c u r   i n   f r e e z i n g   a n d   f r o z e n  
soi ls .  The formation of mig ra t ion  ice and segre-  
gated ice l a y e r s  in permafrost ,   which  have  f rozen 
e p i g e n e t i c a l l y  and s y n g e n e t i c a l l y ,  i s  examined. 

The mechanism of the  formation,   development ,  

I n v e s t i g a t i o n  of t h e  main f a c t o r s   a n d   t h e   m c h a n -  
ism o f  t he   c ryogen ic   t r ans fo rma t ion   o f   mine ra l s .  
Konishchev, V.N.,  Kolesnikov, S.F., and Rogov, 
V.V., p. 152-157.  

A t h e o r e t i c a l  model of t h e   c r y o g e n i c   s t a b i l -  
i t y  of p a r t i c l e s  of v a r i o u s   s i z e s  of t h e  main 
soi l - forming  minerals  i s  examined  on t h e   b a s i s  of 
n o t i o n s   a b o u t   t h e   p r o t e c t i v e   r o l e  of  unfrozen 
water. The cryogenic  breakdown of q u a r t z ,   f e l d -  
spars ,   hornblendes,   pyroxenes,   and  ores  i s  modeled 
in t he   l abo ra to ry .   Tab le s   a r e   g iven  of the   c ryo-  
g e n i c   s t a b i l i t y  of minerals  a t  various  tempera- 
tu res   and   mois ture   conten ts .  

Pe rmaf ros t   f ac i e s   s t ruc tu re   o f  modern a l l u v i a l  de- 
p o s i t s  of p l a i n   r i v e r s   i n   t h e   e a s t e r n   S u b a r c t i c .  
Rosenbaum, G.E., p. 158-161. 

The f a c i e s   s t r u c t u r e  of modern a l l u v i a l   d e -  
p o s i t s  of p l a i n   r i v e r s  of t h e   e a s t e r n   S u b a r c t i c  i s  
examined. R ipa r i an  and i n n e r - f l o o d p l a i n   f a c i e s  
are d i s t i n g u i s h e d   i n   t h e   s t r u c t u r e  of t h e   r i v e r  
p l a in   a l luv ium.   Subfac ie s   a r e   d i s t i ngu i shed   w i th -  
i n  each  facies ,   depending on t h e   n a t u r e  o f  t h e  de- 
velopment of t he   po lygona l   r e l i e f  and t h e   i c e  
v e i n s  in d i f f e r e n t   s e c t i o n s  of t h e   p l a i n   s u r f a c e .  
S u p e r i m p o s e d   r i v e r   p l a i n s   a r e   d i s t i n g u i s h e d   i n  
whose c r o s s   s e c t i o n s   t h e   f a c i e s  of t h e   i n n e r  
f l o o d p l a i n  is unde r l a in  not  by channel   a l luv ium 
b u t   r a t h e r  by d e p o s i t s  of a n   a l a s  complex. 



Cryolithogenic  deposits  and  their   permafrost-form- 
a t i o n  complexes.  Katasonov, E.M. ,  p. 162-169. 

amined.  Depending on the   cond i t ions  of accumula- 
t i o n  and  freezing, they are c l a s s i f i e d  as perma- 
frost  formation  complexes - s t r a t a   t h a t  are d is -  
t inguished  by t he   t ypes  of f a c i e s  and their  con- 
t e n t  and d i s t r i b u t i o n  of ground  ice.  Special at- 
t e n t i o n  i s  devo ted   t o   i ce  complexes.  Standard 
s e c t i o n s  are presented. 

Deposits that form n e a r   p e r m f r o s t   a r e  ex- 

Cryolithogenic  consequences of  non-uniditnensional 
freezing  of  soil .   Zhestkova, T.N., p. 169-177. 

dimensional  conditions was inves t iga ted .  The re- 
l a t i o n s h i p  between the   c ryogenic   s t ruc ture  and t h e  
thermal f i e ld  of t h e   f r o z e n   s o i l  is es tab l i shed .  
The exis tence  o f  horizontal   heaving,  which may a t -  
t a in   s ign i f i can t   p ropor t ions   unde r  non-unidimen- 
s i o n a l   s o i l   f r e e z i n g   c o n d i t i o n s ,  is proven. 

The f reez ing  of so i l s   unde r  two- and three- 

Paleogeographic  reconstructions  of  the  Pleistocene 
based on t he   t h i ckness   and   s t ruc tu re  of perma- - f ros t .   Baul in ,  V.V. ,  and  Chekhovskii, A.L., p. 
177-184. 

Problems of pa leoc l imat ic   recons t ruc t ions  
based on the a n a l y s i s  of t h e   d i s t r i b u t i o n  of t h i ck  
permafrost are examined. It i s  concluded t h a t  t h e  
th ickness   and   s t ruc ture  of permafrost   can  serve as 
i n d i c a t o r s  of changing  heat  exchange  conditions  at  
t he   Ea r th ' s   su r f ace .  

Cryolithozone  dynamics as r e l a t e d   t o  climatic 
changes  and  anthropogenic  influences.  Balobaev, 
V.T. , and  Pavlov, A.V., p. 184-194. 

An a n a l y s i s  is presented of climatic and geo- 
c ryologica l   changes   e f fec ted  by t h e  n a t u r a l   g l o b a l  
cycle  (which has a period of several   thousand 
y e a r s )  and inf luenced by anthropogenic  changes i n  
the composition of the  a tmosphere,   for   the  next  
century,   and, as a f f e c t e d  by local   technology,  i n  
t h e   s h o r t  term. An at tempt  i s  made t o   e v a l u a t e  
t h e   q u a n t i t a t i v e  limits of possible  transforma- 
t i o n s  of t h e  CKyOlithOZOne, i ts  thermal  regime, 
thickness,  and  local  development. 

The r o l e  of thermal   abrasion in the  developrent  of 
the  cryol i thozone  of  the Arctic Shelf of Eurasia  
du r ing   t he  late- and  post-glacial   period. Are, 
F.E., p* 195-201. . .  

Based on s t u d i e s  of the d e t e r i o r a t i o n  of t h e  
shores  of arct ic  seas and on paleogeographic con- 
c e p t s ,   t h e   r o l e  of thermal   abrasion in the   devel-  
opment of the  subaqueous  cryolithozone of  t h e  Arc- 
t i c  Shelf of  Eurasia  during  the  late-  and  post-  
g l a c i a l   p e r i o d  i s  presented. In the Soviet  Arc- 
t i c ,  s i x   r e g i o n s  are d is t inguished  that  d i f f e r  
wi th   regard   to  the development of thermal  abra- 
sion. It i s  shown t h a t   i n  the East S iber ian   re -  
gion t h e  rise i n   t h e  sea l eve l   du r ing  the post- 
g l a c i a l   t r a n s g r e s s i o n  was re spons ib l e   fo r  a r a p i d  
rate of change i n  t h e   p o s i t i o n  of the  shore l ine .  
During this   process   thermal   abrasion  broke up t h e  
upper   layers  of the c o n t i n e n t a l   g l a c i a l   d e p o s i t s ,  
which  then came t o  be in a subaqueous  position. 

Methodological   pr inciples  of t he   eva lua t ion ,  proR- 
nosia,   and mapping of n a t u r a l  complexes with  vary- 
ing  res is tances   to   thermal   subsidence.   Zhigarev,  
L.A. ,  and  Parmzina ,  0. Yu., p. 201-206. 

The p r i n c i p l e s  of evalua t ing   and   forecas t ing  
thermal subsidence  in   natural   complexes are de- 
scr ibed.  Methods are proposed  for mapping  such 
complexes,  which  have  varying  resistance t o  therm- 
a l  subsidence. 

The e f f e c t s  of mining  on  the  environment  and meth- 
ods f o r   a l l e v i a t i n g  them. El'chaninov, L A . ,  p. 
207-214. 

Mining for  minerals  causes  the  removal  from 
the natural  environment  and the dumping i n t o   t h e  
environment of a series of  components. An evalua- 
t i o n  is presented of t h e   s u b s y s t e m  of the techno- 
l o g i c a l  cycle and  the  degree  to  which  they affect  
the environrcent.  Information i s  given on devel- 
oped technological  procedures that  c o n t r i b u t e   t o  
the   e l imina t ion  or a t t e n u a t i o n  of the   harmful  
e f f e c t s  of mining on the  environment. 

The C e n t r a l  Asia permafrost  region.  Gorbunov, 
A * P * ,  p* 214-222. 

Data about the cryol i thozone and the cryogen- 
i c  relief of the  mountains of Cent ra l  Asia a r e  
cor re la ted .  The ex ten t  of t h e  area of permafrost 
i n   t h e   r e g i o n  is e s t i m a t e d   t o  be 2.09 m i l l i o n  km2, 
t h e  volume of the cryol i thozone i s  160,000 Ian3 and 
t h e  volume  of ground ice is 9,000 km3. The upper 
permafrost  boundary in the nor the rn   pa r t  of the 
region is a t  2200 m above sea l e v e l ,  and i n  the 
s o u t h   a t  5000 m above sea leve l .  

History  of  the development of pe rmaf ros t   i n   t he  
USSR, Baulin, V.V., Velichko, A.A., and  Danilova, 
N . S . ,  p. 222-229. 

A brief  paleogeographical scheme i s  proposed 
for   the   format ion  of permafrost  throughout  the  en- 

* t i r e   t e r r i t o r y  of the Soviet  Union f o r  the main 
s tage  of the Quaternary. The  Upper P le i s tocene  
and t h e  Holocene,  which are subdiv ided   in to   s tages  
of  multi-directional  permafrost  dynamics, are cov- 
ered i n  t h e   g r e a t e s t   d e t a i l .  All of the recon- 
s t r u c t i o n s  are made on t h e   b a s i s  of an   ana lys i s  of 
the   c ryogenic   s t ruc ture  of the permafrost, of 
wedge ice, and of associated  pseudomorphosis, as 
well as t he   t h i ckness  of t he   pe rmf ros t .   Spec ia l  
f e a t u r e s  of the development of permaf ros t   i n   l a rge  
regions of the USSR, such as the European p l a i n  
and  western  Siberia, are examined. 

The use of c r y o c h e d c a l  data in t h e   s t u d y  of t h e  
or ipin  of   ground ice deposits.  Anisimova, N.P., 
and  Kritzuk, L.N., p. 230-239. 

the  chemical  composition of ground ice d e p o s i t s  
t h a t  were formed i n  various ways are examined. 
The comprehensive  study of  the   unique  deposi t  o f  
ground ice i n   t h e   v a l l e y  of t h e  Se-Yakha River on 
t h e  Yamal Peninsula  i s  presented as a n  example. 
It i s  concluded  that  i t  originated  underground, 
and t h a t  the  i n j e c t i o n  mechanism o€ formation 
played a role .  

The physicochemical  processes that  determine 
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Suprapermafrost water of the   c ryol i thozone:  I ts  
c l a s s i f i c a t i o n  and description.  Shepelev, V.V. ,  
p. 239-244.  

waters of the   cryol i thoeone  and schemes for t h e i r  
c l a s s i f i c a t i o n  are examined. A b r i e f   d e s c r i p t i o n  
i s  given of t he   i nd iv idua l   sub types ,  classes, sub- 
c l a s s e s ,  and var ie t ies   suprapermafros t  water, dis- 
t i n g u i s h e d   a c c o r d i n g   t o   t h e i r   r e l a t i o n s h i p s   t o   t h e  
various  cryogenic  confining s t ra ta ,  the   degree  of 
f r eez ing ,   t he i r   cond i t ions  of occurrence,  hydraul- 
i c   p r o p e r t i e s ,  and  temperature. The g r e a t  impor- 
tance is pointed  out o f  suprapermafrost water i n  
the  development of many permafrost  processes  and 
phenomena, as well as i n  changes i n   t h e  perma- 
frost-hydrogeological   c i rcumstances  that  are due 
t o  man's a c t i v i t i e s .  

The c h a r a c t e r i s t i c s  o f  the suprapermafrost 

Thermodynamic cri teria of t h e   s t a b i l i t y  of t h e  
s o i l  complex i n  the Subarct ic .  
Shvetsov, P.F., p. 245-247. 

esses i s  eva lua ted   on   the   bas i s  of heat   s torage  
data. The thermodynanic  and  mechanical s t a b i l i t y  
of s u b a r c t i c   s o i l  complexes is examined. 

The expendi ture  of energy for cryogenic  proc- 

The cryol i thosphere  of Mars and  cryogenic  phenonr 
ena  on i ts  surface.  Kurmin, R.O., p. 247-255. 

S t r u c t u r a l   f e a t u r e s  o f  t he   o l ane ta rv  oerma- 
f ros t   man t l e  of Mars' c rus t   ( c ryo l i thosphe re )  and 
the poss ib l e   d i s t r ibu t ion   w i th in  i t  of s t a b l e  
phases of water and  carbon  dioxide are examined. 
Data are presented  about  the  determination of the 

. . .  

d e p t h   a t  which s o i l  strata t h a t  contain i ce   occur  
i n   t h e   c r y o l i t h o s p h e r e ,  as are r e s u l t s  of t h e  geo- 
morphological  study of various  permafrost   indica- 
t o r s   i n   t h e   r e l i e f  of Mars. 

Autoregeneration  (optimization) of disturbed  sur-  
f ace   cond i t ions  in nor thern  West Siber ia .  
Grigoryev, N.F., p. 256-263. 

( 3 - 4  years )  arrest of thermokarst   during its i n i -  
t i a l  s t a g e s ,  when i t  i s  caused by t he   d i s tu rbance  
of the   vege ta t ive   cover  of tundra on ice-rich 
s o i l .  The summer thawing  layer i s  observed t o   d r y  
ou t   g radua l ly   a f t e r   t he  removal of the vegeta t ive  
cover, which h e l p s   t o  improve t h e   s t a b i l i t y  of the 
surface.  

Examples are presented of r e l a t i v e l y   r a p i d  

Permafrost   surveys  and  forecast ing  of  chanRes i n  
permafrost  conditions  during  economic  development 
of permafrost  regions.  Kudryavtsev, V.A., p. 264- 
269. 

The exis t ing  requirements   for   permafrost   sur-  
veys, as stated  in  Departmental  and  All-Union 
s tandards   and   technica l   regula t ions   for   surveys ,  
a r e   i nadequa te   fo r   p roduc ing   s c i en t i f i ca l ly  sub- 
s t a n t i a t e d   f o r e c a s t s  of permafrost  conditions  dur- 
i n g  the   cons t ruc t ion  and  use of s t r u c t u r e s   i n  the 
permafrost zone. Recommendations are presented 
for   conduct ing  permafrost   surveys  in   such a way as 
t o  make i t  possible   to   produce a geocryological  
f o r e c a s t ,  and  measures are proposed  that  will en- 
s u r e   t h e   s t a b i l i t y  o f  s t r u c t u r e s  and  of the envi- 
ronment. 
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Water  flows are  i m p o r t a n t   i n   s o i l   f r e e z i n g .  
A t  t h e   f r o s t   l i n e  (O°C isotherm)  which  separates  
t h e   f r o z e n   s o i l  from the  unfrozen s o i l  a l a r g e  de- 
p re s s ion ,   t he   c ryogen ic   suc t ion ,   d raws  in a l a r g e  
m o u n t  of  water,   which  freezes.  We d e s c r i b e  a 
macroscopic model of t he rma l   g rad ien t s  and water 
f lows ,   inc luding   the   c ryogenic   suc t ion .  The model 
is based on t h e   d e f o r m a b i l i t y  of t h e   s o i l   c o n s i d -  
e red  as a porous medium and t h e   e x i s t e n c e   o f  un- 
frozen w a t e r   i n   t h e   f r o z e n  so i l .  It u s e s   t h e  con- 
s e r v a t i v e  laws ( F o u r i e r ' s  law, Darcy's law, unfro- 
zen water con ten t   ve r sus   t empera tu re  in t h e   f r o z e n  
s o i l ) .  Its o u t p u t s  are the   t empera ture  and hy- 
d r a u l i c   p o t e n t i a l   f u n c t i o n s   o f   s p a c e  and time. A 
two-dimensional  computer  program i s  a v a i l a b l e .  

THE NATURE A N D  DISTRIBUTION OF SHALLW  SUBSEA 
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The c o r r e l a t i o n  of   high  resolut ion  analog  re-  
f l e c t i o n   s e i s m i c   p r o f i l e s   w i t h   s h a l l o w  and  deep 
b o r e h o l e   d a t a   h a s   l e d   t o   t h e   i d e n t i f i c a t i o n  of 
s e v e r a l   t y p e s  of   shal low  acoust ic   permafrost  (APPF) 
t o   d e p t h s  of 100 m below seabed,   including  discon-  
t i nuous  hummocky  APF, cont inuous APF, s t r a t i g r a p h -  
i c a l l y   c o n t r o l l e d  APF, APF l e n s i n g ,  and poss ib ly  
massive APF assoc ia ted   wi th   o f fshore   p ingo- l ike  
f e a t u r e s .  The occurrence  of  shallow APF has  been 
mapped over   the   she l f  from t h e   c o a s t   t o   t h e  70-m 
i s o b a t h  and  from B a i l l i e   I s l a n d   t o   t h e   e a s t e r n  
edge  of  the  Mackenzie  Trough. On a r e g i o n a l  

s c a l e ,   s h a l l w  AET i s  l a t e r a l l y   a n d   v e r t i c a l l y  
var iab le   and   d i scont inuous .   Eas t  of t h e  135' me- 
r i d i a n ,   t h e   d i s t r i b u t i o n  i s  less well def ined  be- 
cause of t he   marg ina l   na tu re  of the   i ce   bonding .  

s u r f i c i a l  geology. The s h e l f  i s  o v e r l a i n   w i t h  a 
thin  veneer   of   f ine-grained marine d e p o s i t s   ( u n i t  
A) t h a t   o v e r l i e   o r   g r a d e  downward into a t r a n s -  
gress ive   sequence  of i n t e rbedded   f i ne -   t o  medium- 
gra ined   sed iments   (un i t  B). These two u n i t s  un- 
conformably  overl ie   older   pre-Holocene  sediments  
( u n i t  C) of poss ib l e   r eworked   f l uv ia l -de l t a i c  ori- 
gin.  The APF is pr imar i ly   conf ined  co u n i t  C ( a l -  
though some ice  con ten t   has   been   obse rved   i n   t he  
ove r ly ing   un i t s ) .   Dep th   t o   t he  APF may vary from 
0 m t o  50 m below the  unconformity.  In some 
a r e a s ,   t h e   t o p  of t h e  APF i a  found t o  m i r r o r   t h e  
unconformity  surface.  

The d i s t r i b u t i o n  i s  c l o s e l y   r e l a t e d  t o  t h e  

FROST-HEAVED  STRUCTURES I N  BEDROCK: A VALUABLE 
PERMAFROST INDICATOR 

J . C. Dionne 

Dgpartement  de  Ggographie,  Universitd  Lava1 
Quebec C i ty ,  QuGbec, Canada G l K  7P4 

Fros t -heaved   s t ruc tu res   i n   bed rock   a r e   pe r i -  
g l ac i a l   f ea tu re s   p roduced  by t h e   v e r t i c a l   d i s -  
placement  of  bedrock  fragments.  Blocks,  frost- 
wedged from bare   bedrock   a long   jo in ts ,  are r a i s e d  
above the g e n e r a l   s u r f a c e  by f ros t   p rocesses .  
They a r e  common and exc lus ive   t o   pe rmaf ros t  re- 
g i o n s ,  and are considered by F rench   a s   f ea tu re s  
r e p r e s e n t a t i v e  o f  v e r y   a c t i v e   p e r i g l a c i a l   r e g i o n s .  

Although  they  were  mentioned  long  ago  in  the 
L i t e r a t u r e  by Tyrre l l ,   they   have   been   descr ibed  
a n d   s t u d i e d   i n  some d e t a i l   o n l y   r e c e n t l y  by Bour- 
n b r i a s ,   P a y e t t e ,  Dyke, and  Dionne. Among t h e   v a r -  
i ous   f ea tu re s   r epor t ed ,   i so l a t ed   heaved   b locks  
(monoli ths)  and c o n i c a l  mounds a r e   t h e  most com- 
mon. The i r   ex i s t ence ,  t o  our  knowledge, i s  re- 
s t r i c t ed   t o   t he   Nor the rn   Hemisphe re :  Canada, 
Greenland  and  Spitsbergen. Numerous s i t e s   o c c u r  
in s u b a r c t i c  Qugbec,  between L a t i t u d e s  51"45'  and 
60"20'N,  and i n   s u b a r c t i c  Canada  between l a t i t u d e s  
58"30' and 66'10'N. 

They d e v e l o p   i n   v a r i o u s   l i t h o l o g i e s :   b a s a l t ,  
d i abase ,   andes i t e ,   gabbro ,   g ran i t e ,   gne i s s ,   c rys -  
t a l l i n e   s c h i s L s ,  and occas iona l ly   in   sed imentary  
rocks such   as   sands tone   and   quar tz i te .  However, 

This sec t ion   conta ins   non-Sovie t   abs t rac ts   and   papers   tha t   were   no t   ava i lab le   a t   the  time of p r in t ing   o f  
e i t h e r   t h e   A b s t r a c t  and  Program  volume o r   t h e   f i r s t   P r o c e e d i n g s  volume. 
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most f e a t u r e s  are in volcanic,  igneous  and  meta- 
morphic   rock  with  wel l -developed  system of 
j o i n t s .  

are o f t e n   r a i s e d  as much as 150 cm above   the   sur -  
rounding  surface.   Conical  mounds made of s e v e r a l  
b l o c k s   ( u p   t o  15 fragments)  are commonly 3 t o  10 m 
in diameter,   and a c e n t r a l   d e p r e s s i o n  (crater) 
c h a r a c t e r i z e s  a few s t r u c t u r e s .  Most heaved 
blocks  exhibi t   weathered  and  l ichen-covered sides 
excep t  a t  t h e i r   b a s e s  where freshly  exposed  sur-  
f aces   i nd ica t e   r ecen t   heav ing .  As a l r e a d y  men- 
t i o n e d ,   t h e s e   f e a t u r e s   r e s u l t  from f r o s t   a c t i o n ,  
p a r t i c u l a r l y   f r o s t  wedging  and  heaving  due t o  
p r e s s u r e  of i c e   i n   v e r t i c a l ,   o b l i q u e   a n d   h o r i z o n -  
t a l  j o i n t s .  

Frost-heaved  features  in bedrock are a l l  lo-  
c a t e d   i n   t h e   p e r m a f r o s t  zone. The southernmost 
occurrence i s  a t  the summit of t he   Grou lx  Moun- 
t a i n s ,  QuBbec (51'45'N), n e a r   t h e   s o u t h e r n  limit 
of the  discont inuous  permafrost   zone.  The mean 
annual  a i r  temperature  i n   t h e   a r e a   c o n s i d e r e d  
ranges  from -4' t o  -9'C. Although snow depth is 
no t  known f o r  each l o c a l i t y ,  most sites c o n s i s t  of 
bare,   well-exposed  bedrock  surfaces  which are 
wind-blown during  the  winter .   Consequent ly ,  a 
t h i n  snow cover  i s  common to   the   envi ronment .  

Dat ing   heaved   s t ruc tures  i s  a d i f f i c u l t   p r o b -  
lem. Hcwever, recent   heaving  i s  usua l ly   ev idenced  
by l i c h e n - f r e e   s i d e s   a t   t h e   b a s e  of heaved  blocks.  
The o c c u r r e n c e   o f   s e v e r a l   s t r u c t u r e s   i n  a l o c a l i t y  
i n d i c a t e s   p r i m a r i l y   t h a t   t h e   c o n d i t i o n s   r e q u i r e d  
for their  development  do or d i d  exist; t h e   s t r u c -  
t u r e s  may have  developed in a r e l a t i v e l y   s h o r t  
time (a few decades)  as well as over  many centu- 
ries. Thus, f u r t h e r   s t u d i e s   a r e   n e e d e d   t o  docu- 
ment t h e  time requi red   for   the   deve lopment  o f  
heaved   fea tures  in bedrock  and t o   d e t e r m i n e   t h e i r  
age in a g i v e n   l o c a l i t y .  

Based  on t h e i r   g e o g r a p h i c a l   d i s t r i b u t i o n ,  on 
c l i m a t i c   d a t a ,  and  on the   occu r rence  of permafrost  
a t   a lmos t   eve ry  s i te ,  i t  i s  suggested  that   heaved 
f e a t u r e s  i n  bedrock  could  be  considered a va luab le  
i n d i c a t o r  of permafrost .  If found  outs ide the 
permafrost   regions  today,  re l ic t  heaved   fea tures  
w i l l  i nd ica t e   fo rmer   pe rmaf ros t   cond i t ions .  

Single  heaved  blocks  from 50 t o  200 cm long  
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Rock g l a c i e r s  here were l a r g e l y  formed by i n -  
c r eased  mass was t ing   a s soc ia t ed   w i th   va l l ey   deg la -  

c i a t i o n   i n  la tes t  P l e i s t o c e n e  time; most  have up- 
per   sur faces   which  f i r s t  s t a b i l i z e d  by t h e   e a r l y  
Holocene. They range  from 3-km-long, tongue- 
shaped   l obes   t ha t  are cored by g l a c i a l   i c e   a n d  
headed by r e a c t i v a t e d   ( N e o g l a c i a l )   c i r q u e   g l a c i e r s  
and la te  Holocene  moraines t o  smaller l o b a t e  mas- 
ses 15 t o  150 m i n  l e n g t h   l y i n g  beyond t a l u s  
cones. They appear   bes t   deve loped   be low  res i s tan t  
r i dges   w i th   l a rge   exposures  of s h a l e ,   s i l t s t o n e ,  
a n d   p h y l l i t e ;   t h e i r   t a l u s   e n h a n c e s   i n s u l a t i o n  of 
subsur face   i ce .  A l l  rock g l a c i e r s   o c c u r   w i t h i n  
the  zone of cont inuous  permafrost  a t  a l t i t u d e s  
from 900 t o  2,000 m. About 75% of t h e  rock g la -  
ciers and  almost a l l  of t h e   a c t i v e   f o r m   o c c u r  
n o r t h  of the   Cont inenta l   Div ide ,   demonst ra t ing  
t h e  climatic s i g n i f i c a n c e  o f  t h i s   e a s t - w e s t   t r e n d -  
ing divide.   Gct ive  tongue-shaped  rock  glaciers  
have a s t r o n g  N t o  NE o r i e n t a t i o n   p a t t e r n .  Bow- 
e v e r ,   l o b a t e   f o r m   f a c e   a l l   d i r e c t i o n s ,  demon- 
s t r a t i n g   i n s e n s i t i v i t y   t o   i n s o l a t i o n  and  perhaps a 
lower ice  c o n t e n t   r e l a t i v e  t o  d e b r i s .   B o t h   f o r m  
occur  50 t o  100 m h ighe r  on  south-facing  s lopes 
than  on nor the r ly   s lopes .  No c o r r e l a t i o n  wa6 
found  between  solar   energy  received a t  a rock  gla-  
c i e r   a n d   t h e   r o c k   g l a c i e r ' s   p r e s e n t  s ta te  of ac- 
tiviKy. L i t t l e  c o r r e l a t i o n  also  exists between 
t h e   a c t i v i t y  state and a) bedrock,   b)   overal l  
s lope ,  c) o r i e n t a t i o n ,  or d )   l a t i t u d e   a n d   a l t i t u d e  
no r th  of the  Cont inental   Divide.   Whether   or   not  a 
r o c k   g l a c i e r  i s  ac t ive   appea r s   t o   depend  most  upon 
t h e   a v a i l a b i l i t y  of d e b r i s  from headward c l i f f s .  
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F i e l d   s t u d i e s   r e c e n t l y   c o n d u c t e d  on the west coast 
of Ungava Bay, i n  the s o u t h e r n   p a r t  o f  the   cont in-  
UOUE permafros t   zone ,   have   permi t ted   the   es tab-  
l ishment  of t h e   p a t t e r n  of act ive- layer   develop-  
ment fo r   s ix   d i f f e ren t   geomorpho log ica l   and   vege -  
t a t i o n a l   t e r r a i n   t y p e s .  A l l  s t udy  sites were s i t -  
ua ted  on h o r i z o n t a l   s u r f a c e s  free from  local   topo-  
g r a p h i c   i n f l u e n c e s   i n   o r d e r   t o   p e r m i t   t h e   e x p l a n a -  
t i o n  of thaw  progression in term of  the earth 
materials, mois ture   conten t ,   and   vege ta t ion   cover  
t h a t   c h a r a c t e r i z e   e a c h   t e r r a i n   t y p e .   T h e r m 1   p r o -  
p e r t i e s  for organ ic  and  mineral s o i l  and f o r  bed- 
rock were c a l c u l a t e d   f r o m   f i e l d   d a t a  on t e x t u r e ,  
bulk  densi ty ,   and  moisture   content  of t h e   e a r t h  
materials a t  the sites, and were u s e d   t o   e x p l a i n  
thaw-layer  development f o r   e a c h   t e r r a i n   t y p e .  A 
l i n e a r   r e l a t i o n s h i p  was e s t a b l i s h e d  for each group 
of sites between the loga r i thmic   t r ans fo rma t ion  o f  
thaw penetrat ion  and  an  a tmospheric   thawing  index 
ob ta ined   t h rough   i n t e rpo la t ions  o f  a i r   t e m p e r a t u r e  
da ta   f rom  the  two c l o s e s t   m e t e o r o l o g i c a l   s t a t i o n s  
--Kwjjuaq (For t  Chimo) and  Koartaq  (Cape  Hope's 



3 2 3  

Advance) .   This   re la t ionship was t h e n   u s e d   i n  a 
p r e d i c t i v e   s e n s e   t o   e s t a b l i s h ,   f i r s t ,   t h e   d e p t h  o f  
the active l a y e r  a t  the   end  of t h e   t h a w   s e a s o n   f o r  
e a c h   t e r r a i n   t y p e ,   a n d   s e c o n d ,   v a r i a t i o n s   i n  ac- 
t i v e - l a y e r   d e p t h s   i n   t h e   r e g i o n   o v e r  a 20-year 
time p e r i o d .   P r o b a b l e   s p a t i a l   v a r i a t i o n s  of ac- 
t i ve   Laye r s   fo r   ex t r eme  climatic v a r i a t i o n s  i n  t h e  
Ungava P e n i n s u l a   a r e   a l s o   b r i e f l y   p r e s e n t e d .  

THE INFLUENCE  OF  CLAY-SIZED  PARTICLES ON SEISMIC 
VELOCITY 

FOR CANADIAN ARCTIC PERMAFROST* 

M.S. King 

Lawrence  Berkeley  Laboratory  and 
Un ive r s i ty  of C a l i f o r n i a  

Berke ley ,   Cal i forn ia   94720,  USA 

Seismic wave ve loc i t i e s   have   been   masured  on 
3 7  unconsol idated  permafrost   samples   as  a f u n c t i o n  
of  t e m p e r a t u r e   i n  the range -16' t o  +5'C. The 
samples,   taken  from a number  of l o c a t i o n s   i n  the 
Canadian Arctic I s l a n d s ,  the Beaufort   Sea  and the  
Mackenzie  River, were t igh t ly   sea led   imlnedia te ly  
upon  recovery i n   s e v e r a l   l a y e r s  of po lye thy lene  
f i l m  and  maintained in t h e i r   f r o z e n   s t a t e   d u r i n g  
s t o r a g e ,   s p e c i n e n   p r e p a r a t i o n ,   a n d   u n t i l   t h e y  were 
t e s t ed   unde r   con t ro l l ed   env i ronmen ta l   cond i t ions .  
Dur ing   t e s t ing ,  the specimens were s u b j e c t e d   t o  a 
c o n s t a n t   h y d r o s t a t i c   c o n f i n i n g  stress of 0.35 MPa 
(50 ps i )   under   d ra ined   condi t ions .  A t  n o   s t a g e  
was a d e v i a t o r i c  stress a p p l i e d  t o  the permafrost  
specimens. The f r a c t i o n  of c l a y - s i z e d   p a r t i c l e s  
in t h e  test specimens  var ied  f rom  almost   zero  to  
approximately 65%. A t  temperatures  below -2'C the  
compressional-wave  velocity was o b s e r v e d   t o  -be a 
s t r o n g   f u n c t i o n  of the f r a c t i o n  of c lay-s ized  par-  
ticles, but  only a weak f u n c t i o n  of po ros i ty .  A t  
temperatures  above O°C the  compressional-wave  vel-  
o c i t y  was obse rved   t o   be  a func t ion   on ly  o f  poros- 
i t y ,  with v i r t u a l l y  no dependence  upon  the  frac- 
t i o n  of c l ay - s i zed   pa r t i c l e s .   Ca lcu la t ion  of t h e  
f r a c t i o n a l  ice  con ten t  of the   permafros t   pore  
space from the   Kuster   and Toks6z theory showed 
t h a t   f o r  a g i v e n   f r a c t i o n  of c l a y - s i z e d   p a r t i c l e s  
the i c e   c o n t e n t   i n c r e a s e s   w i t h  an i n c r e a s e   i n   p o r -  
o s i t y .  It i s  concluded  that   the   compressionalwave 
v e l o c i t y   f o r   u n c o n s o l i d a t e d   p e r m f r o s t   f r o m   t h e  
Canadian Arctic i s  a f u n c t i o n  of the  w a t e r - f i l l e d  
p o r o s i t y ,   i r r e s p e c t i v e  of the o r i g i n a l   p o r o s i t y ,  
c l ay   con ten t ,   o r   t empera tu re .  
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Ac t ive  dune b u i l d i n g  in the Nogahabara  Sand 
Dunes (approximately 44 km2) i n  the  Koyukuk F l a t s  
and i n   t h e   G r e a t  gnd L i t t l e  Kobuk Sand  Dunes  (ap- 
proximately 64 km ) i n  the c e n t r a l  Kobuk River 
v a l l e y  is b e i n g   s t u d i e d   t o  compare i t  wi th  paleo- 
dune b u i l d i n g   i n   t h e  well-known Weichsel ian  inland 
dune  and  cover  sand  regions  of  Western  Europe. 
The a c t i v e  dune f i e l d s   i n  the Kobuk Rive r   va l l ey  
c o n s i s t   p r i m a r i l y  of l a rge   pa rabo l i c   and   t r ans -  
ve r se   r i dges ,   i nd ica t ing   p r imary  wind d i r e c t i o n s  
from  the  east   and  southeast .   During summer months 
secondary   s l i p   f aces   on   t he   dunes   deve lop  due t o  
wes te r ly  winds. Wavy t ransverse   r idges   have   been  
deformed in to   ba rchan- l ike  dunes.  Radiocarbon 
dates   (approximately 24,000 B.P.) of sandy  peat  
and   organic  mud l a y e r s   u n d e r n e a t h   t h e  dune sands  
i n d i c a t e  a late-Wisconsin  age. 

Dis t inc t   s tab i l ized ,   canoe-shaped   dunes  re- 
semble   t he  "Cree Lake-type  dune  ridges"  which  oc- 
cur   in   northern  Saskatchewan.  They have  been 
formed by southeaster ly   paleowinds of  uniform d i -  
r e c t i o n  by e longa t ion  of  primary  parabolic  dunes.  
Recent   analogues are found  oppos i te   the  mouth  of 
t h e   A k i l l i k   a n d  Hunt Rivers.  

I n   e a r l y  summer annua l   den iva t ion   f ea tu re s ,  
s e v e r a l  meters high,  develop in the s t e e p  west- 
ward-facing s l i p   f a c e s  o f  t h e   l a r g e   t r a n s v e r s e  
dunes.  Sand l a y e r s   i n c o r p o r a t e d   i n   t h e  snm i n d i -  
ca t e   n iveo -eo l i an   depos i t i on   du r ing   w in te r ,  relat- 
ed t o  a discont inuous snow cover. Hummocky topog- 
raphy  wi th  a completely  cracked,  moist   sand  sur- 
face  rapidly  develops.   During the cour se  of sum- 
mer t hese   f ea tu re s   g radua l ly   d i sappea r   and  a 
smooth s l i p   f a c e  i s  r e e s t a b l i s h e d .  

THAW PENETRATION AND THAW SETTLEMENT  STUDIES 
ASSOCIATED 

WITH THE KIRUNA TO NARVIK ROAD, SWEDEN 

S. Knutsson 

Un ive r s i ty  o f  L u l e i ,  S-951 87 L u l e i ,  Sweden 

A permafrost   s tudy  has   been  undertaken on the 
recent ly   bu i l t   road   be tween the towns of Kiruna,  
Sweden, and  Narvik, Norway. The road   c rosses   an  
area  with  discont inuous  permafrost  (68'15'N)  where 
an environmental   engineer ing  s tudy was i n i t i a t e d  
during autumn  of 1979. 

Eight   ho les  were d r i l l e d  t o  maximum dep ths  of 
11 m. Four of t h e s e  were l o c a t e d   o u t s i d e  the  road 
i n  the  undis turbed  permafrost   and  four   within the 
r o a d   i n  a c r o s s   s e c t i o n   p e r p e n d i c u l a r   t o   t h e   r o a d  
l i n e .  

Temperature  gauges were I n s t a l l e d   i n   t h e  
d r i l l   h o l e s  a t  v e r t i c a l   d i s t a n c e s  of 0.5 m, Meas- 
urements of the temperatures  are taken  approxi- 
mately  once a month,  and the  measurements  from 
t h r e e   y e a r s  of  data-logging  have  been  analyzed. 

6-8 m depth,  and the depth  of   seasonal  thaw pene- 
The d iscont inuous   permafros t  i s  warm, -1°C a t  
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t r a t i o n   ( a c t i v e   l a y e r )   i n   t h e   u n d i s t u r b e d   a r e a s  
ad jacen t  t o  the   road  i s  on t h e   o r d e r  of 0.5-1.0 
m. Beneath   the   road   the   seasonal   thaw  pene t ra tes  
about  2.5 m. The d i f f e r e n c e  i s  explained by t h e  
dark  colour  of  the  bitumen  top  cover  and of t h e  
r e l a t i v e l y   c o a r s e   r o a d  material, w i th  i t s  rela- 
t ive ly   h igh   t he rma l   conduc t iv i ty   du r ing  surnmer- 
time. The pe rmanen t ly   f rozen   so i l   ma te r i a l s   r ange  
f rom  rock   to   i ce- r ich ,   f ine-gra ined  s i l t s  wi th  a 
t o p   l a y e r  of peat .  

i c a l l y   d e s c r i b e d   a n d   t h e  amount of i ce   and   t h i ck -  
n e s s  o f  ice  lenses have  been  measured by means of 
X-ray technique.  This  technique seem t o   b e  a 
u se fu l ,   e a sy   and   non-des t ruc t ive   t oo l   fo r   i ce -con-  
t e n t  measurments in cores o f  f rozen  s o i l .  

In a d d i t i o n  t o  the  temperature  measurements,  
s e t t l e m e n t  of the  road  has   been  observed as well. 
This  shows g radua l ly   i nc reas ing   s e t t l emen t s ,   wh ich  
a r e  due t o   t h e   t h a w i n g  of the   under ly ing  perma- 
f r o s t .  The obse rved   s e t t l emen t s   a r e  compared t o  
those   p red ic t ed .  The p r e d i c t i o n s   a r e   b a s e d  on 
thaw-consolidation tests performed i n   t h e   l a b o r a -  
t o ry ,   and   t hese  are desc r ibed  as well. Reasonable 
agreement  between  the  observed  and  predicted set- 
t l e m n t s  i s  obtained.  

The core from  the  undis turbed area is geolog- 

THE EFFECTS OF COAL DUST ON SURFACE  ALBEDO AND 
THAW DEPTH I N  NORTHERN ALASKA 

J.S. Makihara 

( fo rmer ly )  Geography  Department 
Pennsylvania   S ta te   Univers i ty  

S ta te   Col lege ,   Pennsylvania  16801, USA 

The e f f e c t s  of coa l   dus t  on s u r f a c e   a l b e d o  
and thaw d e p t h   i n  arct ic  Alaska were s t u d i e d  v i a  
f i e ld   da t a   acqu i s i t i on   and   ana lys i s   and   compute r  
s imula t ion   model ing .   F ie ld   research  was conducted 
during summer 1981 in t h e   v i c i n i t y  of Prudhoe 
Bay. Coal  dust   reduced  albedo by 25 t o  90 per-  
cent.  Apart  from a h i g h e r  rate of thaw  exhib i ted  
on c q a l - d u s t e d   p l o t s   c o m p a r e d   t o   c o n t r o l   p l o t s   i n  
J u l y ,   t h e   s h o r t - t e r m   e f f e c t s  of c o a l   d u s t  were n o t  
a p p a r e n t l y   s i g n i f i c a n t   i n   t h e   f i e l d   d a t a   d u e   t o  
t h e   s h o r t   p e r i o d   a n d   s p a t i a l   e x t e n t  of observa- 
t i o n ,   a n d   n a t u r a l   v a r i a b i l i t y  i n  thaw  and s o i l  
t h e r m a l   r e g i m s .  In determining  long-term  ef-  
fec ts ,   computer   s imula t ions  of one-dimensional 
hea t   conduct ion   revea led   deeper  maximum thaws  up 
t o  52.4 cm, 20 percent   over   the   undis turbed   condi -  
t i o n ,   a n d   e s p e c i a l l y  a h i g h e r   t h a w   r a t e   i n   t h e  
f i r s t   p a r t  of t h e  summer on d i s t u r b e d   p l o t s   a s  
compared t o   c o n t r o l   p l o t s .  Given  comparable 
parameters,   winter-only  impact  cases  produced 
g r e a t e r  thaw  depths  than summer-only  impact 
cases. Dusting in   w in te r   p roduces   p rema tu re  
spr ing  mel tout   and  consequent ly   deeper   thaw;  any 
p o t e n t i a l   c o a l   m i n i n g   a c t i v i t i e s   s h o u l d   b e  re- 
s t r i c t e d  in Apri l   and May. 'Ihe m d e l  assumes t h a t  
dus t   does   no t   a f f ec t   vege ta t ion   mor t a l i t y .   In  
ac tua l i t y ,   dus t   can   r easonab ly   be  assumed t o  dam- 
age  vegetation  with  subsequent  enhanced  thermal 
impac t .   Fu tu re   r e sea rch   shou ld   t ake   i n to   accoun t  
t h e   e f f e c t  of v e g e t a t i o n   m o r t a l i t y  on s u r f a c e  al- 
bedo. 

PALEO-CLIMATIC  RECONSTRUCTION  FROM MEASURED 
TEMPERATURES 

I N  BOREHOLES I N  NORTHERN QUEBEC 

J.A. P i lon ,  A.S. Judge  and A.E. Taylor  

Earth  Physics  Branch 
Department of Energy,  Mines  and  Resources 

Ottawa,  Ontario,  Canada K1A 0 4 3  

J.T. Gray  and J. P o i t e v i n  

Ddpartement  de  Gdographie,Universltd  de  Montreal 
QuPbec City,   QuPbec, Canada H3C 357 

B. Laur io l  

Un ive r s i ty  of Ottawa 
Ottawa, Ontar io ,  Canada K1A bN5 

The a n a l y s i s  of deep  borehole   temperature   gradi-  
e n t s   c a n  assist i n   t h e   r e c o n s t r u c t i o n  of former 
c l i m a t e s  a t  the  ground  surface.  In  t h i s   r e p o r t ,  
emphasis i s  on t h e   m o d e l l i n g   p r o c e s s   i t s e l f ,  but 
some r e s u l t s   a r e   p r e s e n t e d  i n  t h e   c o n t e x t  of t h e  
au tho r s '   geo the rma l   s tud ie s  in northern  Quebec.  
The model l ing   p rocess   begins   wi th   the   acquis i t ion  
of tempera ture   p rof i les   f rom  one  o r  s e v e r a l   b o r e -  
ho le s   once   t he   d i s tu rbance   due   t o   d r i l l i ng   has  
d i s s i p a t e d .  The d r i l l - h o l e   t e m p e r a t u r e   p r o f i l e  
i n t e g r a t e s   t h e   g e o t h e r m a l   h e a t   f l u x  from d e e p   i n  
t h e   c r u s t   a n d  a number of l a rge ly   nea r - su r face  
modifying  effects .  The la t ter ,  which create de- 
par tures   f rom  the   cons tancy  of t h e   h e a t   f l w  pro- 
f i l e   w i t h   d e p t h ,   r e f l e c t   t h e  ro le  of I )  va ry ing  
thermal   conduct iv i ty  i n  an a n i s o t r o p i c  medium, 2 )  
s p a t i a l   t o p o g r a p h i c  and m i c r o c l i m a t i c   i r r e g u l a r i -  
t ies around  the  collar of the   borehole ,  3) water 
movement i n  f r ac tu res   and  j o i n t s ,  and 4 )  temporal  
f l u c t u a t i o n s   i n   g r o u n d   s u r f a c e   t e m p e r a t u r e s .  
Through the   model l ing   p rocess ,   the   in f luence  of 
t h e   f i r s t  two groups of f a c t o r s  on t h e   t e m p e r a t u r e  
p r o f i l e s  i s  determined,   and  secondary  prof i les  are 
de r ived   f rom  wh ich   i r r egu la r i t i e s   r e su l t s   f rom 
these   in f luences   have   been  removed. Where charac- 
t e r i s t ic  r e sponses   i nd ica t ing  water f l m  are pres-  
e n t ,   t h e   d a t a  are u s u a l l y   n o t   s u i t a b l e   f o r   t h e  
c l i m a t i c   a n a l y s i s .   I n   s u i t a b l e   d a t a  sets t h e   f i n -  
a l   s t e p   t h e n   t a k e s   a v a i l a b l e   i n f o r m a t i o n  on t h e  
da t e s   and   d i r ec t ion  of climatic change a t   t h e  BUT- 
face   and   genera tes   the   ampl i tude  of such  changes 
backwards in time. Since  the  mathematical   solu-  
t i o n s  are non-unique i t  is necessary t o  use   inde-  
pendent ly   der ived   in format ion  on dates  and  ampli-  
t u d e s   a n d   t o   u s e   g e o t h e r m a l   p r o f i l e s   t o   d e t e r m i n e  
t h e  unknown p a r a w t e r .  

de t e rmine   t he   deve lopmen t   o r   deg rada t iona l   h i s to ry  
of permafrost ,   whether  i t  is contemporary o r  r e l i c  
in na tu re .  and t o  determine  approximste  ice-base 
temperatures   beneath  the  Wisconsin ice  s h e e t s ,  
p r o v i d e d   t h e   d r i l l   h o l e s  are s u f f i c i e n t l y   d e e p .  
Such  modelling of geo the rma l   da t a   ca r r i ed   ou t  a t  
two sites i n   n o r t h e r n  Quebec ind ica t e s   ma jo r   d i f -  
f e r e n c e s  i n  t h e   p e r m a f r o s t   a n d   g l a c i a l   h i s t o r y  
be tween  the   cen t ra l   h ighlands  of  Ungava and a low- 
land  region  approximately 500 km sou theas t .  

O the r   app l i ca t ions  of t h e   t e c h n i q u e   a r e   t o  
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EXCAVATION  RESISTANCE OF FROZEN SOILS UNDER 
VIBRATING  CUTTINGS 

Shingi  Takasugi 

Technical   Research  Center ,  Komatsu Ltd.  
Kanagawa, Japan 

A. Phukan 

Unive r s i ty  of Alaska,  3221 Providence Avenue 
Anchorage,  Alaska 99504, USA 

This   paper   presents   dynamic  laboratory exper- 
i m e n t a l   s t u d i e s  of f rozen   sands   and  s i l ts  a t  tem- 
pe ra tu res   va ry ing   f rom -2Oc t o  -11"C, u s i n g   v a r i -  
o u s   c u t t i n g   v e l o c i t i e s   f r o m  2 mm per  second t o  18 
mm per  second. The 6-Hz v i b r a t i o n  model used was 
var ied  f rom 1.3 mm amplitude t o  4 mm amplitude.  
T h e o r e t i c a l   a n a l y s e s  of the c u t t i n g   r e s i s t a n c e  of 
f rozen   so i l s   unde r   v ib ra t ion   cu t t i ng   a r e   fo rmula t -  
e d   t o   e x p l a i n   t h e   f a i l u r e   c h a r a c t e r i s t i c s   o b t a i n e d  
dur ing   the   exper imenta l  work. Energy r a t i o   v e r s u s  
the number of c o n t a c t s   p e r   i n c h  of c u t t i n g  (Nc) 
p l o t s  show a similar t endency   fo r   bo th   s i l t y   and  
s a n d y   f r o z e n   s o i l   s a m p l e s ;   t h a t  i s ,  as the   ene rgy  
r a t i o   i n c r e a s e s ,  Nc inc reases .  'he c o n t a c t   l e n g t h  
be tween  the   so i l s   and  the t o o l   i n   t h e   v i b r a t i o n  
cycle  i s  i n v e r s e l y   p r o p o r t i o n a l   t o  Nc. A t  h i g h  
Nc, t h e   c o n t a c t   l e n g t h  i s  too  small t o   c a u s e  s o i l  
f a i l u r e  and   thereby   increases  the v i b r a t i o n   e n e r -  
gy. Relat ionships   between the ene rgy   r a t io   and  Nc 
a t  var ious   ampl i tudes ,  €or b o t h   s o i l   t y p e s ,  show a 
grea te r   energy   requi rement  a t  4 m ampli tude of  
v i b r a t i o n   t h a n   a t  1.3 mm amplitude,  in s p i t e  of 
t h e   i d e n t i c a l   d r a f t   e n e r g y   r e d u c t i o n   a t   b o t h   v i -  
b ra t ion   ampl i tudes .  It i s  p o s s i b l e   t h a t  by induc- 
i n g   v i b r a t i o n  of the  c u t t i n g   t o o l ,  a r educ t ion  i n  
d r a f t   e n e r g y  can be  obtained  and  thereby  the  exca-  
v a t i o n   p r o c e s s   c a n   b e   e f f i c i e n t l y   e x e c u t e d   i n   f r o -  
zen  ground. 

SHORELINE  REGRESSION: ITS EFFECT ON PERMAPROST AND 
THE GEOTHERMAJ, REGIME , 

CANADIAN ARCTIC ARCHIPELAGO 

A.E. Taylor  and A.S. Judge 

Earth  Physics  Branch 
Department of Energy,  Mines  and  Resources 

Ottawa,  Ontario,  Canada KIA 043 

D. Desrochets 
Department of Geography,  University of Ottawa 

Ottawa, Ontar io ,  Canada K1A  6N5 

In t h e  Queen E l i z a b e t h   I s l a n d s  of t h e  Cana- 
d i an   Arc t i c   Arch ipe lago ,   t he  l a t e  Quaternary  event 
w i t h   t h e  most  profound  influence on ground  temper- 
a t u r e s  i s  shorel ine  regression  accompanying  post-  
g l a c i a l   i s o s t a t i c   u p l i f t .  The coas t a l   marg ins  of 
many i s lands   have   exper ienced   hundreds   to   severa l  
thousand  years  of  submergence  since 8,000 y e a r s  
ago. The e f f e c t  on the  geothermal   regime i s  far  
f rom  subt le   because   o f   the   l a rge   cont ras t   be tween 
a r c t i c   a i r   t e m p e r a t u r e s  and sea   t empera tures ,  

Permafrost   th icknesses   measured  today reflect t h i s  
s u r f a c e   t e m p e r a t u r e   h i s t o r y .  Two deep wells 1 km 
a p a r t  on Cameron Is land   have   measured   permfros t  
t h i cknesses  of 726 and 660 m; the geothermal   anal-  
y s i s   a t t r i b u t e s  the d i f f e r e n c e   e n t i r e l y   t o  the 
f i r s t ,  and   h igher ,  s i t e  having  emerged  from  the 
sea around 7,000 yea r  B. P., about 2,000 y e a r s  be- 
fore the second.  Inland sites on t h e  Sabine Pen- 
i n s u l a  of M e l v i l l e   I s l a n d  may have, i n  a s i m i l a r  
l i tho logy ,   permafros t   twice  as t h i c k  as c o a s t a l  
sites. The geo the rma l   ana lys i s   exp la ins   t h i s   va r -  
i a t i o n   i n   t e r m  of a s imple  sea r e g r e s s i o n  model 
der ived  f rom  emergence  curves   publ ished  for  the 
region.  

A COMPARISON OF SUCCESSIONAL  SEQUENCES  FOLLOWING 
FIRE ON PERMAFROST-DOMINATED 

AND PERMAFROST-FREE SITES I N  INTERIOR ALASKA 

K. Van Cleve 

Fores t  S o i l s  Laboratory , Unive r s i ty  of Alaska,  
Fairbanks,   Alaska 99701, USA 

L.A. Viereck 

I n s t i t u t e  of   Northern  Forestry 
Fairbanks,   Alaska 99701, USA 

The s t r u c t u r e   a n d   f u n c t i o n  of u p l a n d   i n t e r i o r  
Alaskan  forest   ecosystem  has   been  examined  across  
two secondary  successional   sequences.  One, t h e  
most common in i n t e r i o r   A l a s k a ,  follows f i r e   i n  
b l ack   sp ruce   s t ands  on permafrost  sites. The oth-  
er ,  less common sequence   fo l lows   f i r e   on  warmer, 
g e n e r a l l y   s o u t h   a s p e c t  sites and  passes   through a 
shrub   and  hardwood s t a g e   t o   w h i t e   s p r u c e .  On 
black  spruce sites, t h e   t h i c k n e s s  of t h e   f o r e s t  
f l o o r  i s  a k e y   f a c t o r   r e s p o n s i b l e   f o r   m a i n t a i n i n g  
m o i s t   s o i l ,  low so i l   t empera tures   and   permafros t .  
Soil   degree-days  range  from 1250 t o  1000 degree- 
days 1 t o  5 y e a r s   f o l l w i n g   f i r e .  In  mature  black 
spruce  temperature   ranges  f rom 500 t o  800 degree- 
days. The a c t i v e   l a y e r   t h i c k n e s s  in later s t a g e s  
of t h i s   s u c c e s s i o n  i s  usua l ly   f rom 40 t o  60 cm. 
Following f i r e  i t  i n c r e a s e s   f o r   s e v e r a l   y e a r s   a n d  
may r each  1 m. In t h e   s o u t h   a s p e c t   w h i t e   s p r u c e  
sequence ,   so i l   t empera ture   approaches  1400 degree- 
days i n   h e a v i l y  burned f o r e s t   i n   c o n t r a s t  with 9m0 
t o  1000 degree-days i n  mature  white  spruce.  On 
the   b lack   spruce   success iona l   sequences ,  low soil 
t e m p e r a t u r e   r e s u l t s   i n   t h e  lowest r a t e s  o f  s o i l  
b i o l o g i c a l   a c t i v i t y ,   n u t r i e n t   c y c l i n g ,   a n d ,   i n  
t u r n ,  the lowest tree p roduc t iv i ty .  Net annual  
above-ground tree production  ranges  from  about 7 
metric t o n s   p e r   h e c t a r e  on t h e  warmer, sou th  as- 
pect   hardwood-white   spruce  sequence  to  less t h a n  1 
metric t o n   p e r   h e c t a r e  on t he   b l ack   sp ruce  se- 
quence. 

SOME  CONSIDERATIONS  REGARDING  THE  DESIGN OF 
TWO-PHASE LIQUID/VAPOR 

CONVECTION TYPE PASSIVE  REFRIGERATION  SYSTEMS 

E. Y a m k .  Jr. and E.L. Long 
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Two-phaee l iquid/vapor   convect ion  type  pas-  
s i v e   r e f r i g e r a t i o n   u n i t s  are wide ly   used   for   per -  
mafrost   foundations  and earth s t a b i l i z a t i o n .  AB- 
p e c t s   t h a t  are of primary  importance to the de- 
s i g n e r   i n c l u d e   d e t e r m i n a t i o n  of a n   e f f e c t i v e  
f r e e z i n g   r a d i u s   f o r  a u n i t ,   c a l c u l a t i o n  of a t h e r -  
mal r e s i s t a n c e   f o r  the s o i l   s u r r o u n d i n g   t h e  embed- 
ded   por t ion  of t h e   u n i t ,   a n d   e s t i m a t i o n  of a n  ap- 
p r o p r i a t e   t h e r m a l   r e s i s t a n c e   f o r   t h e   c o n d e n s e r  
p o r t i o n  of the   un i t .   Des ign   char t s   and   formulas  
are p r e s e n t e d   t o  estimate these values   and demon- 
s t ra te  the s e n s i t i v i t y  of va ry ing   key   pa ramte r s  
such as s o i l   t y p e ,  wind ve loc i ty ,   condense r   su r -  
f ace   f i n i sh   and   spac ing .   Computa t ions   fo r  two 
d i f f e r e n t   d e s i g n   a p p l i c a t i o n s   a r e   d e t a i l e d .  

THE STABILIZATION OF THE NANISIVIK CONCENTRATOR 
FOUNDATION,  NANISIVIK MINES LTD. 

D. Williams 

St ra thcona   Minera l   Serv ices   L imi ted  
401-44 Vic to r i a   S t r ee t ,   Toron to  

Ontar io ,  Canada M5C 142 

Nan i s iv ik  Mines  Ltd.  operates a 2,000-ton/day 
underground  zincllead  mine in the  Canadian Arctic 
on t he   no r th   end  of B a f f i n   I s l a n d  a t  73'N in an 
area of thick permafrost .  The concent ra tor   bu i ld-  
i n g  houses the powerplant,  workshops, warehouse 
and   of f ices .  The g r ind ing  d l l s  and gene ra to r s  
produce  heavy  foundation  loads. A s u i t a b l e  con- 
s t r u c t i o n  s i t e  was s e l e c t e d   f o l l o w i n g   d r i l l i n g   a n d  
s u r f a c e   i n s p e c t i o n .  All bore   ho le s   w i th in  the 
s i t e  a r e a  showed a gen t ly   d ipp ing   do lomi te   a s  bed- 

rock.  The ice con ten t  was neg l ig ib l e ,   be ing   p re s -  
e n t   o n l y   i n  small vugs o r  as t h i n   c o a t i n g s   a l o n g  
bedding  planes. 

The steel f rame  bu i ld ing  was e r e c t e d   d u r i n g  
1975 and in the fo l lowing   year  minor c racks  were 
n o t i c e d   i n   t h e   c o n c r e t e   b l o c k   p a r t i t i o n  walls. A 
survey  of  the steel column bases  was c a r r i e d   o u t  
t o   p r o v i d e   r e f e r e n c e   e l e v a t i o n s  for  f u t u r e   o b s e r -  
va t ions .   Acce lera ted  movement was observed  during 
1979, wi th   e leva t ion   changes   on  the o r d e r  of 50 mm 
being  recorded  over   the  course  of  the year. 

o f   th i s   p roblem a number of h o l e s  were d r i l l e d  
wi th  a diamond d r i l l   t h r o u g h   t h e   f l o o r  of the  
bu i ld ing .   These   ho le s   i nd ica t ed   an   i ce   l ens   unde r  
t h e   b u i l d i n g   a t  an average  depth of 10 m which 
v a r i e d   i n   t h i c k n e s s   f r o m  1 t o  1.5 m. I n  some 
areas the ice had  completely  mel ted,   leaving a 
w a t e r - f i l l e d  void. The ove r ly ing  crown p i l l a r  of 
rock on which   the   bu i ld ing   had   been   cons t ruc ted  
was s u b s i d i n g   i n t o  this cav i ty .  

Seve ra l   suppor t  methods  were t r i ed   wh ich  in-  
vo lved   p l ac ing   t a i l i ngs ,   cemen ted   t a i l i ngs   and  
g r o u t   i n t o   t h e   e x i s t i n g   v o i d  and in to   vo ids   wh ich  
were d e l i b e r a t e l y   c r e a t e d ,  in an  a t tempt  t o  arrest 
movement. When none of these methods  guaranteed a 
p o s i t i v e   s o l u t i o n   t o  the problem  the   dec is ion  was 
made t o   t u n n e l  in under   t he   bu i ld ing  and t o  pro- 
v i d e   p o s i t i v e   s u p p o r t   i n  the form of c o n c r e t e   p i l -  
lars. S t r e s s  meters have  been  placed i n  selected 
p i l l a r s .  The crown p i l la r   has   been   moni tored  by 
r e g u l a r   l e v e l   s u r v e y s  on the b u i l d i n g  column b a s e s  
and by t h e   i n s t a l l a t i o n  of wire extensometers  and 
t h e r m i s t o r s   i n t o   t h e   r o c k .  

This pape r   dea l s  wi th  t h e   i n v e s t i g a t i o n s  car- 
r i e d   o u t ,   t h e   r e m e d i a l   a t t e m p t s ,  the i n s t a l l a t i o n  
of ground movement moni tor ing   ins t ruments ,  temper- 
ature   measurements ,   the   mining  problems  in  ice, 
the   pour ing   and   se t t ing   o f   concre te   in   f reez ing  
c o n d i t i o n s ,  a s tudy  of t h e   h e a t   t r a n s f e r s  In- 
volved,  and a review of the s u c c e s s f u l   s o l u t i o n  of 
a unique  problem. 

In o r d e r   t o   d e t e r m i n e   t h e   n a t u r e  and extent 
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A t  least four levels of gently  sloping erosional  surfaces,  representing a t   l eas t  
four periods of erosion, axe present i n  the Bighorn  Canyon area of southcentral 
IW~tana. The truncated bedrock surfaces are irregular in detail,  and are overlain 
with a thin (1 to 3 m) veneer of diamictm. The diamicton is very poorly sorted, 
and contains erratic blocks up to several metres in d i m t e r .  Most of the fine 
grained portion of the diamicton originated f m  formations beneath the veneer. 
Forrnerly much mre active  frost wedging  and frost churning are indicated by the 
wide s ize  range and angularity of the erratic blocks, fragmxkation and disaggre- 
gation of subjacent forrmtions, and the thorough mixing of these mterials.  Frost 
wedging  of bedrock is thought to have been the main process of @itrent erosion; no 
evidence or  prior  planatian was found. The meent of the diamicton is interpre- 
ted to have been rnainly by solifluction,  as indicated by the  extensive,  sheet-like 
gecmetry of the depsits, preferred dmnslope block orientations, the presence of 
diamicton lobes, pd the trransportation of huge blocks several kilmters on slopes 
between and 11 .  he major conclusion drawn from data and interpretations 
presented in  this paper i s  that these pedbnts   are  cryopediments, dweloped 
through the action of intensive frost processes i n  a periglacial envimnnent. 

lxlFmmm 
Numerous studies have dccumnted the expansion 

of the  periglacial zone that occurred during the 
Pleistocene. Various features are interpretd to 
have formed under periglacial conditions,  but, with 
the excepkion of inactive sand wedges and ice-wedge 
casts (Black, 1969), the recognitim of many 
features is difficult  and may be subject to 
mltiple  interpretations (French, 1976, Chapter 
1 2 ) .  Ice-wedge casts and inactive sand wedges have 
been recognized and studied in  the high basins and 
plains of Kyaung (Mears, 1981, and Nelson,  1980) 
and Montana (Schafer, 1949). It muld seem highly 
l ikely that additional relict periglacial  features 
m l d  be found in  this region, but, to  date, little 
work has been done on the problem. 

Deposits of blocky, poorly sorted diamicton, 
veneering p d h t s ,  are present i n  m y  of the 
high valleys and basins of Wy&g and Montana 
(e.g. Bailey et al.,  1968,  and  Nelson,  1983, p. 
129). The pedkents and their associated veneers 
appear to be similar to cryopedinmts ( C h k  and 
Demsk, 1970). One such case, in the Bighorn  Canyon 
National Recreation Area i n  southcentral Montana, 
was studied in detail (Nelson, 1983). The present 
paper s m i z e s  the results of that study. 

DESCRIPTIONS OF 'B33 FW3l"S AND 
THEIR DLAMICXON VENEERS 

General Characteristics 

A t  least four levels of gently inclined pedkt 
systems, each consisting of several  individual 
surfaces at  or near the m elevation above local 
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base levels, are present in the transition zone 
between the Pryor Mountain front and the Bighorn 
River (Figure 1). The erosional surfaces truncate 
gently-dipping IWSOZO~C sandstones, siltstones, 
and shales. They are covered with a thin (1 to 3 
m) veneer of  poorly sorted, blccky diamicton. 
Downslope profiles of the surface are snmth, 
hyperbolic curves, steeper in their upper portions 
and of such shallaw concavity in their lmr 
reaches that they are nearly rectilinear. In 
pl? view, the pdiments are very nearly 
rectilinear. Average size, slope, and elevation 
of  each p e d h n t  system are presented in Table 1. 

TABLE 1. Sumnary of Size, Slope, and Elevation 
of P e d h t  systems. 

Ave.Area Ave.Lmqkh Ave.Width Ave.Slope Ave.Elw 

Qp 1 1.03 1.26 
16 -1es 

ap 2 -25 -76 .39 4-8 1380-1500 
24 mamples 

~ ~~~~ 

1.35 5-11  1330-1490 

"""""""""""""""""~""""""- 

Gp 3 1.14 1.04 .55 2-3 1425-1520 
18 &E5rampleS 

Qp 4 .20 .76 .55 3-6 1500-1580 
9 Exaqles 
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Figure 1. Generalized geological  cross-section between the Pryor Mountains on the west and the Bighorn 
River on the East, shming the area of pedimnt developrent. The pediments shown  on this cross-section 
are diagramtic, to shm the  relationships between the various pedimmt systems. 

Most @me.nts join steep upper slopes w i t h  
relatively sharp angles of inflectian. This angle 
coincides w i t h  changes i n  bedrock geology only 
along the m t a i n  front  fault. others do not  join 
steep upper slopes a t   a l l ;  instead vley ocm on 
top of isolated, butte-like landforms. The lcwer 
ends of the lmst surfaces grade to p resen tay  
streams or, i n  a few instances, to ledges of 
resistant rock. The lmer edges of pediments i n  
the higher system project as planes into space 
over the surroUnaing lowlands. The diamicton 
veneers of a l l  @inrents contain erratic blocks 
that could only have originated a t  outcrops along 
the front of the Pryor Mountains. This indicates 
that the isolated pediment remnants were, a t  one 
time, connected to a source of erratic material, 
e i ther   a t  the m t a i n  front  or a  higher p e d h t .  
Isolated  surfaces are often surrounded or nearly 
surrounded by pedimsnts of 1-r system.  Such 
crosscutting  relatianships allow classification of 
the systems into a relative age sequence, with the 
highest k i n g  the oldest, and on down to the lmst 
which is the youngest. 

?tu0 examples of pedirrents were selected for 
detailed study of the diamicton veneer and the 
truncated bedrock surfaces, one each f r m  the lcwer 
two systems. Gully erosion and construction of a 
highway through the study area provided good 
cross-sections of these pediments and their 
veneers. 

P e d h t  Veneer 

Natural and man-made eqmswes  indicate a 
generally uniform thickness for  the veneer, fran 1 
to 3 mtres, w i t h  about 2 metres being the mst 
cmrmn (Figure 2 ) .  The veneer consists of one, 
rarely two or three, layers of poorly sorted 
raterial. Individual  layers  consist of chaotic 
mixture of various  grain sizes, with a tendency for 
larger than average blocks to occur a t   o r  near the 
top of the  layer (inverse grading). 
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Blocks in the diamicton  reflect the composition 
of fomtions expsed in source areas directly 
upslope f m  the pe3jlllents. They have low 
sphericity and range betwen bladed and elongate  in 
shape. Estimates of roundness, using a ccmpariscn 
chart,  range frcm very  angular to subrounded. ~t 
was impractical  or  jmpossible to m a m e  a large 
enough n m b r  of blocks to obtain an  average block 
size. An estimate  of maximum blcck size was made 
at  sample  sites on the t w  pediments  selected  for 
study  (sample  sites  are  the same as  those s h m  in 
Figures 4 and 5 ) .  These esthtes consist of the 
average ncminal diatneter ( t h e  diameter  of a sphere 
with the sam volw as the block) of the 10 
largest  blocks  found  within a 100 metre radius  of 
each  sanple site.  Average  naninal  diarrreters  of  the 
largest  blocks  range between 40 and 250 an for 
p d h t  1, and 40 to 350 for pediment two. 
at the same  sample  sites, the matrix of the 
diamicton is a silty sand; mst of  the  sand  is  in 
the very  fine to fine-sand size  range.  Histograms 
of average  grain-size  distributions  of  the s m  
samples shcw that the matrix  is  texturally  and 
ccmpositimlly b-1 (Figure 3 ) .  The 
coarse-grained ride is ccmposed chiefly  of  erratic 
material fmm Pryor mtain source  areas,  mainly 
mbnate rccks and chert:  this type of  material 
decreases in abundance with  decreasing  fraction 
size  until, in the  fine-grained ude, mst of the 
material  is -sed of  disaggregated  grains of the 
subjacent  formation  (PermD-Triassic Chugwater 
sandstone and siltstone). 
Block  Fabric 

Based on sand-silt-clay  ratios of samples taken 

Because of the obvious  indication of block 
transportation,  the  orientation  of the long axis of 
100 blocks was  determined  at each sample site on 
both p d h t s .  Fabric  diagram (Fiqwes 4 and 5) 
are  generally -sed of two well-defined modes; 
m e  oriented  downslape and a second,  generally 
m r ,  parallel  with the contours. The strength 
of the damslope m e  increases  with  increased 
distance f m  source areas.  In  the  1-r  reaches 
of the m b t s ,  the cross-slope rrcde is as strong 
or  stronger than the damslope rrcde. 
Diamicton I&es 

The apparent  srmthness of the land surface when 
viewed fran a distance  is, upn close  inspection, 
broken by lobate acmlations of  blocky  diamicton 
(Figure 6) , The lobes are  elongate  damslope,  have 
arcuate, oonvex fronts, and merge into the general 
slope  or are covered over by additional l&es in 
the upslope  direction. Very large blocks are often 
fcund at  lobe fronts, packed tightly  together. The 
l m s t  two Himent syetms have the clearest  and 
greatest nmber of lobes, while the upper two  have 
at  best  only  vague, arcuate concentrations  of 
deqly inplant& blocks. 
Veneer Bedrock Interface 

The eroded bedrock surface  is the actual 
pedht; the zone  containing  the uppemst portion 
of the bedrock, the @im?.rlt, and thf? luwemst 
portion of the diamicton is herein named the 
veneer-bedrock  interface.  In  all  expsures,  the 
interface  is a relatively thin zone, ranginq fran a 
few  centirnetres to a few tens of centhtres thick 

PEDIMENT I IO 

5 

0 

PEDIMENT 2 

- 3 - 2  - I  0 I 2  3 4 

Figure 3. Average grain-size distributions of 
diamicton mtrix. Diagonal  shading  represents 
erratic  material,  mainly carbrmate rock fra-ts, 
and the clear area represents  material  derived 
fran  subjacent  formations. 
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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 i s  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 o f  dis -  
aggregated  grains  from  subjacent  forma- 
tions plus  erratic  carbonate  clasts.  The 
fragmented  bedrock  zone grades upwards 
over a very  short  distance  into  typical 
diamicton,  containing  fewer  local  clasts 
and  more  erratic  clasts. 
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Introduction 
UnpLicit in the  following  discussion  is  the 

assumption that the diamictm  deposits are not  ncw 
forming  or mxlinq and  that  pediment  erosion  is  no 
longer takinq place. Evidence  for  lack  of 
diamicton m3vanent  consists  of  fence  lines and 
madcuts that  remain  undisturbed, blocks whose 
exposed surfaces are covered w i t h  lichens  and whose 
buried  surfaces are covered with caliche, pine 
trees sweral inches in dimter growing in the 
diamicton,  undisturbed  stone  circles or tipi  rings 

R M- WORTH 
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C.1. 40' 

Figure 5. Fabric  diagrams of the long axes of 100 
blocks  at  each  sample  site, pediment two. 

and  stone  cairns  used by prehistoric  people, and 
devel-t  of  soil horizons w i t h i n  the diamidan. 

Origin and mvemmt of Diamicton 

Analyses of the  samples prove that the d M c -  
ton  is tjexturally and catpsitionally b-1. 
The  only possible sources for the generally 
marse-grained Mnponents are outcrops alonq the 
front of the Pryor Mountains. The win murce for 
the bulk of the fine-grahd ocmponents i s  bedrock 
subjacent to the  diamictm  deposits. The angular- 
ity and wide size range of all these canponents 
suggest  that  they were produced by frost  wedging 
(see,  for  example, Washbum, 1980, p. 76-78 and p- 
222-223). Gradual,  continual mixhg of  material 
f m  the tvm source areas is  indicated by the 
diffuse  contact between the veneer and the 
underlying bedrock. Mixing could have occllrred 
during diamicton mmemnt or by frost churning or 
both. 

The type of slope -ts reported in the 
literature which produce deposits  with 
characteristics  similar to those described in this 



3 3 1  

0 * 

POlITlON AND ORIENTATION OF BLOCK0 OREATER THAN OR LCIUAL 
TO PI DM  8HOWN l Y :  / 

Figure 6. Bruntrm and tape sketch map of a 50 by 
50 mtre s i t e  on pediment  one. The lobes 
illustrated here are typical of those found on the 
h e r  txm pediment systems. 

paper axe solifluction and frost creep (for 
example, see sumoary in Washburn, 1973, p. 189). 
Solifluction i s  indicated by: 1) obvious m m t  
of a s i l t y  diamicton, containing huge erratic 
blocks, on very gentle slopes; 2) lobes of 
diamicton; 3) preferred downslope orientations of 
long axes of blocks; and 4) the uniformly thin, 
sheet-like gemetry of the deposits. In addition 
to the abwe, intensive  frost creep is indicated by 
the concentrations of blocks found a t  lobe wins 
(Benedict, 1970). 

It is possible that the flcw ccmponent of 
di&cton IOEWVXI~ was gelifluction (mxtement over 
a frozen substrate) rather than solifluction 
(substrate not necessarily frozen). Tple 
accurmlated evidence of f o m r l y  mre intensive 
frost act im suggests that a t  least a seasonal 
frost table existed i n  the area tkroughout mre of 
the year than is presently the case, but positive 
p m f  of permafrost is 1acku-q. Slopewash and 
stream adion must also be considered as probable 

I METER 

Figure 7. Camera lucida drawing of the 
bedrcck-veneer interface, p3-t two. The 
stimled  pattern is bedrock ( P e d r i a s s i c  
Chugwater formation in  this case) which is 
in-place a t  the bttm of the drawing and as 
separate frarpllents elswhere. The vertical  stripe 
pattern represents erratic carbonate clasts, the 
horizontal  stripes  represent diamicton rich is 
disaggregated grains f r m  the subjacent formation, 
and the clear area represents  typical diamicton 
with fewer local  clasts and mre erratic  clasts. 
Disaggregated grains of the local bedrock are 
mixed thoroughly into the dian&ztm even near the 
top of the deposit. 

adjunct  processes of erosion and transportation, 
but direct evidence of these processes is lacking. 
Erosion of Pediments 

m l o p u e n t  of lower, younger surfaces in  the 
study area was a t  the expense of higher, older 
surfaces, as indicated by the isolated, buttel ike 
pediment remnants surrounded or nearly surrounded 
by Lower pediments. The fact that higher surfaces 
have retained their pedimnt form suggests that 
backwaring of steep slopes at  the upper edges of 
the p e d h t s  is daninant over damwearing. 
However ,  sane reg-rading must take place as the 
pediment extends itself upslope and gently  sloping 
porticns  replace steeper portions. 

%lifLuction (or gelifluctim) rrrsvanent by 
itself appears to have little erosive abi l i ty .  
This is demonstrated by vertical velocity  profiles 
shming nmranent concentrated i n  the upper few 
dechkres, and attenuating to zero a t  scme shal- 
1 m  depth (Rudberg, 1964, and Williams, 1966) , and 
by numerous cases of solifluctian lobes overriding 
organic material (e.g. Benedict, 1970). The angu- 
l a r i t y  and wide size range of fragmmts of the 
eroded kdrcck  in  the diamicton suggests -that 
frost wedging was responsible for pediment em- 
sim, with the material thus p r o d u d  mved 
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damslope mainly by solifluction. No indications 
were found during the COuTse of this study  which 
wwld suggest that the bedrock surface had been 
eroded by, for  example, stream action,  prior  to 
diamicton memmt. Mermore, the diffuse 
veneer-kdmck interhce indicates that  diamictm 
mvmt and kdrcck planation  were  contempor- 
aneous. 

The luwest @hats in the Bighorn Canyon area 
are between the  foot-portions of higher slopes and 
local base levels. No similar features have devel- 
oped on the front or the  crest  of  the M r  
-bin Range. In  this  geamrphic  position,  and 
with evidence  suggesting  their  formation by 
perighcial  processes, the pediments in the study 
area may more properly be tend cryopedirrents 
(Czudek and Demek, 1970). 
Age of Biqhorn Canyon Pedim=nts 

Relative  age  relationships amng the four  levels 
of p e d h t s  have been established on the basis of 
crosscutting  relationships,  relative age 
sequence is supported by differences in microrellef 
of blocks and labes;  upper  pedim?nt systems are 
SMOther and differ in surface W e  fran each 
other and fran  the lmx two systems. The highest 
pdiment system is  the  oldest, and each successive- 
ly  1- system is -. No  evidence for the 
absolute ages of the m t s  is  available.  They 
are, in general,  Pleistocene in age  because: 1) 
similar  features are not ncw dwelopinq in the 
area; 2) the youngest  system grades to levels 
dated archaeolcgically at least  as  old  as 8,000 
years (I-Iusted, 1969): and 3) the accumulated 
evidence  presented in this pap strongly  indicates 
a relationship between @hat erosion and 
diamicton mvemmt, and Cold climatic  cormditims. 
Clirrvatic  Considerations 

Inactive sand wdges and ice- casts have 
been found in numrous  scattered  localities 
throughout the s t a t e  of wyanins by &kxcs (1981) and 
Nelson (1980). Fossil  priglacia1  features have 
been  found  at  least as h v  as 1,500 msl in the 
northern Bighorn Basin, 35 kilanetres south of the 
present  study area. Although  similar  features have 
not yet been found  in the Bighorn Canyon area, it 
seans likely that th is  area (1,300 to 1,600 masl) 
also exprienced a permfrost  climate during 
Pleistacene  cold  periods. Late Pleistocene verte 
brate  mterial  fran  Natural  Trap Case , three 
kilcmetres smtheast  of the p r e m t  study area, 
include remains of tundra dwellers such as the 
collard  lemning  Dicrostmyx sp. ( G i l b e r t  et al., 
1978). Although a spatial  relationship betteen 
permfrost features and tundra  dwllers, and 
&bents in the BighornCanyondces&pmvea 
terrporal  relationship,  it does support the inter- 
pretations based on gecm3rphology alone.  At the 
very least, the area had a clhte rigomus  enough 
to have supported mre intense frost wdging, frost 
churning, and solifluction than is  presently the 
caw. The cryopediments in this area indicate  that 
the effects of Pleistocene  periglacial climates in 
the Middle Rocky Mountains are mre widesprd than 
previously daronstrated. 
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ELECTRICAL TIJAIJING OF FROZETI SOILS 

A l f r e d s  R. Jumikis  

I n   f o u n d a t i o n   e n g i n e e r i n g   a c t i v i t i e s   i n   t h e   A r c t i c ,   p e r m a f r o s t  i s  a dominant   factor  
t h e   b u i l d e r   n u s t   c o p e   w i t h .  To f a c i l i t a t e   e x c a v a t i o n   a n d   f o u n d a t i o n  work i n   f r o z e n  
s o i l ,  t h e  l a t te r  can  be  loosened up,  among o ther   methods ,   by   thawing   e lec t r ica l ly .  
E l e c t r i c a l   t h a w i n g  is a convenient  and  expedient  method fo r  a p p l i c a t i o n   t o  small, 
d i s p e r s e d   s t r u c t u r e s ,   e s p e c i a l l y   i n   b u i l t - u p  areas dur ing   co ld   s easons  of t h e   y e a r .  
T h i s   a r t i c l e   p r e s e n t s  a method of c a l c u l a t i o n   f o r   e l e c t r i c   t h a w i n g   o f   f r o z e n   s o i l s .  
The  thawing  system is a h e x a g o n a l   e l e c t r o d e   g r i d .  It c o n s i s t s   o f   s i x ,   v e r t i c a l l y  
embedded, e l ec t rodes   a round   one   cen t r a l   g rounded   e l ec t rode ,   S ing le -phase ,   t h ree -wi re  
a l t e r n a t i n g   c u r r e n t   f o r   t h a w i n g  17as u s e d   i n   t h i s   c a l c u l a t i o n .  

INTRODUCTIOll 

The p r i n c i p l e   o f   r a d i a l ,   e l e c t r i c a l ,   t h a w i n g  
of a f r o z e n  s o i l  by means of v e r t i c a l   e l e c t r o d e s  
may b e   d e s c r i b e d  as fo l lows .  A so i l ,   t h rough   wh ich  
p a s s e s   a n   e l e c t r i c   c u r r e n t ,   h e a t s  up d u e   t o   r e s i s -  
t i v e   d i s s i p a t i o n ,   t h a t  i s ,  t h e   a p p l i e d   e l e c t r i c a l  
energy is t r ans fo rmed   i n to   an   equ iva len r   t he rma l  
energy. 

d i s c u s s i o n  is a v e r t i c a l   c y l i n d r i c a l   s y s t e m   w h e r e  
an  a-c c u r r e n t   e m a n a t i n g   f r o m   t h e   v e r t i c a l ,   c e n r r a l  
e l e c t r o d e  f lows r a d i a l l y   i n t o   t h e   s o i l .   T h e r e  are 
a l s o   c u r r e n t s   f l o w i n g   b e t w e e n   a d j a c e n t   e l e c t r o d e s  
on t h e   p e r i p h e r y  of the   hexagona l   &r id .  

form s o i l   a r o u n d   o n e   e l e c t r o d e  i s  assumed t o  b e  a 
v e r t i c a l   a n n u l u s   o f  soil whose   i nne r   r ad ius  is re 
( t h e   o u t e r   r a d i u s   o f   t h e   e l e c t r o d e ) ,   a n d   o u r e r  
r a d i u s  i s  r ,  see F i g u r e  1. Because  of   the electri- 
cal  r e s i s t a n c e  of t h e   e n t i r e  body of t h e   f r o z e n  
soil, J o u l e s '   h e a t  i s  gene ra t ed  Iten masse" w i t h i n  
t h e   s o i l   a r o u n d   r h e   e l e c t r o d e .  

E lec t rodes  

The e l ec t rode - so i l - e l ec t ro the rma l   sys t em  unde r  

The reg ion   of   in f luence   o f   thawing   of  a uni-  

F o r   d i r e c t ,   r a d i a l ,   e l e c t r i c a l ,   t h a w i n g  of 
f r o z e n   s o i l s ,   s o l i d ,  s teel  e l e c t r o d e s ,  -25 .4  mm t o  
-50.8 mm i n   d i a m e t e r ,  may be   u sed .   Because   l a t e ra l  
and downward d ra inage   o f   t he  melt water of ice is 
blocked  by  the s t i l l  f rozen   permafros t   a round  the  
e l e c t r o d e s ,   t h e   t h a v e d   s o i l  becomes  more o r  less 
water s a t u r a t e d .  To cope  with a muddy s i te  condi- 
t i o n ,   t h e  melt water can b e  removed and d i scha rged  
i f   p e r f o r a t e d  metal p i p e   e l e c t r o d e s ,   i n s t e a d   o f  
s o l i d  steel rod   e l ec r rodes ,  are used ,  

s o i l  in v a r i o u s   e l e c t r o d e   g r i d   p a t t e r n s   a t   e q u a l  
spacing  of   approximately s = 2-3 m ,  c e n t e r  t o  
center, i n  a s t r a i g h t  row.  The spacing  of  rows i s  
-2.5 m t o  -4.0 m. The a r r a y   o f   e l e c t r o d e s  i n  a n  
e l e c t r i c a l   t h a w i n g  system may a l s o   b e   i n   s t a g g e r e d  
rows ( e q u i l a t e r a l   t r i a n g u l a r   p a t t e r n   o r  in a 
checkerboard   a r rangement ) .   F igure  1 shows a hex- 
a g o n a l l y   a r r a n g e d   e l e c t r o d e   g r i d   p a t t e r n .  

F o r   s a f e   o p e r a t i o n  o f  a n   e l e c t r i c a l   t h a w i n g  
f a c i l i t y ,   t h e   e l e c t r i c a l   t h a w i n g   i n s t a l l a t i o n   m u s t  

The e l e c t r o d e s  may b e   i n s t a l l e d   i n   t h e   f r o z e n  

be  grounded.  The s i t e  must  be  fenced  in,   and  pro- 
v ided   wi th   warn ing   s igns .  A l so ,  f o r   r e a s o n s  of 
s a f e t y ,   d i r e c t   e l e c t r i c a l   d e f r o s t i n g   ( w i t h   b a r e  
e l e c t r o d e s )  of f r o z e n   s o i l s   c o n t a i n i n g   m e t a l l i c  
o r e s   s h o u l d   b e   c a t e g o r i c a l l y   p r o h i b i t e d   b e c a u s e  of 
s t r a y   e l e c t r i c   c u r r e n t s   i n   t h e   g r o u n d .  

ectrode 

FIGURE 1 Hexagona l ly   a r r anged   e l ec t rode   g r id  
pa t t e rn .   I ro r i zon ta l   c ros s - sec t ion   t h rough   e l ec -  
t r o d e s  and f r o z e n  soil. 

E l .  = e l e c t r o d e .  
G = grounded   t ap   e l ec t rode  

re = de/2 = r a d i u s  of e l e c t r o d e .  
r = o u t e r   r a d i u s  of f r o z e n   s o i l  

s = 2 r  = spac ing  of e l e c t r o d e s .  
P = pocket.  

c y l i n d e r .  

3 3 3  
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THAWING 

Genera l ly ,   the   p rocess  of thatling of f rozen 
s o i l s  may b e   v i s u a l i z e d   t o   t a k e   p l a c e   i n   t h r e e  
major   s teps:  

1. hea t ing  of t h e   f r o z e n   s o i l  from i ts  i n i t i a l  
temperature T i n  to   the  temperature  o f  t h e  
melt ing  point  Tm of t h e   s o i l  ice; 

melting  temperature Tm. 

by h e a t i n g   t h e   s o i l   e l e c t r i c a l l y  and t h e  
i c e   i n   t h e   f r o z e n   s o i l   c h a n g e s  its phase 
from s o l i d  to l i q u i d .  A pure   i ce   t rans-  
forms t o  water a t  a theo re t i ca l ly   cons t an t  
melting  temperature of Tm = O'C. A t  high 
minera l iza t ion  of i c e ,  i t s  melt ing  begins  
a t  less than 0 ° C .  The change i n   t h e   p h a s e  
Ice t o  water Is accompanied  by a simulta- 
neous   dec rease   i n   t he   r e s i s t i v i ty  o f  t h e  
s o i l ,  and  by  changes i n  i t s  thermal  conduc- 
t i v i t y  and  heat  capacity.  And, 

cont inues  to   be warmed  up t o  some f i n a l ,  
posi t ive,   design  temperature   Tfin.  

The accumulated  heat   in   the thawed s o i l   d i s r r i b u t e s  
slowly beyond the  designed that7 boundaries,  and 
p r a c t i c a l l y   i n c r e a s e s   t h e  design-volume of t h e  
thawed so i l .   This   hea t   might   he lp   to  thaw t h e  
"triangular"  spaces  or  "pockets"  between  the 
merged, a l ready  thawed s o i l   c y l i n d e r s .  

2 .  isothermal   mel t ing of s o i l   i c e  a t  constant  

The l a t e n t   h e a t  of mel t ing is suppl ied 

3.  a f t e r   m e l t i n g  of t h e   i c e ,   t h e  thawed s o i l  

FIGURE 2 Hexagonal ly   a r ranged   ver t ica l   hea te rs .  
1-br izontal   cross-sect ion  through  heaters   and thawed 
and frozen  zones of s o i l .  

B = heater .  
'h = dhl2 = outer   rad ius   o f   hea te r .  

5 = rad ius  of thatred  zone. 
r = outer   rad ius  of frozen  zone. 
s = 2r = spacing of h e a t e r s .  

m.b. = moving isothermal  thaw-frost 
boundary. 

P = pocket. 

In Figure 2 ,  t h e   c y l i n d r i c a l   s u r f a c e  whose 
r a d i u s  i s  6 ,  is  t h e   i n t e r f a c e  between t h e  thawed 
and  frozen  zones of t h e   s o i l .  Bere the   abso rp t ion  
of t h e   l a t e n t   h e a t  of  melting  of  the  ice  occurs.  
This   i so thermal   in te r face  is a l s o  known as t h e  mov- 
ing  isothermal  boundary  between  the  thawed  and 
frozen  zones of t h e  soil, On th i s   i so the rma l  
boundary,  changes i n   p h a s e  and  thermal  properties 
bring  about a d i s c o n t i n u i t y  i n  so i l   t empera tu re  
d i s t r i b u t i o n ,  and i n   h e a t   t r a n s f e r .  Because  of t h e  
d i s c o n t i n u i t y ,  as well as because of the   nonl inear -  
i t y   t h a t   r e s u l t s  upon in t roduc ing   t he   l a t en t   hea t  
equat ion   in to   the   sys tem of F o u r i e r ' s   h e a t   t r a n s f e r  
equat ions   for   f rozen  and  unfrozen  s ta tes ,   there  i s  
no general ,   exact,   closed-form  solution  for  changes 
i n  phase   i n   cy l ind r i ca l   coo rd ina te s   ava i l ab le .  
Fur ther   d i scuss ion  on thawing of t h i s   t y p e  i s  be- 
yond the  scope of t h i s   a r t i c l e .  

As mentioned  already, on pass ing   o f   e l ec t r i ca l  
cu r ren t   t h rough   t he   cy l ind r i ca l  body of t he   f rozen  
s o i l  a round   t he   e l ec t rode   t he   so i l   hea t s  up 
en   masse   because   o f   the   e lec t r ica l   res i s tance  of 
t h e   s o i l .  The frozen  soil   changes  temperature,  and 
e v e n t u a l l y   t h e   i c e  of t h e   s o i l  melts: .Recause 
t h e r e  are no the rma l   g rad ien t s   i n   t h i s   t hawing   so i l  
system,  there  is no heat  f low.  Consequently,   there 
i s  no isothermal  phase  change  boundary  present upon 
change of ice t o   wa te r .  

The interwoven  complex phenomena of e l e c t r i c i r y  
and electromagnetism i n   f r o z e n  and  thawing s o i l s ,  
t h e  complex na ture  of the  multicomponent  electro- 
thermal  system of s o i l s ,  and the   mu l t i t ude  of s o i l  
phys ica l  and e l e c t r i c a l   p r o p e r t i e s   i n d i c a t e   t h a t  
t he rma l   and   e l ec t r i ca l   ca l cu la t ions   du r ing   e l ec t r i -  
c a l  thawing of f r o z e n   s o i l s   a r e   v e r y   d i f f i c u l t .  
Therefore ,   to  make such a problem a c c e s s i b l e   t o  
reasonable   calculat ions,   the   thawing  problem must 
be   idea l ized  by making s i m p l i f i c a t i o n s  and assump- 
t i o n s .   S i m p l i f i c a t i o n s   f a c i l i t a t e  a p r a c t i c a l  
approach  to   deal ing  with  the  e lectr ical   thawing 
problem i n   f r o z e n   s o i l s .  The s o l u t i o n  t o  such a 
s impl i f ied   p roblem  can   be   acceptab le   in   p rac t ice ,  
b u t ,   t h e   s o l u t i o n  t o  t h e  problem of a r t i f i c i a l  
thawing  of  frozen soils e l e c t r i c a l l y   i n  a cy l fndr i -  
cal   system  can  be  treated  only  approximately.  

Assumptions made f o r   e l e c t r i c a l   t h a w i n g  of f r o -  
z e n   s o i l s  are: 

1, t h e   s o i l  is homogeneous, uniformly  frozen, 
permafrost ;  

2 .  the   cryogenic   texture  of t h e   f r o z e n   s o i l  is  
h o r i z o n t a l l y   l a y e r e d   s o i l   p l a t e l e t s   ( s c a l e s )  
(Jumikis,  1973l;  19782> ; 

t.7a t er ; 
3 .  t h e   f r o z e n   s o i l  i s  f u l l y   s a t u r a t e d   w i t h  

4 .  t h e r e  are no heat   convect ion  processes;  
5 .  to   avoid  undue upward flow of h e a t  from  the 

thawed so i l   t o   t he   a tmosphe re ,  and t o  pro- 
t e c t   t h e   a l r e a d y  thawed s o i l  from ref reez-  
ing  during a cold  season,  the  ground  sur- 
f a c e  a t  the s i t e  is  covered  with an appro- 
p r i a t e   t he rma l   i n su la t ion   ( a s  is commonly 
p r a c t i c e d   i n   o t h e r  methods of thawing of 
f rozen soils) ; 

6. t h e  upward flow of t h e  terrestrial hear  from 
t h e   i n t e r i o r  of t h e   e a r t h  toward t h e  under- 
s i d e  of t he   pe rmaf ros t ,   be ing   r e l a t ive ly  
small, is ignored;  

f rozen   subsoi l   (or   to   the   unf rozen   subsoi l ,  
7. t h e   h e a t  loss  from t h e  thawed s o i l  t o  t h e  
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i f   a p p l i c a b l e ) ,  as i s  usually  done, may be  
included as a percentage of t h e   o v e r a l l  
energy  loss  of the  thawing  system; 

8 .  t h e  i n i t i a l  temperature T i n  of the   un i -  
formly  frozen s o i l  is  constant .  

ELECTRICAL  RELATIONS 

There are var ious   e lec t rode   g r id   conf igura t ions  
poss ib le .   F igures  I, 3 and 4 show a plan of a 
hexagonal  grid  or  group of s i x   v e r t i c a l l y  embedded 
e lec t rodes .  They are arranged  radially  about  one 
central ,  grounded e l e c t r o d e  in a t r i a n g u l a r   p a t t e r n .  
Each e l ec t rode   i n t e rac t s   w i th   ad j acen t   e l ec t rodes  
spaced from one  another a t  6 = 2 r  (Figures  2 and 
3 ) .  It i s  assumed tha t   i n   such   an   e l ec t rode   g r id  
a l l  electrical paths   between  the  e lectrodes  have 
e q u a l   e l e c t r i c a l   r e s i s t a n c e  R because of t h e  hexag- 
onal  geometry  of  the  grid  (Figure 3 ) ,  and  because 
of t h e  assumed homogeneity of t h e  soil, However, 
t h e  homogeneity may vary more or  less wi th   t he  
loca l   condi t ions  a t  t h e  s i t e ,  e s p e c i a l l y  as t h e  
thawing of t he   so i l   p rog res ses .   No t i ce   i nF igure  3 
t h a t   i n   e a c h  of t h e   s i x  inner o r   r a d i a l   r e s i s t a n c e  
pa ths   the   vo l tage  i s  U ,  and t h a t   t h e  power i n   t h e  
s i x   o u t e r  o r  c i rcumferent ia l   pa ths  w i l l  be   four  
times t h e  power i n   t h e   s i x   i n n e r   o r   r a d i a l   p a t h s .  

su l a t ed   ze ro  wire ( t h e   t h i r d   w i r e )   t o   t h e   s i n g l e  
phase   a l t e rna t ing   cu r ren t   t h ree -wi re   e l ec t r i ca l  
power l i n e .  

The progress  of thawing may be  monitored by 
temperature  measurements  of  the s o i l i n  'cemperature- 
measuring  boreholes .   Also,   soi l   cores   can  be ex- 
t r a c t e d  t o  check  whether a l l  i c e   i n c l u s i o n s   i n   t h e  
s o i l  are melted. 

The grounded c e n t e r   t a p  is  connected by an  in-  

Soi l   Res is tance  

The e l e c t r i c a l   r e s i s t a n c e  R between a p a i r  of 
p a r a l l e l   c y l i n d r i c a l   e l e c t r o d e s   i n   a n   i n f i n i t e ,  

Connect line I 

Electrode 

JConnrct 
line 2 

2 
Connect  line I 

FIGURE 3 Radial  and p e r i p h e r a l   e l e c t r i c a l  resis- 
t a n c e   p a t h s   i n   s o i l   ( a f t e r   p e r s o n a l  communication 
with  Prof .  C.  V. Longo), 

G = grounded central  t ap   e l ec t rode .  
I = curren t .  
R = e l e c t r i c a l   r e s i s t a n c e  of s o i l  be- 

tween  each  pair  of  electrodes. 
U = vol tage .  

CT = cen t r a l   t ap .  

homogeneous medium, assuming the  spacing s of t h e  
e l e c t r o d e s  i s  l a r g e  compared t o   t h e i r   d i a m e t e r ,  i s  
given by Della Torre  and Longo (1969) as 

P, = (p/2*n*FI )*Rn(s / re ) ,  e l  

where R - s o i l   r e s i s t a n c e ,  ohm 

(1) 

p = r e s i s t i v i t y  of s o i l ,   i n  ohm meters 
I! = embedded length  of a n   e l e c t r o d e ,   i n  

s = spacing  of   e lectrodes,   in   meters  
meters 

re = r ad ius   o f   e l ec t rode ,   i n  meters 

The e l e c t r i c a l   r e s i s t i v i t y  of s o i l s  depends  on 
mineralogical   composi t ion,   porosi ty ,   moisture  con- 
t e n t ,  amount  of e l e c t r o l y t e s   i n   t h e   s o i 1 , c r y o g e n i c  
texture ,   ice   content ,   temperature ,   and  possibly 
some o t h e r   f a c t o r s .  

the  range of r e s i s t i v i t i e s  of an unfrozen low- 
p l a s t i c   c l a y  is 25-45 C t n ,  t h a t  of a f rozen  low- 
p l a s t i c   c l a y  i s  40-80 h, t h a t  of a h igh-p las t ic  
s i l t  i n  an  unfrozen  condition i s  40-60 h, a n d t h a t  
of a f rozen   h igh-p las t ic  s i l t  is 60-110 Gm. 
Power 

According to  Rennie,   Reid,  and  Henderson  (19781, 

The power l o s s   i n  an e l e c t r i c a l   r e s i s t a n c e   t r a -  
versed by an a l t e r n a t i n g   c u r r e n t  is expressed by 
t h e  well-known formula 

P = u / R ,  2 
(2) 

where P = t h e  power l o s t   i n   h e a t i n g   t h e  material, 
watts 

U = v o l t a g e ,   v o l t s  

Thus t h e  power P, i n   each  of t h e   s i x   r a d i a l   e l e c -  
t r i c a l   r e s i s t a n c e   p a t h s  is: 

Pr = U /R ,  (3)  2 
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FIGURE 4 Connection of e l e c t r o d e   g r i d   t o  a s ing le-  
phase  source of electric power. 

G = grounded c e n t r a l   t a p   e l e c t r o d e .  
U = voltage.  
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because  the  volrage is U f o r  these  paths .  The where k = a c o e f f i c i e n t .  
power P in each of t he   s ix   c i r cumfe ren t i a l   pa ths  Then t h e   i c e   c o n t e n t  is 
is 

PC = 4.U / R ,  2 
(4) 

tli = W-w 30% - 7.7% = 22.3% 
UW 

because  the  voltage i s  2U for   each   c i rcumferent ia l  
path. The power PT i n   t h e   e n t i r e   g r i d  of a l l  elec- 'Oil under consideration are: 
t r i c a l   p a t h s  is 

By E q .  ( l ) ,   t h e   e l e c t r i c a l   r e s i s t a n c e s  of t h e  

f o r  unfrozen  condition: Bth = 23 ohm 
for   f rozen   condi r ion :  RF- = 36.6 ohm 

PT = 6.P + 6*Pc = 30(U2/R) (5) The vo lumet r i c   hea t   capac i t i e s  of t he   f rozen  and 
L L  

thawed so i l   sys t ems   a r e   g iven  by the   u sua l  
The t o t a l  power PT i n   t h e   e n t i r e   g r i d   h e a t s  up t h e  
f r o z e n   s o i l ,  as well a s   p rov ides   fo r   t he   l a t en t  
h e a t  of me l t ing   fo r   t he  s o i l  i c e  upon its changing Cvfr = Yd ' (wi)  + (cm) CwUw (8) 
s t a t e  from s o l i d   t o   l i q u i d .  

cvth = yd[Cmd + (cnnJ). (w)] (9) 

TtIERElAL CALCULATIONS The to ta l   energy   requi red  is :  

I n  d e s i g n i n g   a r t i f i c i a l   d e f r o s t i n g   f a c i l i t i e s  
fo r   f rozen   so i l s ,   one   needs  t o  know t h e  amount of 
thermal  energy Q ( e l ec t r i ca l   ene rgy  E = P n e c * t ) ,  
necessary,  and t h e   t o t a l   d u r a t i o n  of time t neces- 
sa ry  f o r  thawing  the  given  volume V of t he   f rozen  
s o i l .  

of  heat Q t o   b e  added t o   t h e   f r o z e n   s o i l   f o r  i ts 
thawing are usua l ly  made f o r  each  of t h e   s o i l  com- 
ponents - so l id s ,   i ce   con ten t s ,   un f rozen  water - 
separately  (Jumikis ,   1977) .  The a i r  component is 
usua l ly   d i s r ega rded   i n   t hese   ca l cu la t ions .  

Example 

The thermal   ca lcu la t ions  of the  necessary amount 

Given V = 110 m of a lour-plast ic   c lay  to   be 
thawed e l e c t r i c a l l y .  
The ave rage   i n i t i a l   t empera tu re  of t h i s   f r o z e n   s o i l  

The average  f inal   temperature  of t h e  thawed s o i l  

The resistivities of t h i s   S o i l   a r e   g i v e n  as: 

The uni t   weight  of t h e   s o i l  is :  y = 1950 kg/m . 
Its sa tura t ion   mois ture   conten t  by d ry   ve igh t  is 

3 

is: T i n  = -6'C. 

is: T f i n  = f2"C. 

pbnfrozen = 25 Gm and R f r  = 40 Ihn. 3 

where Q1 - energy  needed  to   increase  soi l   tempera-  
t u r e  from T i n  t o  Tm 

92 - l a t e n t   h e a t  of i ce   me l t ing  
Qq - energy to   i nc rease   so i l   t empera tu re  from 

Thus 

Then Q1 = 447.3 kwh 
92 3423.4 h7h 
93 191.8 kwh 
Q, = (0 . I )  (Ql+Q2+Q3) = 

(0.1)(4062.5) = 406.3 kwh 
Q = E = 4468.8 kwh. 

Assuming tha t   t he   t hawing   p ro jec t  i s  planned  to 
be  completed i n  t = 60 days,   the   required g r id  
power PT is: 

Moisture  content a t  p l a s t i c  l i m i t  of t h e   s o i l :  

The p i a s t i c i ty   i ndex  of t h i s   s o i l  is: e7p.1. = 11%. 
Mass hea t   capac i ty  of s o i l   m i n e r a l   p a r t l c l e s  o r  

Mass hea t   capac i ty  of ice: cmi=0.50  bcal/kg.'C. 
Mass heat  capacity  of  water:  cw=l.OO  kcal/kg*'C. 
Latent   heat   of   mel t ing:  L = G O  kcal/kg. 
Beat l o s s e s  from  ground s u r f a c e  of t he   t hawing   so i l  

wp L = 14%. 

skeleton:  Cmd = 0.20 kcal/l:g.'C. 

to   the  a tmosphere:   assessed a t  9 10% of t h e  
energy  requirements. 

s = 4.00 m apart. 
25.4 mm-diameter (= de) s teel  e l e c t r o d e s  are spaced 

By Eq.  (5), the   necessary   vo l tage  U f o r  t h i s  
thawing work is  nec 

'net = [(Rfr/30)*PT]o.5 = 61.5 = 65 v 

l ine-to-grounded  center  tap,   or 2Unec 4 130 v l i n e -  
to - l ine .  

If U is taken  as  65 v then   the  power d i s s i p a -  
t i o n s  i n  the   f rozen  and thawed s o i l s  are 

Pfr = 3.46 IW 
Pth = 5.51 kw. 

The thawing  depth 11 should  be  1.5 m. 
The e f f ec t ive   dep th  of t h e  embedded e l e c t r o d e  i s  

Thawing T i m e  

H e l  = 1.00 m. 1. The time t t h   i n   h o u r s   n e c e s s a r y   f o r   h e a t i n g  up 
The mount  of  unfrozen water i n   f r o z e n   s o i l  is the   f rozen  soil from i ts  i n i t i a l   n e g a t i v e  tem- 

given by p e r a t u r e  T i n  < 0 ° C  to   the  mel t ing  temperature  

w = k w = (0.55)(0.14) = 0.077 (=7.7%),  (6) 
Tm O°C of t h e   i c e  in t h e   s o i l  is  

OW P.L. tth = Ql/Pfr = 129.3 h = 5.4 days. 
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2. Duration  of time t fo r   i so the rma l   me l t ing   o f  
i c e  a t  T = O'C: m 

m 

tm = QZ/Pfr = 988.6 h = 41.2  days. 

3 .  Durat ion of time tfin f o r   f i n a l   h e a t i n g  up t h e  
s o i l  from Tm = 0°C till f i n a l   t e m p e r a t u r e  
T f i n  = t 2 " C   o f   t h e   s o i l :  

tfin = Q3/Pth = 3 4 . 8  h = 1.5   days .  

4. Total   approximate  thawinE time: 

ttotal = tth + tm -+ tfin = 48.1  day,  

The r e q u i r e d   g r i d  power is: 
3.46 kw f o r   f r o z e n   s o i l ,   a n d  
5 .51  kw f o r  thawed s o i l .  

Unec = 65 v o l t s  

ttotal = 1155  hours < 1440  hours 

The n e c e s s a r y   v o l t a g e  is: 

The t o t a l  thawing time is :  

The e l e c t r i c  power and i t s  v o l t a g e   c a n   d o   t h e  
thawing  job i n  1155  hours .  

CONCLUSIONS 

Under p e r m a f r o s t   c o n d i t i o n s ,   d i r e c t ,   r a d i a l ,  
e lec t r ica l   thawing   can   be   pursued   year - round  and  a t  
any time i f   e l e c t r i c a l   e n e r g y  - f r o m   s t a t i o n a r y  
e l e c t r i c   p l a n t s   o r   m o b i l e   g e n e r a t o r s  - is  r e a d i l y  
a v a i l a b l e  a t  t h e   s i t e .   T h i s  method  would  speed  up 
d e f r o s t i n g  time c o n s i d e r a b l y   a s  compared t o  hydrau- 
l i c  t h a w i n g ,   b e c a u s e   t h e   e l e c t r i c   d e f r o s t i n g  is 
independent  of c l imate ,   and   tempera ture  of water 
and steam u s e d   i n   t h e   o t h e r   m e t h a d s  of d e f r o s t i n g  
o f   s o i l s .  The r a d i a l  method  of e l e c t r i c a l   t h a w i n g  
i s  good not   merely  for   year-round  thawing  of   f rozen 
soils b u t  it is a l s o   c o n v e n i e n t   f o r   p r o t e c t i n g   t h e  
a l r e a d y   d e f r o s t e d   s o i l s   a g a i n s t   t h e i r   r e f r e e z i n g .  

t h a w i n g   o f   f r o z e n   s o i l s   e l e c t r i c a l l y   a r e :  
T h e   m a i n   d i s a d v a n t a g e s   o f   t h e   d i r e c t ,   r a d i a l  

a )  a more  complex  thawing  operat ion  than  that  
when a i r ,  water, s o l a r   e n e r g y ,   o r   s t e a m  is 
used as a hea r   sou rce   fo r   t hawing ;  

e l e c t r i c   t h a w i n g   i n s t a l l a t i o n ;   a n d  

r e g u l a t i o n s   i n   o p e r a t i n g   a n   a l t e r n a t i n g  
c u r r e n t   e l e c t r i c a l   t h a w i n g   i n s t a l l a t i o n   w i t h  
b a r e   e l e c t r o d e s .  

In t h e   f u t u r e ,   i n   t h e   e c o n o m i c a l   d e v e l o p m e n t   o f  

b)  t h e   r e l a t i v e l y   h i g h   c o s t  of ope ra t ion   o f   an  

c )   t h e   n e c e s s i t y  t o  adhere t o  s t r i c t   s a f e t y  

c o l d   r e g i o n s ,   a r t i f i c i a l ,   r a d i a l   t h a w i n g   o f   f r o z e n  
s o i l s   e l e c t r i c a l l y  will probab ly   be   i nc reas ing ly  
used. 

The n a t u r a l   t h a w i n g   p r o c e s s   o f   f r o z e n   s o i l s  by 
means o f   r a d i a t i o n   h e a t   o r   s o l a r   r a d i a t i o n  is n o t  
t oo   dependab le   fo r   con t inuous ,   un in t e r rup ted  thaw- 
i n g   w o r k ,   e s p e c i a l l y   i n   c o l d   c l i m a t e s .  The  hydrau- 
l i c  methods  of  thawing of f r o z e n   s o i l s   s u c h  as by 
means of r i v e r  water, warm water, and/or  steam, 
t a k e  a l o t  of time and  involve   g rea t ,   unproduct ive  
h e a t   l o s s e s .  

Today ,   ca l cu la t ions   o f   t hawing   f rozen   so i l  
c y l i n d r i c a l   s y s t e m s   e l e c t r i c a l l y  are a t i l l  per-  
formed  based  on  incomplete s o i l   e l e c t r o - t h e r m a l  

d a t a .  

s o i l s   h a v e   b e e n   s t u d i e d   f o r   t h e i r  own purpose  and/ 
or   in te res t   by   Arcone   and   Delaney   (1981) ;   Olhoef t  
(1978);  Rennie,  Reid  and  Ilenderson  (1978),  and 
o t h e r s ,   t h e r e  s t i l l  e x i s t s  a grea t   need   for   sys tem-  
a t i c a l l y   i n t e g r a t e d   k n o w l e d g e   a b o u t   e l e c t r i c a l   a n d  
the rmo-phys ica l   p rope r t i e s   o f   f r eez ing ,   f rozen  and 
t h a w i n g   s o i l s ,   a n d   t h e   f u n c t i o n a l   r e l a t i o n s h i p s   o f  
t h e   v a r i o u s   f a c t o r s   i n v o l v e d ,   w i t h   p a r t i c u l a r  
r e f e r e n c e   t o   r a d i a l   t h a w i n g  of pe rmaf ros t .  Of par-  
t i c u l a r   n e e d   i n   c a l c u l a t i o n s  are usab le   va lues   o f  
r e s i s t a n c e s   a n d   r e s i s t i v i t i e s   f o r   u n f r o z e n   a n d  
f r o z e n   s o i l s  as f u n c t i o n s  o f  s o i l   g e o t e c h n i c a l  
p r o p e r t i e s ,   a n d   e l e c t r o d e   g r i d   c o n f i g u r a t i o n s .  

A l t h o u g h   e l e c t r i c a l   p r o p e r t i e s   o f   p e r m a f r o s t  
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Closing Plenary Session 
Friday, July 22, 1983 

TROY L. PlfwE- - Good a f t e rnoon ,   l ad l e s  and gent le -  
men. Welcome to   t he   f i na l   fo rma l   s e s s ion  of the 
Fourth  International  Conference on Permafrost. We 
have  been  meeting here in Fairbanks  for   the  past  

' f i v e   d a y s   t o   l i s t e n  t o  excel lent   papers  on all as- 
p e c t s  of  permafrost. Now we a re   ga the red  for a 
few f i n a l   I t e m s  o f  business ,  a few closing re- 
marks, and presentat ions.  I would l i ke   t o   t hank  

a l l  of you on behalf of the   Organiz ing   Candt tee  
for   a t tending   the   conference .  I am s u r e  you a l l  
agree that w had f ive   days   o f   very   f ru i t fu l   d i s -  
cuss ion  with f r i e n d s  from many count r ies   involved  
i n  permafrost research, and I know we look  forward 
to   cont inuing   these   contac ts  in the  days  ahead. I 
would f i r s t  like t o  ca l l  on Dr.  A. Lincoln Wash- 
burn  to  read  the  necrology. 

Closing  session of the Four th   In te rna t iona l  Con- c h a d  Hammond, i n t e r p r e t e r ;  P.I. Melnikov, Dele- 
ference  on  Permafrost ,   Universi ty   of   Alaska,  g a t e  from t h e  USSR.Standing: Troy L. P & d ,  Chair- 
Fairbanks,  Alaska,  July 22, 1983. L e f t   t o   r i g h t :  man of t h e  U.S. Organizing  Committee f o r  the con- 
Kaare Flaate ,   Delegate  from Norway; Li Yusheng, ference;  Governor of Alaska, B i l l  Shef f le ld ;  Shi 
Delegate  from  the  People's  Republic of China; Jay Yafeng,  Delegate from the People's  Republic  of 
Barton,  President of t he   Un ive r s i ty  of Alaska China; Hugh French,  Delegate  from  Canada;  Jerry 
Statewide  System; A. Lincoln Washburn, USA; Mi- Brown, Delegate from the U.S. 
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A.L.  WASHBURN - Ladies  and  gentlemen, i t  i s  impor- 
t a n t  for the   Fourth  Internat ional   Conference on 
Permafrost   to  honor  our  colleagues who have  died 
s i n c e  the last Congress. They include:  

Ivan Baranov - USSR 
Robert F. Black* - USA 
S i e t s e  Bylsma - The Netherlands 
Roger J.E. Brown - Canada 
Don G i l l  - Canada 
Robert   Ei lpin - Canada 
Reuben Kachadoorian - USA 
Vladimir  Kudryavtsev - USSR 
Daisuke Kuroiwa" - Japan 
Ralph R. Migl iaccio - USA. 
Edward Pa t ten  - USA 
Val Poppe - Canada 
Georgi  Porchaev - USSR 
E.F. "Eb" Rice - USA 
January  Slupik - Poland 
Sigurdur  Thorarinsson - Iceland 
Kenneth B. Woods - USA 
Kenneth A. Linel l*  - USA 

To commemorate these col leagues,  and any oth- 
ers whose passing  remains t o   b e  reported, l e t  US 

rise for a moment of s i l e n c e   i n   t h e i r   h o n o r ,  
Thank you. 

TROY L .  P I h f  - Alaska is the only s ta te  i n  t h e  Un- 
ion  with much permafrost .   In   fact ,  85% of t h i s  
state i s  d i r e c t l y   o r   i n d i r e c t l y   a f f e c t e d  by perma- 
f r o s t ,  and i t  af fec ts   a lmost  all of the   t axpayers ,  
one way o r   a n o t h e r ,   i n  the S t a t e  of Alaska. This  
conference i s  d i r e c t l y   r e l a t e d   t o  this s ta te ,  even 
more  than  others. It was our   pleasure las t  n i g h t ,  
and i t  i s  a s  well today, t o   b e   j o i n e d  a t  this con- 
fe rence  by Governor B i l l  Shef f ie ld .  I would like 
t o  now presen t   t he  Governor of Alaska, B i l l  Shef- 
f i e l d .  

BILL SHEFFIELD - Thank you very much, D r .  Pgwwi. It 
i s  an  honor and a pleasure  to   again welcome this 
dis t inguished  group of s c i e n t i s t s  and researchers 
t o  Alaska. I had the opportuni ty   to   enjoy  dinner  
wi th  many of you last evening. From a l l  over  the 
world you have  t raveled  to  this conference, and 
f o r  that I not   only welcome you, I want t o  take 
thts opportuni ty   to   a lso  thank you. I welcome you 
because we i n  Alaska are proud of our state i n  a 
world  too  often  prone  to  the i l l s  o f  mankind such  
as  air  and water pol lut ion.  For example, we i n  
Alaska a r e  proud that YR s t i l l  have a r e l a t i v e l y  
clean  environment. And even  though  Alaskans en- 
dure long and co ld   win ters ,  a h igh   cos t  of l i v i n g ,  
and smmers that are f a r   t o o   s h o r t ,  a c lean  and 
spectacular  environment makes the  l i v ing   he re   ve ry  
enjoyable. So welcome to   our   s ta te .  

I a l s o  want t o  thank you for coming here ,  be- 
cause the wrk that you do i s  very  important   to  my 
s t a t e  and nation.  Indeed, i t  i s  important t o  t h e  
e n t i r e   w r l d  because you know better than I that 
so many of   the   resources  we need f o r   t h e   s u r v i v a l  
o f  t he   hman  race are i n  the Arctic and Subarc- 
tic. The a r c t i c   r e g i o n s  of our s ta te  now produce 
moBt of the revenue  that  w enjoy as  the 4 9 t h  
s ta te  of t h e  Union. If you haven ' t   a l ready,  many 
*Died s i n c e  the conference. 

of  you will have the chance  to see the Trans-Alas- 
ka o i l   p i p e l i n e ,  That p i p e l i n e  and t h e  road t h a t  
p a r a l l e l s  i t  are good examples  of why t h e  work you 
are   doing in promoting  the  understanding  of  the 
arct ic   environment  i s  so important. The o i l  pipe- 
l i n e  was buil t   wi th   pr ivate   f inancing  and  goverrr  
ment supervision. In t ha t   r ega rd ,  i t  r e p r e s e n t s  
t he   bes t   ou r   na t ion   can   o f f e r  the w r l d :  The i n i -  
t i a t i v e  and v i s i o n  of individuals  working  toward a 
s p e c i f i c   g o a l   l i k e   b u i l d i n g  a p i p e l i n e ,  and t h e  
cooperat ion and broader  concerns  of a government 
working f o r  the  common good, like protec t ing  the 
environment. 

This  kind of approach  to  development of t h e  
Arctic and Subarc t ic  will be even more important 
t o  the world in t he   fu tu re .   In   ou r  s ta te  alone,  
we have m i l l i o n s  of tons  of coa l  and hard  rock 
minerals  that some day w i l l  have to   be   b rough t   t o  
market. To d o   t h e   j o b   r i g h t ,  we will r e q u i r e  a l l  
the knowledge you can  give us on the complex phe- 
nomenon called  permafrost .  This i s  one  reason why 
t h e  State of Alaska has joined  the  Nat ional  Acad- 
emy of  Sciences in helping  to  sponsor this i n t e r -  
nat ional   conference.  We know that t h e  mrk you 
are doing and sharing  with  your  colleagues i s  im- 
portant  to  our  development as  a state. As Gover- 
nor ,  I a l s o  know that t h e   m r k  you are doing i s  
important  to the people who have  cal led the  Arc t ic  
t h e i r  home for  thousands  of  yeara. The Inupia t  
Eskimos  depend upon all kinds of mmmals, water- 
fowl ,   and   f i sh   t o   keep   t he i r   cu l tu re   a l ive  as well 
as to   pas s  that c u l t u r e  on t o   fu tu re   gene ra t ions .  
And make no mistake  about i t ,  the Inupia t  are very 
determined that t h e i r   c u l t u r e   n o t  become e x t i n c t .  
ks a mat te r  of f a c t ,   t h e  Northwest T e r r i t o r i e s  of 
Canada will play  host   next week t o  the Annual Cir- 
cumpolar  Conference,  where  the  residents of a l l  
but  one a r c t i c   r e g i o n  will ga the r   t o  renew their 
n a t u r a l  t ies and   f a sh ion   t he i r  common goals .   "hat  
conference in Frobisher  Bay i s  an important  one 
f o r  the fu tu re   o f   ou r   s t a t e ,  and t h e  arct ic  region 
of Alaska. 

gineer ing and o t h e r   s t u d i e s  that are a p a r t  o f  
your wurk as  s c i e n t i s t s   w i l l   p l a y  a c e n t r a l   r u l e  
i n   f u t u r e  development. And unless  that develop- 
ment goes  ahead  on a sound  environmental  basis, 
t h e   f u t u r e  of t h e  Arctic and i t s  people w i l l  be 
threatened.  I see no reasons why t h e   f u t u r e  
should  be  threatened for t h e   a r c t i c   r e g i o n s  o f  t h e  
world. With the t a l e n t  that i s  assembled in t h i s  
room and the   de t e rmina t ion  of  government  and  in- 
d u s t r y   l e a d e r s   t o  make sound p r a c t i c e s  and  sound 
projects   happen,  we can  have  rational  economic de- 
velopment in t he   Arc t i c   w l thou t   s ac r i f i c ing   e i the r  
t h e   p a s t   o r  the fu ture .  

To d o   t h i s   w i l l   r e q u i r e  a coordinated a p  
proach among s c i e n t i s t s ,   p o l i t i c i a n s ,  and laymen. 
AH an American, I am sad  to  say that my country i s  
the only polar nation  without a coord ina ted   e f for t  
t o  conduc t   t he   necessa ry   s c i en t i f i c   r e sea rch  i n  
the   Arct ic .  But I an g lad   t o   r epor t  that we may 
f i n a l l y   b e   r e s o l v i n g  the problem. As you may 
know, the   Alaskan   de lega t ion   to   the  U.S. Senate 
and House  of Representat ives  has sponsored   b i l l s  
t o   c r e a t e  an Arctic Science  Policy  Council  and  an 
A r c t i c  Research Commission. We hope these  b i l l s  
w i l l  pass  very soon, and that with  than w i l l  come 
a commitment of money t o  bring the a r c t i c  sci- 

So, too,  i s  this   conference,   because  the en- 
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ences t h e   c o o r d i n a t i o n  and p r e s t i g e   t h a t  I know 
they  deserve.  The S t a t e  of  Alaska  has  endorsed 
the   concept   o f   bo th   the  House and   Senate   l eg is la -  
t ion ,   and  I would encourage  those  of you here  to-  
day t o  l e t  our  Congress know how you f e e l ,   i f  you 
haven ' t   a l r eady .  

uen t s   f ee l   abou t   a r c t i c   r e sea rch ,   because  i n  t h e  
las t  yea r   t he   p r iva t e ly   f i nanced   Un ive r s i ty   o f  
Alaska  Foundation  has  raised  more  than a q u a r t e r  
of a m i l l i o n   d o l l a r s   f o r   a r c t i c   r e s e a r c h .   F o r  
t h a t ,  we have many people   to   thank ,   inc luding   Paul  
Gavora, Tom Miklautsch and William R. Wood, a l l  of 
Fairbanks,   and  Attorney  John Hughes  and B i l l  S c o t t  
of Anchorage, who spearheaded   the   fund   ra i s ing  
dr ive.   That   kind of f i n a n c i a l  commitment from in- 
dividual   Alaskans i s  posi t ive  proof  that rn sup- 
p o r t  knowing more about  the arct ic  regions.   This  
r e s e a r c h   c a n   b e n e f i t  a l l  of u s ,  now and in t h e  
years  ahead. And you know, when you cons ide r   t he  
wea l th   o f   ou r   s t a t e ' s   r e sources ,   ou r   geograph ic  
l o c a t i o n ,  and t h e   p o t e n t i a l   m a r k e t s  we could   se rve  
o n   t h e   P a c i f i c  Rim, the  importance of t h e   r e s e a r c h  
you will be  doing  becomes a l l   t h a t  more  apparent. 
We need  your  knowledge  because we a r e  a maturing 
f r o n t i e r   s t a t e ,  and i n  many ways e are l i k e   a n  
emerging n a t i o n  that i s  only  vaguely aware of   bo th  
i t s  p o t e n t i a l  and the   p roblems  tha t  l i e  ahead. 
People like you w i l l  h e l p   u s  overcome the  prob- 
lems--people *o know that r e s e a r c h  and s c i e n t i f i c  
i nves t iga t ion   have  made t h e   m r l d  a b e t t e r   p l a c e  
t o   l i v e  and  can make i t  e v e n   b e t t e r  still i n  t h e  
f u t u r e .  

It i s  a n   e x c i t i n g  time t o   b e  in Alaska,  and I 
am s u r e  you w i l l  understand how f o r t u n a t e  I f e e l  
being  governor a t  t h i s   p o i n t   i n   o u r   s t a t e ' s   d e v e l -  
opment. So, I again welcome you t o  Alaska,  and I 
hope you s h a r e  some o f   t h a t  same exci tement  as you 
t rave l   th roughout   our  state. Thank you so very 
much. 

As Governor of Alaska,  I know how my c o n s t i t -  

TROY L. P6& - Ten yea r s   ago   i n   Yaku t sk ,   S ibe r i a ,  
d i scuss ion   conce rn ing   t he   poss ib i l i t y  of an I n t e r -  
na t iona l   Permafros t   Assoc ia t ion   occur red .  It was 
a shor t   d i scuss ion ,   bu t  we rea l ized   such   an   o rgan-  
i z a t i o n  was needed.  Five  years  ago a t  Edmonton, 
our  Canadian  colleagues  agreed t o  s e r i o u s l y  look 
i n t o   t h e   f o r m a t i o n  of such a group,   and   here   to  
report t h e   l a t e s t  events i s  D r .  Hugh French,  head 
of the  Canadian  delegat ion.  

HUGH FRENCH - Mr. Chairman, ladies   and  gent lemen:  
An informal  meeting was he ld   yes t e rday  among t h e  
o f f i c i a l   d e l e g a t e s   f r o m  Canada, The Peop le ' s  Re- 
p u b l i c  of China,   the   United  States   of  America, and 
t h e   S o v i e t  Union. I am very   p leased   to   announce  
t h a t  i t  was unanimously  agreed t o  form  an  Interna- 
t i ona l   Pe rmaf ros t   Assoc ia t ion .  The f o u r   c o u n t r i e s  
jus t   ment ioned  will be  founding members of t h i s  
assoc ia t ion ,   and  we encourage   o the r   na t ions  t o  
J o i n  it .  Those who join wi th in   t he   nex t   yea r  will 
also become founding members. 

The primary aim of t h e   a s s o c i a t i o n  will be t o  
p r o v i d e   f o r   t h e  on-going organiza t ion   and   coord in-  
a t i o n  of Internat ional   Permafrost   Conferences.  
This  w i l l  be   done  through  the  Adhering  Nat ional  
Bodies. An I n t e r n a t i o n a l   S e c r e t a r i a t  will be es- 
t a b l i s h e d  i n  Canada a t   t h e   U n i v e r s i t y  of B r i t i s h  
Columbia. P ro fes so r  J. Ross Mackay h a s   a g r e e d   t o  
s e r v e  as Sec re t a ry -GeneraL  

Melnikov of t h e   S o v i e t  Union a c c e p t e d   t h e   p o s i t i o n  
o f  P r e s i d e n t  of t h e  new assoc ia t ion ,   and   P ro fes so r  
Troy L, P & d  of t h e   U n i t e d   S t a t e s   a c c e p t e d   t h e  po- 
s i t i o n  of  Vice-president. 

memberships   can  be  obtained  f rom  the  Const i tut ion,  
an o u t l i n e  of which w i l l  b e   a v a i l a b l e  a t  t h e  rear 
of t h e   h a l l   a f t e r   t h i s   m e e t i n g   [ t e x t   f o l l n r s l ~  I 
am s u r e   t h a t  you will a l l  j o i n   w i t h  re in wishing 

A t  the  meeting  yesterday,  Academician P . I .  

Details concern ing   na t iona l   and   ind iv idua l  



every  success   to   the new assoc ia t ion ,  which, I 
should  emphasize, as Professor  PLw6 has jus t   done ,  
is the   cu lmina t ion  of s eve ra l   yea r s  of discus-  
sion. I b e l i e v e   t h a t  i t  i s  both  t imely and  appro- 
p r i a t e ,   pa r t i cu la r ly   g iven   t he   success  of t h i s  and 
previous   in te rna t iona l   conferences  on permafrost. 

The re fo re ,   i t - r ema ins   fo r  me t o   congra tu l a t e  
Academician  Melnikov  and  Professor P i &  upon t h e i r  
appointment of o f f i c e ,  and to   thank   Professor  Mac- 
kay fo r   accep t ing   t he   pos i t i on  of Secretary-Gener- 
al .  I am confident   that   under   their   very  capable  
leadership  and  guidance,   the   future   of   the   associ-  
a t i o n  and the  continuing  development of permafrost 
science  and  engineering are i n t e r n a t i o n a l l y  as- 
sured. Thank you very much. 

TROY L. PgWtf - Thank  you, Dr. French. We w i l l  now 
have a few closing  remarks  from  the  leaders of the 
na t iona l   de l ega t ions .  We w i l l  h e a r   f i r s t  from 
Academician  Melnikov of t h e  USSR. 

P.I. MELNIKOV - Mr. Chairman, l a d i e s  and gent le -  
men: I p a r t i c i p a t e d   i n   t h i s   f o u r t h   c o n f e r e n c e  on 
permafrost  and in the t h i r d ,  and I was a lso   one  o f  
the   o rganizers   for   the   second  permafros t   confer -  
ence. I am a wi tness   t o  an increase  in t h e  number 
of s c i e n t i s t s  who a re   pa r t i c ipa t ing   i n   pe rmaf ros t -  
r e l a t ed   r e sea rch  and also  engineei-i-working in 
t h i s  area. He are indeed  very  pleased by t h i s  be- 
c a u s e   t h i s  will aid  us i n  the very  importanr  task 
ahead of us  i n  developing enormous t e r r i t o r i e s  
which contain some of our most valuable  resourc- 
es. I could  mention,  for  example,  that i n  
Yakutia,  which  contains  almost 90% of a l l  t he   d i a -  
mond resources  i n  our   country,   there  i s  consider- 
a b l e  diamond e x t r a c t i o n   a c t i v i t y .  It a l s o  con- 
t a i n s   l a r g e   d e p o s i t s  of gold  and  other  valuable 
minerals. 

of a l l  the gas  and o i l  is  being  extracted  from 
western  Siberia.   Also,   the  Far  North  contains 
enormous coal  reserves.  The hydroe lec t r ic  power 
s ta t ions  being  constructed  there   are   a lso  extreme- 
ly   product ive.  As already  mentioned,  the  develop- 
ment of t h e s e   n o r t h e r n   t e r r i t o r i e s   r e q u i r e s   s p e -  
c i a l i zed   t echn iques  and  methods. We have already, 
a t  the   p resent  time, learned how t o   c o n s t r u c t   t h e  
equipment  used to   deve lop   t hese   t e r r i t o r i e s .  We 
are now faced  with t h e  fur ther  problem o f  making 
t h e  equipment less expensive. 

that the number of people  working i n  this  d i s c i -  
p l ine   has   increased .  We t h i n k  that t h i s  i s  going 
t o   f u r t h e r  the development of the en t i r e   s c i ence .  

ing committee f o r  a l l  of t h e   e f f o r t s   t h a t  i t  has  
undertaken i n  orde r   t o   o rgan ize  and ar range   for  
the   Four th   In te rna t iona l   Conference  on Perma- 
Erost. To a l l  of you personal ly ,  I would l i k e   t o  
extend my bes t  wishes f o r   s u c c e s s f u l   s c i e n t i f i c  
a c t i v i t i e s  and for   success  in your personal  
l i v e s .  Thank you for your  attention. 

As you probably know, approximately  one-half 

Again, I r epea t   t ha t  I am very  pleased  to  see 

I would like t o   e s p e c i a l l y   t h a n k  the organiz-  

TROY L. P d d  - Thank you, Academician  Melnikov. 
Now I would l i k e   t o  ca l l  on Professor  Shi  Yafeng, 
represent ing  the  People 's   Republ ic  of China. 
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SHI YAFENG - Mr. Chairman, l a d i e s  and  gentlemen: 
First of a l l ,  I would l i k e   t o   c o n g r a t u l a t e  you on 
t he   g rea t   success  of this in te rna t iona l   conference  
and on the  founding o f  t h e   I n t e r n a t i o n a l  Perma- 
f ros t   Assoc ia t ion .   Congra tu l a t ions   t o  Academician 
Melnikov, t h e   f i r s t   P r e s i d e n t  of t h e   a s s o c i a t i o n ,  
t o   P r o f e s s o r  Troy L. P&6, the  Vice-president of 
t h e   a s s o c i a t i o n ,  and t o   P r o f e s s o r  J. Ross Mackay, 
Secretary-General  of the assoc ia t ion .  

In this   conference,   the   Chinese  delegat ion 
presented their papers ,   exchanged  scient i f ic   ideas  
on t he   s tudy  of permafrost,  and  learned a g r e a t  
deal.  During th i s   conference ,  the Chinese  dele- 
gates  have  been warmly hosted by t h e  U.S. Organiz- 
ing  Committee, t he   Un ive r s i ty  of Alaska,   the   Ci ty  
of Fairbanks, the S t a t e  of Alaska,   and  especial ly  
the people of the United  States  and  Alaska. We 
f e e l   t h e   f r i e n d s h i p  among t h e   s c i e n t i s t s  and t h e  
peoples.  Thanks f o r  a l l  the   he lp   g iven   to  the 
conference  from all aspects .  

veloped  rapidly  and much has been  achieved.  There 
s t i l l  e x i s t  many problems t o  be dealt  with,  and 
more new ones w i l l  develop by t h e  time t h e   o l d  
ones  have  been  solved.  Thus, we have a g rea t   dea l  
of work t o  do i n  the  days  ahead. I n  China, there 
is  an  old  s tory.  It tells u s   t h a t   a n  old  man 
wished t o  move two mountains i n   f r o n t  of h i s  
house.  Therefore,  he dug a t  the  mountains  every 
day  without  stopping. When he   d i ed ,   h i s  sons car- 
r i e d  on. And when those  sons died,  h i s  grandsons 
took  over   the  job.   Final ly ,   the  two g r e a t  moun- 
t a i n s  were moved away. I am f u l l y  convinced t h a t  
in t he   nex t   i n t e rva l ,   w i th  the cooperat ion of a l l  
the s c i e n t i s t s  of p e r m a f r o s t   i n   a l l   t h e   c o u n t r i e s ,  
we w i l l  sure ly   so lve  the problems of permafrost. 
F ina l ly ,  I s i n c e r e l y  wish a l l   t h e   d e l e g a t e s ,  a l l  
t h e  members of t h i s  conference,  health  and  happi- 
ness. Thank you very much. 

TROY L. P h f  - Next, we will hear from Dr, Jer ry  
Brown, represent ing   the   Uni ted  SKates. 

In recent   years ,   permafrost   research  has  de- 

JERRY BROWN - On behalf of our  Committee on Perma- 
f r o s t ,  I would like t o  thank you again  for   a t tend-  
ing the conference. 1 be l i eve   t he   coun t ,   a s  of 
t h i s  morning, was Khat more than 950 i n d i v i d u a l s  
have p a r t i c i p a t e d  in various  events  o f  Khe confer- 
ence,   and  that   does not include  the  tremendous 
support s taffs  t h a t  have  put the whole  conference 
toge ther   here  in Fairbanks. 4a you know, t h e  pub- 
l i shed   record  of the conference is a l r eady   qu i t e  
s u b s t a n t i a l .  I would like t o  remind you that the 
papers will be pr in ted  and d i s t r i b u t e d   i n  a l a r g e  
volume before  the end  of the year. So you have a 
grea t   dea l  of reading  ahead of you. 

Some 140 people will be leaving  tomorrow on 
f ie ld   t r ips   th roughout   Alaska  and i n t o   t h e  Cana- 
dian  Northwest. I wish you good weather  and  in- 
te res t ing   exper iences .  We are a l l  looking  forward 
t o   s e e i n g  you a t  t h e   f i f t h   c o n f e r e n c e ,  a t  which 
time some of us will have  an  opportuni ty   to  re- 
lax ,  I would l i k e   t o   t h a n k  you again. And t o  a l l  
t h e   v i s i t o r s :  have a s a f e  and enjoyable  journey 
home. Thank you. 

TROY L. P # d  - Thank you, Je r ry .  Gnd now f o r  Dr. 
Hugh French of Canada. 
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HUGH FRENCH - Mr. Chairman, l a d i e s  and  gentlemen: 
I speak on behalf  o f  a l l   t h o s e   C a n a d i a n s  who have 
p a r t i c i p a t e d  i n  t h i s   con fe rence .  I would l i k e   t o  
s a y   t h a t  w have  found i t  e x t r e m e l y   b e n e f i c i a l   t o  
our  own understanding  of  permafrost   conditions.  
We have  seen a very  smooth  and  highly  organized 
conference.  We apprec ia t e   fu l ly   t he   magn i tude  of 
t h e   l o g i s t i c s   b e h i n d  a l l  of t h i s ,  and we want t o  
c o n g r a t u l a t e  you upon the   successfu l   comple t ion  of 
t h i s  tremendous  job.  Mention was a l s o  made i n  the  
opening  remarks  of t h i s  conference on Monday of 
C a n a d i a n   p a r t i c i p a t i o n   i n  the review  process  and 
o r g a n i z a t i o n  of the   conference .   Le t  me say ,  Mr. 
Chairman, on behalf  of a l l  those   Canadians ,   tha t  
i t  was a p l e a s u r e   t o   b e  so involved. Canada  and 
the   Un i t ed   S t a t e s   have  many  common i n t e r e s t s   i n  
the  North,  and  permafrost i s  c e n t r a l   t o  many of 
them. We look  forward   to   fu ture   coopera t ion   and  
s c i e n t i f i c   e x c h a n g e   i n   t h e   f u t u r e .  We a l s o   l o o k  
forward to   ma in ta in ing   ou r   con tac t s  with our 
f r i e n d s   i n   t h e   S o v i e t  Union. Permafrost  and 
d r i l l i n g   t e c h n o l o g y   a r e   b u t  two of t h e  number of 
top ics   tha t   have   recent ly   been   agreed  upon as be- 
i n g  areas of   mutua l   t echnologica l   and   sc ien t i f ic  
exchange  between  our two coun t r i e s .   F ina l ly ,  i t  
has  been a p l easu re   t o   d i scuss   pe rmaf ros t   p rob lems  
wi th   our   co l leagues   f rom  o ther   count r ies .  We a r e  
pa r t i cu la r ly   impressed   w i th   t he   g rowth  of perma- 
f r o s t   s t u d i e s   i n   C h i n a ,  and we look forward t o  
hea r ing  more abou t   t hese  in t h e   f u t u r e .  There- 
f o r e ,  Mr. Chairman, on behalf of a l l  the Canadian 
d e l e g a t e s ,  we thank you f o r   o r g a n i z i n g  and  holding 
th i s   Four th   In t e rna t iona l   Confe rence .  Thank  you. 

TROY L. P d d  - A t  t h i s  time, I would l ike t o   i n -  
t roduce Dr. Kaare  Flaate .   Dr .Flaate  i s  Chairman 
of the Permafrost  Committee of t h e  Royal  Norwegian 
Counc i l   fo r   Sc i en t i f i c   and   Indus t r i a l   Resea rch  
t h a t  i s  based in Oslo. Dr. Flaa te .  

KAARE FLAATE - Ladies  and  gentlemen: I am h e r e  in 
o r d e r   t o   p r e s e n t  an i n v i t a t i o n .  But 1 t h i n k   t h a t  
I will first  s ta r t  by making a confession.  It was 
o n l y   a f t e r  I a r r i v e d  here Sunday a f t e rnoon  tha t  I 
a p p r e c i a t e d   a l l   t h e  work t h a t  went i n t o   o r g a n i z i n g  
t h i s  conference.  And t h a t  so a f f e c t e d  me t h a t  I 
considered  turning  around  and  going home. Well, 
t h e r e  are always  s imple  reasons  that   keep you i n  
l i n e ,  and X t e l l  you I have two good r easons   fo r  
n o t   l e a v i n g .   F i r s t ,  1 had  an APEX a i r l i n e  t icket.  
and I could  not   re turn  immediately.  And secondly,  
I was  what you would cal l  "dead  t ired." And I am 
g l a d  I stayed.  It has been a p l e a s u r e   t o   p a r t i c i -  
p a t e   i n   t h e   c o n f e r e n c e .  1 know I gained  profes-  
s i o n a l l y  as well as s o c i a l l y .  

next   conference.  I will g ive  you two good rea- 
sons. One, somebody has t o   a r r a n g e   t h e   c o n f e r -  
ence,  and we f e e l   t h a t  we a l s o   h a v e   o b l i g a t i o n s  
f o r   i n t e r n a t i o n a l   c o o p e r a t i o n .  We must  do  our 
share   o f  the work. So much f o r   t h e   u n s e l f i s h  
part .   Second, we b e l i e v e   t h a t  the whole  country 
has  much t o   g a i n  by having the conference.  We 
w i l l  g a i n  a l o t   p r o f e s s i o n a l l y  and we w i l l  have 
the p l easu re  of   having  vis i tors .  So t h a t  was t h e  
s e l f i s h  side. 

the o f f i c i a l   i n v i t a t i o n   f o r  you. 

We would l i ke  t o   i n v i t e  you t o  Norway f o r   t h e  

Let IW f i n i s h   t h i s   b r i e f   t a l k  by p r e s e n t i n g  

INVITATION 

The Norwegian  Committee on Permafrost  
i s  pleased t o  a c t  as h o s t   f o r  

The F i f th   In t e rna t iona l   Confe rence  on Permafrost  
i n  June 1988 

a t   t h e  Norwegian I n s t i t u t e  o f  Technology 
i n  Trondheim, Norway 

The Norwegian  Committee on Permafrost  was ap- 
po in t ed  by the  Royal  Norwegian  Council   for  Scien- 
tific and   Indus t r i a l   Resea rch   w i th   t he  a h  of pro- 
moting PermafrOSK r e s e a r c h  and  technology. The 
Norwegian I n s t i t u t e  of Technology i s  well equipped 
f o r  and has   long   exper ience   in   handl ing   confer -  
ences.  The academic  community a t  Trondheim has a 
professional  background  in  permafrost   problems. 
The c i t y  of Trondheim has a population  of  about 
130,000 and was founded by the Vikings i n  997. 
The c i t y   h a s  many i n t e r e s t i n g   s i g h t s   a n d  i s  a na t -  
u r a l   s t a r t i n g   p o i n t   f o r   e x c u r s i o n s   r e l a t e d   t o   p e r -  
mafrost  phenomena. 

TROY L. P l ? d  - Academician  Melnikov, new P r e s i d e n t  
of the In t e rna t iona l   Pe rmaf ros t   Assoc ia t ion ,  w i l l  
now accep t  the i n v i t a t i o n .  

P.1. MELNIKOV - Ladies  and  gentlemen: I t h i n k  a t  
th i s  t ime we should a l l  ex tend   ou r   g ra t i t ude   t o  
t h e  Government  of Norway f o r  the o p p o r t u n i t y   t o  
conduc t   t he   F i f th   In t e rna t iona l   Confe rence  on Per- 
mafrost  in Norway. I t h i n k  tha t  i n   c o n n e c t i o n  
with t h i s  i t  would be a very good idea to   p ropose  
t h a t  a second  vice-president  of  the  newly  formed 
In te rna t iona l   Permafros t   Assoc ia t ion   be   Professor  
Kaare F l a a t e ,   t h e   r e p r e s e n t a t i v e  of Norway. I 
t h i n k   t h a t   a l . 1  of you w i l l  j o i n   u s   i n   s u p p o r t i n g  
the proposal  t o  ho ld   t he   nex t   i n t e rna t iona l  con- 
f e rence  i n  Norway. We suppor t   t h i s   p roposa l .  

Again,  permit me a t  Khis time t o   e x p r e s s  my 
h e a r t f e l t   g r a t i t u d e   t o  a l l  o f  you f o r   t h e   h o n o r  
you have  accorded me, t o  be the f i r s t   p r e s i d e n t  of 
the  newly  founded  Internat ional   Permafrost   Associ-  
a t ion .  I have   a l ready   dedica ted  my e n t i r e   l i f e   t o  
permafros t   s tud ies .  When I was s t i l l  on ly  a s tu -  
d e n t   i n  the  Leningrad   Mining   Ins t i tu te ,  I s p e n t  
t h ree   yea r s   conduc t ing   r e sea rch  on the   proposed 
Baikal-Amur Ra i l road ,  whose cono t ruc t lon  i s  pres- 
ent ly   being  completed.  Upon completion  of my 
s t u d i e s ,  I was t h e n   a s s i g n e d   t o   a c t i v i t i e s   i n  the 
Academy of   Sciences  of   the   Soviet  Union. The 
Academy of  Sciences in t u r n   s e n t  me t o  work i n  the 
f a r   n o r t h e r n   r e g i o n s  as the d i r e c t o r   o f  a sc i en -  
t i f i c   r e s e a r c h   i n s t i t u t e .  I s p e n t   t h r e e   y e a r s  
there in t he   Ind ig i rke   r eg ion ,   and   t hen  I s p e n t  
t he   nex t  23 years  working i n  Yakutia,   conducting 
s c i e n t i f i c   r e s e a r c h  and a l s o   a s   t h e   d i r e c t o r  of 
t he   Yaku t sk   Pe rmaf ros t   In s t i t u t e .  A t  t h e  same 
time, f o r   t h e  las t  13 yea r s ,  I have  been a r e p r e -  
s e n t a t i v e  of t h e  Academy of Sc iences   o f   the   Sovie t  
Union i n  Moscow. The Sc ien t i f ic   Cryology  Counci l ,  
whose a c t i v i t i e s  I p a r t i c i p a t e  in, i n  Moscow, i s  
r e s p o n s i b l e   f o r   o r g a n i z i n g  and c o o r d i n a t i n g   a l l  
t h e   r e s e a r c h   p r o j e c t s   c a r r i e d   o u t  by bo th  the 
academic  community  and t h e   i n d u s t r i e s   t h r o u g h o u t  
the e n t i r e   S o v i e t  Union. I a n t i c i p a t e   t h a t   t h e  
new a c t i v i t i e s   t h a t  I w i l l  have t o  be c a r r y i n g   o u t  



as t h e   p r e s i d e n t  of the newly  founded  Internation- 
a l  Permafrost   Associat ion w i l l  b e   q u i t e   d i f f i c u l t ,  
s i n c e  i t  is a l w a y s   d i f f i c u l t  when a new as soc ia -  
t i o n   o r   o r g a n i z a t i o n  i s  founded. But again,  I 
will exert a l l  p o s s i b l e   e n e r g i e s   a n d   t a l e n t  t o  see 
t h a t  the work c a r r i e d   o u t  by o u r   a s s o c i a t i o n  will 
f u r t h e r   a l l  o f  t h e  research in permafrost .  I 
would like t o   t hank  you once  again. 

TROY L. P g d  - Thank  you, President   Melnikov:  I 
am s u r e   t h a t  a l l  of you n o t i c e d   t h e   v e r y   l a r g e  
banne r   p roc la iming   t he   Four th   In t e rna t iona l  Con- 
f e r e n c e  on Permafrost ,  a l l  four   conferences ,  on 
the wall in t h e  Great Ha l l   du r ing   t he   pas t  week. 
I have now taken down this banner. I n  a d d i t i o n  t o  
the  conferences  being  proclaimed in t h r e e   l a n -  
guages ,   t he re  are the   logos  of the p a s t   f o u r  con- 
f e rences .  I t h i n k  you remember this  banner. It 
is now my d u t y   t o   p a s s  this banner on t o  Kaare 
F l a a t e ,  who w i l l  be in charge of i t  u n t i l  the n e x t  
conference.   Perhaps  he will add a n o t h e r   o f f i c i a l  
language,  and  indeed  another logo. D r .  F l a a t e ,  
p l e a s e   a c c e p t  t h i s  banner. 

the  end of our   p lenary   sess ions .  However, b e f o r e  
we h a v e   o u r   f i n a l   s t a t e m e n t s ,  I have  a   pleasant  
duty.  We a r e   f o r t u n a t e   t o   h a v e  in the audience 
the o l d e s t   a c t i v e   i n v e s t i g a t o r  o f   pe rmaf ros t   i n  
Alaska and  probably  North  America.  Here  today t o  
l i s t e n   t o   o u r   d e l i b e r a t i o n s  i s  P ro fes so r   Ea r l  B, 
Pi lg r im,  f i rs t  p ro fes so r  of Mining Engineering  and 
Metallurgy  of the Un ive r s i ty  of Alaska.   Professor 
P i l g r i m  was one of t h e   s i x   o r i g i n a l   f a c u l t y  of t h e  
Alaska  Agricultural   College  and  School of  Mines 
(now t h e   U n i v e r s i t y  of  Alaska) when it  opened i t s  

You will be  happy t o  know that we are n e a r i n g  
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doors  on Sec Itember 18. , 1922, Since 1926, he  has 
been  actlvely  mining i n  pe renn ia l ly   f rozen   g rave l  
and  bedrock  and now operates   an  ant imony mine i n  
the Kant ishna District near   Denal i   Nat iona l   Park  
i n  t h e  Alaska Range. N o w  i n  h i s  n i n e t i e s ,   P r o f e s -  
s o r   P i l g r i m  has been  actively  working with perma- 
f r o s t   f o r  60 years.  It i s  my p l e a s u r e   t o   i n t r o -  
duce   P ro fes so r   Ea r l  H. P i lg r im of Stampede  Creek. 
P ro fes so r   P i lg r im,  would you p l ease   s t and   and   be  
honored. 

i d e n t  of t h e   U n i v e r s i t y  of  Alaska,  and  a  generous 
hos t  of the   conference   for   a   c los ing   s ta tement .  

I would like t o   c a l l  on D r .  Jay  Barton,   Pres-  

JAY BARTON - D r .  P€wwb, i t  has  been a great   honor  
and p l e a s u r e   t o   h a v e   t h e   F o u r t h   I n t e r n a t i o n a l  Con- 
f e r e n c e  on Permafros t   here  on t h e  campus  of t h e  
Un ive r s i ty  of Alaska a t  Fairbanks,  We hope you 
a l l  will re tu rn .  Thank you. 

TROY L. P$We’ - We have now reached  the  end  of t he  
formal  program of the   Four th   In t e rna t iona l   Confe r -  
ence on Permafrost,  and i t  i s  a p l e a s u r e   t o   n o t e  
t h a t  t h i s  has  been the l a r g e s t   i n t e r n a t i o n a l  con- 
f e rence  on permafros t   to   da te .  I have  been in- 
formed t h a t  i t  was the l a r g e s t  and  most  complex 
confe rence   eve r   he ld   a t  the Un ive r s i ty  of Alaska 
i n  Fairbanks.  

A8 Chatrman of the U.S. Organizing  Committee 
for t he   Four th   In t e rna t iona l   Confe rence  on  Perma- 
f r o s t ,  I would like t o   t h a n k  you f o r   p a r t i c i p a t i n g  
i n  the  conference  and  wish you well on your   r e tu rn  
journeys.  I now d e c l a r e   t h e   F o u r t h   I n t e r n a t i o n a l  
Conference on Permafrost   c losed.  
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INTERNATIONAL PERMAFROST ASSOCIATION 
BASIC  PRINCIPLES OF THE CONSTITUTION 

( Ju ly  1983) 

The o r g a n i z a t i o n s   r e f e r r e d   t o  i n  t h e   C o n s t i t u t i o n   a n d  By-laws a r e   d e f i n e d  
as follows: 

(1) Council  is the   govern ing  body  of the   Assoc ia t ion .  

( 2 )  AdherinR Na t iona l  Body i s  a representa t ive   body,   such  as a n a t i o n a l  
commit tee ,   designated by t h e   a p p r o p r i a t e   a u t h o r i t y  t o  r ep resen t  in the   Counci l  
o f  t h e   A s s o c i a t i o n   t h e   i n t e r e s t s  in permafrost  of s c i e n t i s t s   a n d   e n g i n e e r s  of a 
country . 
OBJECTIVE 

To f o s t e r   t h e   d i s s e m i n a t i o n  of knowledge  concerning  permafrost  and  promote 
coope ra t ion  among per sons   and   na t iona l   o r   i n t e rna t iona l   o rgan iza t ions   engaged  
i n  s c i e n t i f i c   i n v e s t i g a t i o n s   o r   e n g i n e e r i n g  work on p e r m f r o s t .  

MEMBERSHIP 

Membership i n   t h e   A s s o c i a t i o n  is through  Adhering  National  Bodies. There 
shal l   be   only  one  Adhering  Nat ional  Body per   country.  

I n  countries where no Adhering  Nat ional  Body exists,  a n   i n d i v i d u a l  may 
a p p l y   d i r e c t l y   t o   t h e   A s s o c i a t i o n  t o  t a k e   p a r t  in A s s o c i a t i o n   a c t i v i t i e s .  

OFFICERS OF THE ASSOCIATION 

The o f f i c e r s  of t h e   I n t e r n a t i o n a l   P e r m a f r o s t   A s s o c i a t i o n  are: 

(i) Pres iden t  
(ii) Vice P r e s i d e n t s  

(iii) Secre ta ry   Genera l  

T h e   o f f i c e r s  of t h e   A s s o c i a t i o n   s h a l l   s e r v e  from the   end of one 
In te rna t iona l   Conference  on P e r m a f r o s t   t o   t h e  end of the  next   Conference.  

COUNCIL 

The C o u n c i l   s h a l l  cons is t  of the   P res iden t   and  two r e p r e s e n t a t i v e s  from 
each  Adhering  National Body. 

The   Counci l   sha l l   de te rmine ,   wi th   the   advice  of t he   Sec re t a ry   Gene ra l ,   t he  
a n n u a l   s u b s c r i p t i o n   f e e   t o   t h e   A s s o c i a t i o n .  

There will n o t   b e  any fees   un less   approved  by the   Counci l .  

INTERNATIONAL  CONFERENCE ON PERMAFROST 

The organiza t ion   and   f inanc ing   a r rangements  o f  an In t e rna t iona l   Confe rence  
a r e   t h e   r e s p o n s i b i l i t y  of the   Adhering  Nat ional  Body of the   hos t   count ry .  

AMENDMENTS TO CONSTITUTION AND BY-LAWS 

Alnendments t o   t h e   C o n s t i t u t i o n   a n d  By-Laws nvly be  proposed by an  Adhering 
National Body. 
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Appendix A: Field Trips 
F i e l d   t r i p s   w e r e  a major   par t  of t he   Four th  

In t e rna t iona l   Confe rence  on Permafrost ,   and almost 
everyone  took  advantage of e i t h e r   t h e   e x t e n d e d  
t r ips ,   which   took   p lace  immediately be fo re  or a f -  
ter t h e   c o n f e r e n c e ,   o r   t h e   l o c a l   g e o l o g i c a l   a n d  
e n g i n e e r i n g   p e r m a f r o s t   f i e l d   t r i p s ,  which  took 
p lace   dur ing   the   conference ,  

pa r t i c ipan t s   t o   obse rve   pe rmaf ros t  and  permafrost- 
induced  construct ion  problems as well a s   t h e   r e l a -  
t i o n s h i p  of p e r m a f r o s t   t o   v e g e t a t i o n  i n  t h e   F a i r -  
banks area. 

t o t a l  of 250 p a r t i c i p a n t s .  A l i s t  of t h e s e   t r i p s  
i s  a s   f o l l o w s   ( t h e  names of p a r t i c i p a n t s  on  each 
t r i p  are i n d i c a t e d   i n  Appendix D ) :  A-1, Alaska 
Rai l road   and   Denal l   Nat iona l   Park ;  A-2, Fairbanks 
t o  Prudhoe Bay v i a   t h e   E l l i o t t   a n d   D a l t o n  High- 
ways; B-3, Northern Yukon T e r r i t o r y   a n d   t h e  Mac- 
kenz ie   River   Del ta ;  B-4, F a i r b a n k s   t o  Anchorage 
via the  Richardson  and  Glenn  Highways;  and B-6, 
Prudhoe Bay and t h e   C o l v i l l e  River Delta.  Guide- 
books f o r   t h e s e   t r i p s  were a v a i l a b l e   t o  a l l  f i e l d  
t r i p   p a r t i c i p a n t s   ( s e e   a c c o m p a n y i n g   l i s t ) .  

The c a r e f u l l y   p l a n n e d   a n d   e x e c u t e d   f i e l d  
t r i p s  and   publ ica t ions  w i l l  be  long  remembered  and 
were a p p r e c i a t e d  by a l l   t h e   p a r t i c i p a n t s  of t h e  
cone erence.  

The l o c a l   f i e l d   t r i p s   p e r m i t t e d   h u n d r e d s  of 

The f ive   p re-   and   pos t -conference   t r ips   had  a 

Ava i l ab le  Guidebooks 

Publ ished by Alaska  Divis ion of Geological  
and  Geophysical  Surveys,  794 Unive r s i ty  
Avenue,  Basement,  Fairbanks,  Alaska  99701 

Guidebook 1: Richardson  and  Glenn  High- 
ways,  Alaska. T.L. PdwP and R.D. Reger 
(eds. ), 1983,   263  p., $7.50. 

Guidebook 2: Colvi l le   River   Del ta ,   Alaska.  
H.3. Walker (ed.) ,  1983, 34 p . ,  $2.00. 

Guidebook 3: Northern Yukon Ter r i to ry   and  
Mackenzie De l t a ,  Canada. H.M. French  and 
J.A. Heginbottom  (eds.), 1983, 183 p . ,  
$8.50. 

Guidebook 4 :  E l l i o t t  and  Dalton  Highways, 
Fox t o  Prudhoe Bay, Alaska. J. Brown and 
R.A, Kreig  (eds. ), 1983,   230 p., $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. Fug les t ad  
(ed.),  approx. 130 p. 

Oscar J. F e r r i a n s ,  J r , ,  Chairman 
F i e l d   T r i p s  Commlttee 
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Local Field Trips 

I n t r o d u c t i o n  

One of t h e  main   reasons   for   ho ld ing  the 
Four th   In te rna t iona l   Conference  on Permafrost  in 
Fairbanks was that   permafrost   and i t s  e f f e c t  on 
man's a c t i v i t i e s  in t h e   N o r t h   a r e  w e l l  i l l u s t r a t e d  
l o c a l l y .  It is p o s s i b l e   t o  see many permafrost  
phenomena and many permafros t - re la ted   cons t ruc t ion  
problems  within a few miles of the Unive r s i ty  of 
Alaska (Fairbanks)  campus. 

Therefore ,  among t h e   h i g h l i g h t s  of the con- 
f e r e n c e  were t h e   f i e l d   t r i p s  in the immediate 
Fa i rbanks   a rea   to   examine   engineer ing   and   geologi -  
cal  a s p e c t s  of permafrost .   During  the  conference,  
three afternoons  (Tuesday,  Thursday  and  Friday) 
and tw evenings (Monday and  Wednesday) were set  
a s i d e   f o r   t h e s e   t r i p s .  No t e c h n i c a l   s e s s i o n s  were 
he ld   dur ing   those  times. The t r i p s  were provided 
a t  no e x t r a   c o s t   t o  the r e g i s t r a n t s ,   a n d   p u b l i s h e d  
permafrost   information was i s sued  t o  a l l  of t h e  
p a r t i c i p a n t s .  

cove red   t he   geo log ica l   and   vege ta t ion   a spec t s  of 
permafrost   and its r e l a t i o n   t o   c o n s t r u c t i o n ,   a n d  
two covered the eng inee r ing   a spec t s  of perma- 
f r o s t ,  A s p e c i a l   t o u r  was schedu led   t o  a perma- 
f r o s t   t u n n e l ,  and  one t o  a f r o s t - h e a v e   f a c i l i t y .  
In a d d i t i o n   t o   t h e s e  bus t r i p s ,   t h e r e  was a s e l f -  
guided  walking  tour   (with  brochure)   to   examine 
permafros t   fea tures   ( thermokars t  mounds) on  t h e  
Un ive r s i ty  of  Alaska campus. 

I t  i s  e s t i m a t e d   t h a t  more than  500 r e g i s -  
t r a n t s   p a r t i c i p a t e d  in these l o c a l   f i e l d   t r i p s  and 
r ece ived   pub l i shed   and   unpub l i shed   s c i en t i f i c   and  
eng inee r ing   r epor t s .  Only d r a f t   c o p i e s  were com- 
p l e t ed  o f  the   gu idebooks   to   the   permafros t  and 
Quaternary  geology of the   Fa i rbanks   a rea ,   and   the  
permafros t   and   engineer ing   fea tures .   Therefore ,  
a l l   p a r t i c i p a n t s  were provided wi th  the fol lowing 
pub l i ca t ions :  1) P6w6, T.L., 1958, Geology of t h e  
Fairbanks (IF-2) Quadrangle,  U.S. Geological  Sur- 
vey,  Geological  Quadrangle Map GQ-110, scale 
1:63,360, 1 s h e e t ;  2) P&6, T.L., F e r r i a n s ,  O.J., 
Jr., Karls t rom, T.N.V., Nichols ,  D.R., 1965, 
Guidebook f o r   f i e l d   c o n f e r e n c e  F c e n t r a l   a n d  
sou th -cen t r a l   A laska   In t e rna t iona l   Assoc ia t ion  f o r  
Quaternary  Research,  7th  Congress,   Fairbanks,  
1965: Lincoln,  Nebraska, Acadeuy of Science,  1 4 2  
p. ( r e p r i n t  197, Col lege,  Alaska, Div i s ion  of Geo- 
logical   and  Geophysical   Surveys) ;   and 3)  P&&, 
T.L., 1982, Geologic  hazards  of  the  Fairbanks 
area, Alaska: Alaska Div i s ion  o f  Geological   and 
Geophysical  Surveys  Special   Report  15,  109 p. A 
b r i e f   d e s c r i p t l o n  of t h e   f i e l d   t r i p s  is o u t l i n e d  
in t h i s  volume of the proceedings.  

There were seven   tours .  Two d i f f e r e n t   t o u r s  
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p e c t s  o f  permafrost  were organized  and  carr ied  out  
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In  a d d i t i o n ,   t h e   o r g a n i z e r s  of t h e   l o c a l  
f i e l d   t r i p s   a p p r e c i a t e   t h e   c o o p e r a t i o n  of Dan Egan 
of the Alaskan  Gold Company i n   F a i r b a n k s ;   A l i c e  
Ebenal ,   v ice   p res ident  of E.V.E. Co., I n c . ;   o f f i -  
c i a l s  of the Northwest  Alaska  Pipeline Company i n  
charge o f  t h e   f r o s t - h e a v e   f a c i l i t y  in Fairbanks; 
and many o t h e r s   f o r   e n a b l i n g  the l o c a l   f i e l d   t r i p s  
t o   b e  a success .  
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o rgan ic - r i ch  silt nea r  Fox, n o r t h  o f  Fairbanks,  

Permafrost  in the Fairbanks Area 

The  Fairbanks area is i n   t h e   d i s c o n t i n u o u s -  
permafrost  zone  of Alaska, and   pe renn ia l ly   f rozen  
ground i s  widespread,   except   beneath  hi l l tops  and 
moderate to   s teep   south- fac ing   s lopes .   S ince  
1903, f i r e s  and d i s tu rbance  of v e g e t a t i o n  by l and  
development   have  increased  the  depth  to   permafrost  
by 25 t o  40 f t  i n  many p laces ,   a l though much of 
t h e   g r o u n d   r e f r o z e   a f t e r  the s u r f a c e  was revege- 
tated.   Sediments  beneath the f l o o d p l a i n  are per- 
e n n i a l l y   f r o z e n  as deep as 265 f t .   Permafros t  
f r equen t ly   occu r s  as m u l t i p l e   l a y e r s  of  varying 
t h i c k n e s s ,  and in many a r e a s  i s  not   p resent .  Un- 
f rozen  areas occur   benea th   ex is t ing  or r e c e n t l y  
abandoned  r iver  channels,   sloughs,   and lakes. 
Elsewhere,   layers  of  frozen  sand  and silt a r e   i n -  
t e r ca l a t ed   w i th   un f rozen   beds  of gravel.   Depth t o  
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Modification of map prepared by T.L. Pdwwd. 



permafrost   var ies  from 2 t o  3 f t  in   undis turbed 
a r e a s  and i s  more than 4 f t  on the slip-off  slop 
of r ivers .   Ice   in   perennia l ly   f rozen   sed iments  

le s 

benea th   the   f loodpla in   cons is t s  o f  granu les   t ha t  
cement grains.  Large ice masses are   absent .  

s i l t  in creek  val leys  and on lower   h i l l s lopes  i s  
th i ckes t   a t   l ower   e l eva t ions - -up   t o   a t  least  360 
f t  near   the   f loodpla in  of the Tanana-Chena  Riv- 
e rs .   Permafros t   in   these   sed iments   conta ins   l a rge  
masses of c l e a r  ice i n   t h e  form of h o r i z o n t a l   t o  
v e r t i c a l   s h e e t s ,  wedges,  and  saucer-  and  irregu- 
lar-shaped masses. I c e  masses are f o l i a t e d   ( i c e  
wedges)  and  range  from less than 1 f t  t o  more than 
15 f t  i n   l e n g t h ,  Much of the i c e  is  arranged in a 
polygonal   or  honeycomh network  that   encloses s i l t  
polygons 10 t o  40 E t  in   diameter .   Perennial ly  
frozen  ground  does  not  exist  beneath steep south- 
facing  s lopes,   but   extends  near ly   to   the summit of 
north-facing  slopes. 

The temperature of permafros t   in   the   Fa i r -  
banks  area a t  a depth  below  the  level of seasonal  
tempera ture   f luc tua t ions  (30 t o  50 f t )  i s  about 
31'P. If the vegetat ion  cover  i s  removed, t h e  
r e l a t i v e l y  warm, temperature-sensit ive  permafrost  
thaws  (degrades). Thawing of permafrost in flood- 
plain  a l luvium  with low ice c o n t e n t   r e s u l t s  in 
l i t t l e  o r  no subsidence of the  ground,   but   in  
creek-val ley  bot tom on lower slopes,  thawing  of 
ice- r ich   re t ranspor ted   loess  (muck) results in 
cons ide rab le   d i f f e ren t i a l   subs idence  of the  ground 
surface.  

Although much permafrost in t h e  area i s  prob- 
ably re l ic t  (from colder  Wisconsin-age  condi- 
t i o n s ) ,  i t  a lso   form  today   under   favorable  c i r -  
cum tances.  Pre-Wisconsin  permafrost  probably d i s -  
appeared  during  the  widespread  thawing in Sangamon 
time. 

Permafrost i n  the  retransported  valley-bottom 

Description  of Numbered Field  Trip  Stops* 

Stop 1 - WEST END OF COLLEGE HILL 

with up t o  80 E t  o f  loess .  The top  and  south 
College H i l l  i s  a lcw  bedrock h i l l  covered 

350 

s i d e s  are permafrost   f ree   and  have  long  been  the 
sites of ag r i cu l tu ra l   f i e lds   and   bu i ld ings  of t h e  
Universi ty  of Alaska. From the   t op ,  a f i n e  v i e w  
t o   t h e   s o u t h  shows the wide  Tanana  River  flood- 
p l a i n  with the glacier-sculptured  Alaska Range and 
M t .  McKinley in the f a r   d i s t ance .  

s t o p  2 - FARMERS LOOP  "SINKHOLE" 
A l m o s t  a l l  of Farrpers Loop Road crosses  ice- 

rich  permafrost  and  continuing  maintenance i s  nec- 
e s sa ry   t o   ensu re  a passable   surface.  I n  1962, 
Farmers Loop Road was rerouted   across   i ce- r ich  
peat  and organic si l t  between  College Road and  the 
eas t   en t r ance   t o   t he   Un ive r s i ty  o f  Alaska. This 
one-third-mile  rerouting  cost  $170,000 (Woodrow 
Johanneon,  Alaska  Departrnent of Transportation  and 
P u b l i c   F a c i l i t i e s ,   w r i t t e n  comm., October 3 ,  
1977). S h o r t l y   a f t e r  the subgrade was paved,  dif  - 
fe ren t ia l   se t t lement   occur red   because  of thawing 
of the  underlying  ground ice and  ice-rich  peat  and 
subsequent  compacting of the  peat.   In 1977, lev- 
eling of the   road   shoulders   cos t  $5,000, and simi- 
lar annual  maintenance,  including  leveling  with 
a spha l t ,   has  been  necessary  since 1974. 

sinkhole  because of t h e  tremendous amount of 6ub- 
s i d e n c e   b r i n g   t h e   p a s t  few years  and  continued 
f i l l i n g   w i t h   g r a v e l  and  asphalt. A th ickness  of 
up t o  5 f t  of pavement  used as patching may be 
present  in l imi ted  areas. 

In 1983, t h e  area was pa in ted  white  t o  pro- 
mote r e f l e c t i o n  of so l a r   r ad ia t ion .  In t he   w in te r  
of 1982-83, thermal heat tubes were i n s t a l l e d   a t  
the edge o f  the  road on the west s i d e  in a n  at-  
tempt t o   f r e e z e  the ground  beneath  the highway and 
prevent  further  thawing and  subsidence. 

The area has been c a l l e d  the Farraers Loop 

Stop 3 - THEWKARST  TOPOGWHY, GOLF COURSE, WAR 
TRANSMITTER BUILDING 

the Fairbanks  golf   course  and a t  t h e  KFAR t r a n s -  
mitter bui ld ing   conta ins   l a rge  ice wedges in a 

The perennia l ly   f rozen   re t ranspor ted   loess  a t  
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Stop 3. Troy P l d  l e c t u r i n g   t o   g r w p  a t  KFAR 
t r a n s m i t t e r   s t a t i o n .  The s t a t ion   had   subs ided  2 
t o  3 f t  by 1948; by 1983 it  had  subsided 4 t o  5 
f t .  The ground  surface is now nea r   t he   base  of 
t h e  windows. 

polygonal  network. As the   ground  thaws,   therm- 
k a r s t   p i t s  and mounds form. P i t s   a r e   s t e e p -  
wal led,  5 t o  20 f t  deep,  and 3 t o  30 f t  across .  
Broad mounds 50 t o  100 f t  i n  diameter  and 2 t o  4 
f t  high  have  formed  and are slowly  growing  higher 
a s   t h e  ice c o n t i n u e s   t o  mlt .  They a r e   b e s t  d i s -  
played in the   go l f   course ,   which  was e s t a b l i s h e d  
i n  1946 and i s  perhaps not only   the   wor ld 'B  fa r -  
thes t   nor th   go l f   course ,   bu t   the   on ly   one   in   which  
thermokarst  mounds and p i t s  as na tu ra l   haza rds  
c a u s e   s e r i o u s   d i f f i c u l t y .  

The radio  t ransmit ter   bui lding  and  tower  were 
b u i l t   i n  1939. The b u i l d i n g  is of r e i n f o r c e d  con- 
crete ,   and,   a l though  the  underlying  ground  has  
s e t t l e d   c o n s i d e r a b l y  due t o   m e l t i n g  of ground  ice ,  
t he   founda t ion   has   no t   been   s e r ious ly  deformed. 
Ground subsidence became ev iden t  when t h e  well i n  
the   bu i ld ing   began   t o  "rise." The cas ing  of t h e  
w e l l  i s  f r o z e n   t o  120 f t  in permafros t ,   bu t   the  
pump, which is  set on t o p  of t h e   c a s i n g ,   c o n t i n u e s  
t o  "rise" above t h e   f l o o r .  When i t  was 1 t o  2 f t  
above   t he   f l oo r ,   t he  well c a s i n g  was cu t   o f f   and  
reset a t  Eloor level. Contrary t o  popular   opin-  
i o n ,   t h e  casing was n o t   r i s i n g   o u t  of the  ground; 
r a the r ,   t he   g round   and   bu i ld ing  were s i n k i n g  
a round   t he   s t ab le   ca s ing .  The bu i ld ing   has   no t  
been  used as a t r a n s m i t t e r   s t a t i o n   f o r   s e v e r a l  
y e a r s ,   a n d   s t a n d s   p a r t i a l l y   s u b s i d e d  ( 3  t o  5 f t )  
in the   middle  of the   go l f   course   sur rounded by 
wel l -developed  thermokarst   p i ts   and mounds. 

Stop 4 - HOUSES DEFORMED BY UNDERLYING PERMAFROST 
Houses hilt o n   t h e   s o u t h - f a c i n g   h i l l s i d e   a t  

t h i s   f i e l d   t r i p   s t o p  on Fanners Loop Road are un- 
der la in   wi th   unf rozen   grbund  and   have   exce l len t  
foundations.  Houses on t h e   g e n t l e  lower s l o p e s   o r  
f l a t l a n d s   h e r e  are unde r l a in  by i ce - r i ch ,   pe renn i -  
a l l y   f r o z e n  silt.  Some homes with  heated  base-  
rpents h a v e   s u b s i d e d   i n  a d i s a s t r o u s  way. For  ex- 
ample,   the   foundat ion of one  house was hilt i n  
1974 and  the  house  (see  photograph)  was M i l t   i n  

Stop 4.  Hwse b u i l t   i n  1975 on i c e - r i c h  perma- 
f ros t .   (Photograph  3997 by T.L.  P6w.5, 1977.) 

1975. It was occupied   for   one   year   and   vaca ted  
du r ing   t he  sumuer of 1977. By t h i s   t i m e ,   e v i d e n c e  
was a b u n d a n t   t h a t   t h e   u n d e r l y i n g   i c e - r i c h   p e m -  
f r o s t  was thawing.  With t h e   s h i f t i n g  of t h e  
house .   ve r t i ca l   d ra in   p ipes   d ropped   o f f ,  two of 
the   basement   doors   and   the   f ront   door  were cut of 
plumb,  and the   l a rge   concre te   b lock   f ront -door  
s tep  had  subsided.  By 1983, t he   house   had   fu r the r  
subsided  and was even mre s e v e r e l y   d i s t o r t e d .  
The l a r g e   c o n c r e t e   b l o c k   s t e p s  a t  t h e   f r o n t   d o o r  
had  completely  disappeared  because of subsidence,  
a n d   t h e   l e v e l  o f  the  ground was up t o   t h e   b a s e  of 
t he   f ron t   door .  The basement room n e x t   t o   t h e  ga- 
r age  was severely  cracked  and  the  garage  doors  
were no l o n g e r   f u n c t i o n a l ,  The house w a s  not oc- 
cupied in 1983, e x c e p t   f o r  a ca re t ake r .  

Stop 5 - TRANS-ALASKA PIPELINE SYSTEM 
The Trans-Alaska  Pipeline  System i s  t h e   l a r g -  

es t  completed,   pr ivately  funded  construct ion  ef-  
f o r t   i n   h i s t o r y .  It was hilt i n  1974-1977 and i s  
designed to t r a n s p o r t  up t o  2 m i l l i o n   b a r r e l s  of 
crude oil per  day. The c o s t  of c o n s t r u c t i n g   t h e  
p i p e l i n e  was about $8 b i l l i o n   d o l l a r s .  About $1 
billion o f  t h a t  amount was n e c e s s a r y   t o   l e a r n  a- 
bout,  combat,  accommodate  and  otherwise work w i t h  
the   perennia l ly   and   seasonal ly   f rozen   ground,  
which  emphasizes  the  impact  frozen  ground  had on 
t h e   c o s t  of t h i s   m a j o r   c o n s t r u c t i o n   p r o j e c t .  

temperatures  up t o  145"F, f o r   a b o u t  800 miles from 
the   Nor th   S lope   of   Alaska   to   the   i ce- f ree   por t   o f  
Valdez.   Original ly ,   the   Trans-Alaska  Pipel ine 
System was to   be   bu r i ed   a long  most  of t h e   r o u t e .  
The o i l   t e m p e r a t u r e  was i n i t i a l l y   e s t i m a t e d  a t  
158' t o  176°F during fu l l   p roduct ion .   Obvious ly ,  
s u c h   a n   i n s t a l l a t i o n  would  thaw the   sur rounding  
permafros t ,   bu t ,   because   such   an   en terpr i se   had  
never  beEore  been  undertaken,  there was s c a n t  
knowledge  of t h e   s e r i o u s   p r o b l e m   t h a t  would b e  
c r e a t e d  by a warm-oil p i p e l i n e  in frozen  ground. 

The p i p e l i n e   t r a n s p o r t s  warm c r u d e   o i l ,  a t  



Stop 5.  Eleva ted   s ec t ion  of Trans-Alaska  Pipel ine 
a t  Engineer  Creek, 5 miles   no r th  of Fairbanks.  
The p ipe  i s  i n s u l a t e d  wi th  4 i nches  of r e s i n -  
impregnated   f iberg lass   j acke ted  by galvanized 
steel. (Photograph 3986 by T.L. Phd, J u l y  17, 
1977.) 

Thawing o f  the  widespread ice-rich permafrost  
by a bu r i ed  warm-oil l i n e  c o u l d   c a u s e   l i q u i f i c a -  
t i o n  and loss of   bear ing   s t rength ,   thus   p roducing  
s o i l  f l ow  and   d i f f e ren t i a l   s e t t l emen t  of t h e   l i n e .  
The g r e a t e s t   d i f f e r e n t i a l   s e t t l e m e n t   c o u l d   o c c u r  
i n   a r e a s  of i c e  wedges. About ha l f  of the pipe- 
l i n e  was buil t   above  the  ground  because  of  t h e  
presence of ice-r ich  permafrost .  

d i s c h a r g e s  i t s  h e a t   i n t o   t h e  a i r  and does   no t  d i -  
r e c t l y   a f f e c t   t h e   u n d e r l y i n g   p e r m a f r o s t ,   o t h e r  
frozen ground  problems  must  be  considered. The 
above-ground  pipe i s  placed  on a c r o s s  beam in -  
s t a l l e d   b e t w e e n   s t e e l   v e r t i c a l - s u p p o r t  members 
( p i l i n g s )   p l a c e d   i n   t h e  ground.  The 120,000 ver-  
t i ca l - suppor t  members used   a long   the   p ipe l ine  
route   are   18-in. -diameter  steel p i p e s   t h a t  are 
s u b j e c t  t o  f ros t   heav ing .  To e l i m i n a t e   f r o s t  
heaving,  each steel pipe is f r o z e n   f i r m l y   i n t o  t he  
permafros t   us ing  a the rma l   dev ice   t ha t  i s  in- 
s t a l l e d   i n   t h e   p i p e .  The d e v i c e   c o n s i s t s  of metal 
t u b e s   f i l l e d   w i t h   h y d r o u s  ammonia t h a t  becomes a 
gas  i n  winter   and rises t o   t h e   t o p  of t he   t ubes .  
I n  the cold atmosphere i t  l ique f i e s ,   runn ing  down 
the p ipe  and  thereby  chi l l ing  the  ground  whenever  
the  ground  temperature   exceeds the a i r  tempera- 
t u re .  The devices  are  non-mechanical  and  self-op- 
e r a t i n g .  Aluminum f i n s  on top of t h e  s teel  p i l e s  
pe rmi t   r ap id   d i spe r sa l  of heat.  Both  above-ground 
and  below-ground c o n s t r u c t i o n  modes fo r   t he   p ipe -  
l i n e s  are used in the Fairbanks  area.  

Although the e l e v a t e d   p i p e l i n e   s u c c e s s f u l l y  

Stop 6. Local. f i e l d   t r i p   p a r t i c i p a n t s   e x a m i n i n g  
huge ice wedges i n   p e r e n n i a l l y   f r o z e n   r e t r a n s p o r t -  
ed l o e s s  of Wisconsin  age  near  Fairbanks,  Alaska. 

Stop 6 - PLACER GOLD M I N E  IN PERENNIALLY FROZEN 
GROUND 

f rozen  stream c r e e k   g r a v e l s  was discovered in 1902 
about 16 miles n o r t h  of  Fairbanks.  Within a few 
y e a r s   t h e  region became one of t h e   g r e a t e s t  gold- 
produc ing   r eg ions   i n  Alaska. Ear ly   p lacer   min ing  
used  underground  methods, but by the e a r l y  1920's 
most  of t h e  richer d e p o s i t s  were exhausted. In 
the  middle  20's a r e v i v a l  of mining in t h e   F a i r -  
banks  gold  region was s t imu la t ed  by t h e   i n i t i a t i o n  
of la rge-sca le   opera t ions   wi th   huge   go ld   d redges  
and   hydrau l i c   s t r i pp ing  of t h e   o v e r l y i n g   i c e - r i c h  
f rozen  si l t .  P l a c e r   g o l d   m i n i n g   i n   t h e  area was 
e s s e n t i a l l y   t e r m i n a t e d   i n  1964 w i t h   t h e   c l o s i n g  
down of t h e   l a s t   d r e d g e .  However, small-scale 
mines s t i l l  operate .  

and i s  o v e r l a i n  by 3 t o  10 f t  o f   pe renn ia l ly   f ro -  
zen gravel.   Overlying t h i s  i s  100 t o  300 f t  of 
p e r e n n i a l l y   f r o z e n ,  ice-rich re t r anspor t ed   l oes s .  
This   bar ren  s i l t  must be removed and t h e   g r a v e l  
thawed be fo re   t he  gold can   be   ex t rac ted .   Unt i l  
today,   the   removal  of t h e   o v e r l y i n g   f r o z e n  re- 
t r a n s p o r t e d  s i l t  was done by washing away t h e  
ground  with water under   p ressure   th rough  g ian t  hy- 
d r a u l i c   n o z z l e s .  

of o v e r l y i n g   p e r e n n i a l l y   f r o z e n ,   i c e - r i c h  s i l t  was 
removed d u r i n g   t h e   w i n t e r   u s i n g  huge  mechanical 
t r a c t o r s   ( b u l l d o z e r s ) ,  and f rozen  s i l t  blocks were 

P lace r   go ld   l y ing  a t  the base  of p e r e n n i a l l y  

Gold i n  the a r e a s   g e n e r a l l y  l i es  on bedrock 

A t  t h e  E.V.E. Co. Mine a t   S t o p  6 ,  the 45 f t  



pushed t o  one  s ide.  The f r o z e n   g r a v e l ,  25 f t  
t h i c k ,  was then  removed. in   the summertime w i t h  
mechanical  equipment. The gold- r ich   g rave l  is  
processed  through a sc reen  and s l u i c e  box  and t h e  
gold  recovered.  

f rozen   i ce - r i ch  s i l t  c r e a t e d   e x c e l l e n t   e x p o s u r e s  
o f  l a t e  Pleis tocene  and  Holocene  f rozen si l t  de- 
p o s i t s  w i th  l a r g e ,  complex ice wedges. The l a r g e  
ice wedges are exposed i n   t h e   G o l d s t r e a m  Forma- 
t ion,   which is Wisconsin i n  age.   Overlying  the 
Goldstream  Formation i s  the 5-ft-thick  Holocene 
r e t r a n s p o r t e d  s i l t  wi th  no ice wedges. 

The removal  of 300,000 yd of p e r e n n i a l l y  3 

Stop 7 - THERMOKARST  MOUNDS AND PITS 
Mounds a s  much , a s  8 f t  high  and  40 f t  i n   d i -  

ameter   and   i so la ted   thermokars t   p i t s   occur  i n  t h e  
c u l t i v a t e d   f i e l d  on the downhill s i d e  of t h e  
road. Removal of natura l   vege ta t ion   caused  thaw- 
ing of permafrost   and  melting of ice wedges. 

Stop 8 - SEASONAL  STREAM ICINGS (AUFEIS) 
Where Goldstream  Creek  crosses   Bal la ine Road, 

i c i n g s  are formed  and a r e  sites of s tudy  by scien-  
t ists  from the Unive r s i ty  of Alaska.  Aufeis be- 
gins t o   accumula t e  a t  Goldstream  Creek i n   e a r l y  
November and  reaches a maximum th i ckness  of about 
4 o r  5 f t  by March o r   Apr i l ;  i t  i s  completely 
melted by the  middle  of May, The stream f r e e z e s  
t o  the bottom i n  the winter ,   caus ing   water  t o  
overflow and accumulate as t h i n   l a y e r s  of ice. 
Aufeis  plugs the s t ream  channel   dur ing   spr ing  
break-up,  and melt waters are forced   on to   sur -  
rounding   f loodpla in   sur faces .  This type of f lood-  
ing  is unique t o  s u b a r c t i c  and a r c t i c   r e g i o n s .  

S top  9 - BUILDINGS  DISTORTED BY GROUND SUBSIDENCE 

a r e   s i t e d  on p e r e n n i a l l y   f r o z e n  ice-rich r e t r a n s -  
ported si l t .  As the   ground  thaws  f rom  the  heat  of 
t he   houses ,   t he   bu i ld ings  become d i s t o r t e d   a n d  
even tua l ly   have   t o   be  removed. 

Some of t h e  homes b u i l t   i n   t h i s   s u b d i v i s i o n  

N 
Gold Hill 
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Stop 10 - THERMOKARST PITS AND MOUNDS 
The best-developed mounds (with the best-doc- 

umented h i s t o r y  i n  t h e   F a i r b a n k s   a r e a )   a r e  in a 
f i e l d  on the gen t l e ,   no r th - f ac ing   s lope   a t  the Un- 
i v e r s i t y  of Alaska  experimental  farm.  The  smooth 
f i e l d  was c l e a r e d  of b l a c k   s p r u c e   i n   1 9 0 8 ;  by 
1922,  pronounced  individual  and  connected  depres- 
s i o n s   t h a t   i n t e r f e r e d   w i t h   t h e   o p e r a t i o n  of farm 
machinery  had  formed.  The f i e l d  was then  seeded 
t o   p a s t u r e .  By 1938, the mounds were 3 t o  8 f t  
high  and 20 t o  30 f t  i n  diameter .   In  November 
1938, a bul ldozer  removed the upper part o f  every 
hummock and f i l l e d   e a c h   p i t   u n t i l   t h e   l a n d   s u r f a c e  
was approximately  uniform. The smooth s u r f a c e  ex- 
i s t e d   f o r   n e a r l y  a yea r ;  by July 1939"nearly a 
y e a r   1 a t e r " r r e g u l a r i t i e s  in t h e  smooth s u r f a c e  
began t o  form.  During  succeeding  years,  thermo- 
k a r s t  mounds formed a s  the ground  surface  subsided 
ove r   ne l t i ng  ice. By 1947, mounds in the a r e a  
that   had  been  graded in 1938 were as l a r g e   a n d   a s  
high as t h o s e   i n   t h e   f i e l d   t h a t  were not   graded,  
The maximum he igh t  was 8 ft .   Comparisons of 1938 
and  1948 aer ia l  photographs   revea l  a similar s i z e  
and   shape   for  the mounds. A soi l -auger   probe on 
J u l y   1 4 ,  1948, r evea led  no ice or   f rozen  ground 9 
f t  below t h e   s u r f a c e   i n   o n e  of the t renches.  Pa- 
p e r   b i r c h ,  w i l l o w ,  a lde r   and   va r ious   fo rbs  ntrw 
grow where black  spruce  once  s tood.  

Stops 11-12 - GOLD H I L L  
An exposure 5 f t  long and 0.8 f t  wide on Gold 

H i l l  was c r e a t e d  by p l a c e r  gold mining  operat ions 
i n  1949-53. Here is exposed a ra ther   comple te  
s t r a t i g r a p h i c   s e c t i o n  of   Quaternary   depos i t s .  
Thawing  and  slumping  have now destroyed the de- 
t a i l s ,  but  the  202-f t - th ick   sec t ion  of Gold H i l l  
Loess i s  st i l l  p resen t ,  as are t h e  brown g r a v e l s  
of Pliocene-Pleistocene  age i n  t h e   t a i l i n g   p i l e s .  
The  top of Gold H i l l  is f r e e  of   permafrost ,   but  
permafrost   occurs  on the lower slope  and in the  
val ley  bot tom o f  Cr ipp le  Creek.  The o rgan ic - r i ch  
Goldstream  Formation with ice wedges i s  exposed on  
the s o u t h   s i d e  of the mining  exposure. On the 

S 

Stops 11 and 12. S t r a t i g r a p h i c   s e c t i o n  of the Gold Hi l l -Cr ipp le  
Creek area 5 miles west o f  Fairbanks,  Alaska, showing l a t e   Cenozo ic  
fo rma t ions   and   d i s t r ibu t ion  of modern permafrost  as exposed i n   p l a c e r  
go ld  mining excavat ions.  Ash bed UA 347 i s  approximately 500,000 
years   o ld .   Diagonal ly   l ined  area rep resen t s   ex i s t ing   pe rmaf ros t .  
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n o r t h   s i d e   t h e r e   e x i s t s  a 200-ft-high c l i f f  of 
loess   wi th   on ly  a small amount of permafrost  near 
the top.  Various  volcanic  ash  layers  have  been 
Iden t i f i ed ,   and   t he  one a t  the base of the expo- 
s u r e   ( s e e   i l l u s t r a t i o n )  i s  about 500,000 years  
old. The t y p e   l o c a l i t y  of the Gold H i l l  Loess is 
t he   no r th   wa l l  of the Gold H i l l  mining  cut. 

Stop 13 - ESTER-CRIPPLE CREEKS MINING AREA 
The Ester-Cripple  Creeks  mining area has  been 

ex tens ive ly  mined for   p lacer   go ld   for   about   the  
l a s t  80 years. Two ages of gold  exis t ,   one  asso-  
c i a t ed   w i th  the older  brownish  gravel  (Cripple 
Gravel),  which may be  Pliocene-Pleistocene i n  age, 
and a younger  placer,  which i s  assoc ia ted  w i t h  t h e  
grey ish   g rave l  (Fox Gravel)  and i s  e a r l y   P l e i s t o -  
cene i n  age. These  gravels are o v e r l a i n  by th ick  
depos i t s  of l o e s s  of I l l i n o i a n  and  Wisconsin  age. 

Today,  permafrost i n  the a r e a  is  r e s t r i c t e d  
t o  the v a l l e y   b o t t o m  of the  creeks  and i s  up t o  
100 f t  thick.  This frozen  ground f o m d  i n  Wis- 
consin time. 

Stop 14 - EVA CREEK 

e x c e l l e n t  examples of  perenn ia l ly   f rozen   P l e i s to -  
cene  gravel   and  re t ransported  loess   with  large ice 
wedges . 

This placer   gold mining excavation  exposes 

Stop 15 - BRIDGE OVER GOLDSTREAM CREEK ON GOLD- 
STREAM HIGHWAY 

r e t r anspor t ed   l oes s ,  and  permafrost is  a t  a depth 
of 27 E t  below the  bottom of  t h e  stream. On the 
s i d e s  of t h e  creek, permafrost i s  from 1 t o  10 f t  
deep. P i l i n g s   a t   t h e   s o u t h   e n d  of the  br idge  an-  
n u a l l y   s e t t l e d   a t  a rate of about 2 inches  per  

Goldstream  Creek i s  entrenched 12 f t   i n t o   t h e  

year  for seve ra l   yea r s   a f t e r   t he   b r idge  was b u i l t  
i n  1965. This movernent was arrested each  winter 
and f ros t   heav ing   r a i sed  the p i l i n g s  up to   ha l f   an  
inch. By 1974, t o t a l   p i e r   s e t t l emen t   r eached  6 
inches and the  bridge  deck had t o  be  raised. 

Stops 16-17 - OPEN-SYSTEM PINGOS 
Open-system pingos are low, genera l ly   fo re s t -  

ed,   ice-cored,  perennial  mounds, and  several   occur  
in the  Fairbanks  area.  They develop  where  cold, 
subpermafrost or in t rapermafros t  water slowly 
f lows  through  an  ar tes ian  system  and  f inds its way 
near   the   sur face  where i t  i s  blocked  and  freezes. 
Hydros ta t ic  stress and the f o r c e  of i c e   c r y s t a l l i -  
z a t i a n  are r e l i e v e d  by doming o f  the  near-surface 
material, which is silt in   t he   Fa i rbanks  area. 
These mounds may grow t o  a height  of 25 f t  and 
then  rupture,   with  subsequent  rnelt ing o f  the  pingo 
i c e  and co l lapse  of the mound. A l a rge   co l lapsed  
pingo  with a lake  about 30 f t  across  is exposed a t  
Stop 16, and a small pingo with a white opruce- 
aspen  growth at  least 100 years   o ld  i s  formed a t  
Stop 17. 

Stop 18 - THERMOKARST  MOUNDS AND PITS 
On the downhil l   s ide of the Goldstream  High- 

way, na tura l   vege ta t ion   cover ing   ice- r ich  perma- 
f r o s t   h a s  been  removed, with subsequent  formation 
of thermokarst  topography. 

Stop 19 - SOLAR-ASSISTED  CULVERT-THAWING DEVICE 
Highway c u l v e r t s  In t he   Suba rc t i c  and Arctic 

are v e r y   s u s c e p t i b l e   t o   f i l l i n g  by i c e  i n  winter. 
Gradual ice accumulation  causes damming of  stream 
and s p r i n g  waters, r e s u l t i n g  in flooding  and  high- 
way i c ings .   T rad i t iona l  methods for   keeping the 
cu lver t  open so t h a t  water does nOK back  up  and 

ESTER -CREEK "ESTER ISLAND" CRIPPLE CREEK I 

0 500 meters 

Stop 13. Cross s e c t i o n  1 mile west of the   confluence of Ester and  Cripple  Creeks 10 miles west of Fair- 
banks,   Alaska,   showing  probable  distribution of la te  Cenozoic s e d i e n t s   p r i o r   t o   t h e i r   p a r t i a l  removal 
by gold  mining  operations. The lower p a r t  of the Fairbanks  Loess,  where i t  is o v e r l a i n  by the Gold- 
stream Formation, i s  t e r m d  Gold H i l l  Loess. Holocene  Engineer Loess and  the Keady Bullion  Formation, 
as w e l l  as ice wedges i n  the  Goldstream Formation, are o m i t t e d   f o r   s i q l i c i t y .  The diagonal ly   l ined  
areas r e p r e s e n t   d i s t r i b u t i o n  of modern permafrost .   Permafrost   data,   surface  topography,  top o f  g r a v e l  
and  bedrock,  and  the  fault  are based on d a t a  from U.S. Smelting,  Refining  and  Mining Company, Fairbanks, 
Alaska. 
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form ice on t h e  roadway have  involved 1) pumping 
hot water i n t o  the cu lver t ;  2 )  using a steam gen- 
e r a t o r   t o   f o r c e  steam through  the   cu lver t ;  3 )  us- 
i n g   e l e c t r i c a l   h e a t   t a p e s   i n s t a l l e d  in the p ipe ;  
and  4)  melting  the ice i n   t h e   p i p e s  with a n   o i l -  
f i r e d  barrel stove. 

To reduce  costs   for   thawing of ice and  cul- 
v e r t s ,  a ma in tenance - f r ee ,   so l a ra s s i s t ed   cu lve r t  
thawing  device  has  been  designed,  constructed,  and 
i n s t a l l e d  a t  this site. This sys tem  c i rcu la tes  
f l u i d  in a c losed - loop   c i r cu i t   t h rough   f l a t   so l a r -  
co l lec tor   p la tes .   Pre l iminary  tests i n d i c a t e   t h a t  
the device is  f e a s i b l e  and is cheaper  than  other 
methods of thawing  culverts.  

Stop 20 - PERMAFROST  EXPERIMENT  STATION 
The Alaska  Field  Stat ion o f  the Cold  Regions 

Research  and  Engineering  Laboratory (CRREL) on 
Farmers Loop Road was e s t a b l i s h e d  by t h e  Corps of 
Engineers   in  1946 t o   o b t a i n   i n f o r m a t i o n   r e l a t e d   t o  
problem of design  and  construct ion  in   permafrost  
regions. The s t a t i o n  is b u i l t  on  re t ransported,  
perennia l ly   f rozen ,  ice-rich si l t  overlying creek 
gravel.   Permafrost  is  126 f t  thick  but   does  not  
extend t o  bedrock.  Groundwater  flowing  from the 
permafrost-free  slope on Birch H i l l  lies between 
permafrost  and  bedrock  and i s  under   ar tes ian  pres-  
s u r e .   D r i l l i n g   i n  1946  produced a flowing arte- 
s i a n  well t h a t  i s  n m  capped. This was the f i r s t  
major  permafrost research f i e l d   s t a t i o n  in the 
United  States  and was a c t i v e  from  1946 t o  1978. 
More r e c e n t l y ,   p r i v a t e  companies  and a s ta te  agen- 
cy have   u t i l i zed   t he  area for   short- term perma- 
f r o s t   s t u d i e s .  

clusions  reached by t h e o r e t i c a l  and o r   l abo ra to ry  
research,  t o  observe   resu l t s  of cons t ruc t ion  
methods on permafrost,  and t o   i n v e s t i g a t e  some 
current  empirical   designs  and rnethods  of construc-  
t ion.  Soue of the   s tud ie s   i nc luded  the t e s t i n g  of 
types of p i l i ngs   and   p i l i ng - ins t a l l a t ion  methods 
for s t ruc tu ra l   suppor t ,   t e s t ing   an t i - f ros t -heav ing  
dev ices ,   i n su la t ion  of pavements, rate of perma- 
frost   thawing  under   natural   vegetat ion  cover ,  
c l ea red   a r eas ,  and a r t i f i c i a l  highway  and a i r f i e l d  
test sect ions.  

The experimental   area was used   t o   ve r i fy  con- 

Stop 2 1  - RELOCATION OF THE STEESE HIGHWAY 

la te  1970's placed  the  road  over  perennially  fro- 
zen,   re t ransported silt w i t h  l a r g e  ice masses. An 
opportuni ty  was provided  to  conduct a geophysical 
survey   to   loca te  ice masses p r i o r  t o  excavat ion 
when they were  exposed. Much of the perennia l ly  
f rozen,   ice-r ich s i l t  is now removed; however, 
some st i l l  remains  under  the  road,  and  thawing i s  
occurring. 

The re loca t ion  of t he   S t eese  Highway i n   t h e  

Stop 22 - PERMAFROST TUNNEL 
The only  research  tunnel in permaf ros t   i n   t he  

western  world was b u i l t  by t h e  Cold  Regions Re- 
search and  Engineering  Laboratory (CRREL) near  Fox 
in the e a r l y  and mid-1960's. It e n t e r s  a near- 
v e r t i c a l  s i l t  s c a r p   l e f t   a t   t h e  edge of the va l ley  
by gold-mining  operations.  Tunneling was per- 
formed by a prototype  continuous  mining  machine 
(Alkirk  Cycle  Mner)  that   had  never  before  been 

used in permafrost, When operat ing  properly,  the  
machine  could  cut as much a s  7 f t  of tunnel  in an 
hour. The 360-ft-long  tunnel i s  n m  maintained by 
CRREL and the   Univers i ty  of Alaska for permafrost 
s t u d i e s  and  demonstration  purposes. 

The tunnel  is cut  in r e t r anspor t ed   l oes s  of 
the Goldstream  Formation. It exposes ice wedges 
as well as mammal bones of  Wisconsin  age. The 
tunnel  i s  5 t o  7 f t  high  and the permafrost   has a 
temperature of about 2S0-300F. The tunnel  i s  now 
c h i l l e d  in winter  by c i r c u l a t i n g   c o l d   o u t s i d e   a i r  
and i n  sumwr by mechanica l   re f r igera t ion ,   espec i -  
a l l y  near the opening. An i n c l i n e d   d r i f t  from t h e  
main tunnel  extends downward through  poorly  sorted 
stream grave l   i n to   d i s in t eg ra t ed   s ch i s t   bed rock ,  
This 200-f t - long   inc l ined   dr i f t  reaches a depth 
about 20 f t  below the l e v e l  of the main tunnel. 

t inuous  deformation,  which  has  been  extensively 
s tud ied  in the  tunnel.   Deformation  rates  range 
from 0.17 t o  0.24 in.  per week v e r t i c a l l y  and  from 
0.07 t o  0.029  in.  per week h o r i z o n t a l l y ,  with the 
h ighes t  rates in bo th   d i r ec t ions   occu r r ing   a t  the 
rear of t h e  main tunnel. However, subl imat ion of 
pore ice may o f f s e t   c l o s u r e  from  deformation i n  
t h e  main tunnel.  Creep of permafrost i s  very no- 
t i c e a b l e   i n   t h e  room a t  t h e  end  of the inc l ined  
d r i f t ,  where  measurement poles  have  been  twisted 
and  deformed. 

The warm permafrost i s  s u b j e c t   t o  slow, con- 

Stop 23 - FROST-HEAVE  TEST FACILITY 
Enormous reserves  of na tura l   gas  ate now 

known in arctic Alaska. It is  proposed t o   t r a n s -  
por t  t h i s  gas  through  western Canada t o   t h e  con- 
t iguous   Uni ted   S ta tes  or to   southern   Alaska  by 
pipeline.  Recause o i l   o r   n a t u r a l   g a s  Warner t h a n  
32'F transported  through a bu r i ed   p ipe l ine  thaws 
the perennial ly   f rozen,   ice-r ich  ground,  it i s  
planned   to   t ranspor t   the   gas  by r e f r i g e r a t i n g  i t  
t o  a temperature  lower  than  32V. A c h i l l e d   g a s  
l i n e  may become a problem in areas o f  discont inu-  
ous  permafrost  and  seasonally  frozen  ground. In 
these  areas ,   the   unfrozen  ground w i l l  f reeze  
around the cold  pipel ine,   forming ice segrega t ions  
tha t   cou ld   s e r ious ly   d i s to r t   t he   p ipe .  The amount 
of frost  heave  depends upon the type of s o i l  and 
the  moisture   avai lable .   I f  the refrozen  ice-r ich 
ground thaws, there will also   be  loss of so i l -  
bea r ing   s t r eng th ,   r e su l t i ng  in s o i l   i n s t a b i l i t y .  

ing of f ine-gra ined   mois t   sed iment   in   the   v ic in i ty  
of the chil led  gas  pipeline,   the  Northwest  Alaskan 
P i p e l i n e  and the   Foo th i l l s   P ipe l ines  Companies es- 
t a b l i s h e d  a frost-heave test f a c i l i t y  on Chena Bot 
Springs Road near  Fairbanks i n  August 1978, and 
d a t a   c o l l e c t i o n  began i n  March 1979. This test 
f a c i l i t y  is on perennia l ly   f rozen ,   re t ranspor ted  
s i l t  with  considerable  ground ice. The a c t i v e  
l a y e r  is 1 t o  4 f t  th ick  and t h e  s i l t  i s  very SUS- 

c e p t i b l e   t o   f r o s t   a c t i o n   i f  water i s  avai lable .  
A t  the test f a c i l i t y ,   v a r i o u s   m a s u r e s   f o r  con- 
t ro l l ing   o r   min imiz ing   f ros t   heave  are under- 
taken. 'pwo of t h e  most e f f e c t i v e   b a s i c   c o n t r o l  
measures  involve  various  desJgns of p ipe   insu la-  
t i o n  and s e l e c t e d  materials tha t   sur round  the  
pipe. There a re   t en   bu r i ed   s ec t ions  of  48-in.-di- 
ameter  pipe. Each sec t ion   p rov ides   t e s t ing   fo r  
different  design  combinations.  

To understand  ful ly  the  na ture  of t he   f r eez -  
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Stop 24 - UNDERGROUND UTILIDORS 
In  a r e a s  o f  r igo rous   c l ima te ,  i t  is commn t o  

put   water ,  sewer, steam,  telephone,  and  other ser- 
v i c e   l i n e s  in a s u b s u r f a c e   s t r u c t u r e   t h a t   c o n n e c t s  
a l l  bu i ld ings  and c e n t r a l  power p l a n t s .   I n  the 
A r c t i c   a n d   S u b a r c t i c ,   t h i s   u t i l i d o r   s y s t e m  is  ex- 
t e n s i v e l y   u s e d   t o   p r o t e c t  water and sewer l i n e s  
f r o m   f r e e z i n g   i n   s e a s o n a l l y   o r   p e r e n n i a l l y   f r o z e n  
ground. 

in cen t r a l   A laska   du r ing  World War I1 c o n s t r u c t i o n  
of mil i t a ry   bases .  It is a l s o   u s e d  a t  the Univer- 
s i t y  of Alaska as well as s e v e r a l  cities and v i l -  
lages.   Because  considerable  heat  emanates  from 
ut i l idor   sys tems,   sur rounding   permafros t  may 
thaw. U t i l i d o r s  in Fairbanks are in p e r e n n i a l l y  
f r o z e n   g r a v e l   w i t h  low ice con ten t  and  have  func- 
t i oned  well. However, u t i l i d o r s   i n s t a l l e d   i n   f r o -  
zen  ground  with  high ice ConKent have  slumped, 
sagged,  and  ruptured as the  ground thawed. 

An ex tens ive   u t i l i do r   spa t em was f i r s t  used 

Stop 25 - FAIRBANKS WATER SYSTEM 

Fairbanks were l a r g e l y   d e p e n d e n t   f o r   t h e i r  water 
supply on s h a l l o w   t o  mid-depth w e l l s   i n t o   t h e   g r a -  
v e l  of the   f loodpla in .  Water f rom  these   p r iva t e  
wells was heav i ly   mine ra l i zed   o r   o rgan ic   r i ch .  A 
p r i v a t e l y  owned steam plant   and  small water system 
served a ve ry   l imi t ed   downtom  zone   i n   t he   c i ty .  
With rapid  growth,  it was n e c e s s a r y   t o   e s t a b l i s h  a 
l a r g e - s c a l e   m n i c i p a l   f a c i l i t y   t o   p r o v i d e  electri- 
c i ty ,   t e lephone ,   and  water se rv ices .  Water sup- 
p l i e s   i n   c i t i e s  in the Arctic and  Subarct ic   gener-  
a l l y   r e q u i r e   t h e   u s e  of h e a t e d   u t i l i d o r s ,  which 
are   very  expensive.  Low winter   temperatures   and 
p e r m a f r o s t   p r e s e n t   s p e c i a l   p r o b l e m   f o r  a commun- 
i t y  water system. 

I n  1953, a s p e c i a l   t y p e  of water system was 
d e s i g n e d   a n d   i n s t a l l e d   i n  the C i t y  of  Fairbanks,  
and i t  has b e e n   s u c c e s s f u l   f o r  the l as t  30 years .  

P r i o r   t o  1953, t h e   c i t i z e n s  of the Ci ty   o f  

The  concept  of this system  has  been  copied 
throughout  the  North.  It  c o n s i s t s  of a recircula- 
t ing   ( looped)   water -d is t r ibu t ion   sys tem  in   which  
water, wartned by h e a t   a t   t h e  power p l a n t ,  con- 
s t a n t l y  moves from  the street t o  the  house  connec- 
t i on   and  back. 

Stop 26 - DISPOSAL OF SOLID WASTE IN THE SUBARCTIC 
Disposal  of s o l i d  wastes i s  more d i f f i c u l t   i n  

t h e  Arctic and   Suba rc t i c   t han   i n   t empera t e  areas, 
i n   p a r t   b e c a u s e  o f  the   p resence  of seasona l ly   and  
perennially  frozen  ground.  Frozen  ground  compli-  
c a t e s   l a n d f i l l  s i t e  excava t ion ,   dec reases   t he  
a v a i l a b i l i t y  of unf rozen   cover   mater ia l ,   p revents  
or r e d u c e s   t h e   n a t u r a l   p r o c e s s e s  of decay  and ab- 
s o r p t i o n   i n t o   t h e   s o i l   s y s t e m ,   a n d  restricts move- 
ment of  ground water. Because of frozen  ground 
and f o r   o t h e r   r e a s o n s ,   m c h  of t h e   s o l i d   w a s t e  i n  
the   Fa i rbanks  area is baled  before   being  placed in 
t h e   l a n d f i l l  or t r a n s p o r t e d  for salvage. Volume 
reduc t ion  by b a l i n g   a n d   l a n d f i l l   d i s p o s a l  of com- 
pac ted   ma te r i a l   has   s eve ra l   advan tages :  a l l  types  
of waste can  be  handled; i t  i s  p o s s i b l e   t o   s a l v a g e  
some m a t e r i a l   p r i o r  t o  ba l ing ;  volume of waste i s  
reduced ;   and   t he   l i f e  of the l a n d f i l l   a r e a  i s  
doubled. 

Stop 27 - FAIRBANKS  WASTEWATER  TREATMENT FACILITY 

i s  a r e g i o n a l   f a c i l i t y   t h a t  was completed in 
1976. It inc ludes  a cent ra l   headworks   for   recep-  
Kion of wastes, b i o l o g i c a l   t r e a t m e n t  units ser- 
v iced  by an   oxygen   p l an t ,   c l a r i f i e r s   w i th   p rov i -  
s i o n   f o r   s l u d g e   r e t u r n ,   c h l o r i n e  chamber, o u t f a l l  
f o r   e f f l u e n t   d i s c h a r g e   i n t o  the Tanana  River,  and 
a n   a e r o b i c  sludge d i g e s t e r   a n d   f a c i l i t i e s   f o r  
handl ing   and   d i sposa l  of s o l i d  waste. The treat- 
ment f a c i l i t y  is b u i l t   o n   p e r e n n i a l l y   f r o z e n  
f l o o d p l a i n   g r a v e l  w i t h  low ice   con ten t .  

The  Fairbanks Wastewater Trea tmen t   Fac i l i t y  

Stop 24. Concre t e   u t i l i do r   unde r   cons t ruc t ion  a t  Port  Wainwright  near  Fairbanks. Thls area i s  on t h e  
Chena River   f loodpla in   and  i s  unde r l a in  by pe renn ia l ly   f rozen   s and   and   g rave l   w i th  low i c e   c o n t e n t .  
(Photograph 139 by T.L. Pdwk, Ju ly  16, 1947J 
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SELF<UIDED TOUR TO THE THERMOKARST MOUNDS IN THE 
BOREAL ARBORETUM 

In t h i s   a r e a  of second-growth trees and 
sh rubs  you can see a network  of law mounds sepa r -  
a t e d  by t renches.  These were formed by subsidence 
of the land   fo l lowing  the melting  of  ice-wedge 
polygons. 

The b l a c k   s p r u c e   f o r e s t  was c l e a r e d  for cul- 
t i v a t i o n   d u r i n g  the earliest s t a g e s   i n   t h e   d e v e l -  
opment of t h e   A g r i c u l t u r a l   E x p e r i m e n t   S t a t i o n   i n  
1908,  only  four years after t h e   i n i t i a l   s e t t l e l n e n t  
of Fairbanks.  By 1922 when the  U n i v e r s i t y   f i r s t  
opened its doors   to   s tudents ,   p ronounced  mounds 
and  depressions  had  formed,   f inal ly   precluding the 
u s e  of farm machinery, 

Low-angle, ob l ique  aerial view  of  thermokarst 
mounds in a n   a b a n d o n e d   a g r i c u l t u r a l   f i e l d  a t  t h e  
U.S. Department of Agr icu l ture   Exper imenta l  Farm 
a t  t h e   U n i v e r s i t y  of  Alaska,  Fairbanks.  These 
mounds are l o c a t e d  on the nor th - f ac ing   s ide  of 
Col lege Hill and are 10 t o  30 f e e t   i n   d i a m e t e r ,  
(Photograph by R.F. Black  and T.L. Pdwd, Septem- 
b e r  10, 1948J. 

I n  1938, a t  a time when O t t o  Geist was s tar t -  
ing t o   a s s e m b l e   c o l l e c t i o n s  that  s t i m u l a t e d  the 
c r e a t i o n  of the Unive r s i ty  of Alasks Museum, the 
mounds were bu l ldozed   t o  € o m  a smooth s u r f a c e ,  
bu t  a yea r  la ter  the mounds re-formed as olelt ing 
o f  the ice and  consequent  subsidence  continued. 
S t u d i e s   i n  1948 r evea led  that  f i n a l l y   t h e r e  was no 
ice o r   f r o z e n   g r o u n d   t o  a depth of 9 f t  below t h e  
s u r f a c e  of t he   t r enches .  

the modif ied   ou t l ine  of t h e   o r i g i n a l  ice-wedge 
network, 10 t o  50 f t  in diameter  and 1 t o  8 f t  i n  
height .   Paper   birch,  w i l l o w ,  a l d e r ,  and var ious  
f o r b s  now grow where b lack   sp ruce   fo re s t   once  
stood.  See Stop 10   d i scuss ion   fo r   add i t iona l   de -  
ta i ls .  

The mounds are r o u g h l y   c i r c u l a r ,   r e f l e c t i n g  

Cb. 40 min. mund 
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Extended Field Trips 

FIELD TRIP A-1: ALASKA RAILROAD/DF.NAI,I 
NATIONAL PARK, JULY 14-16,  1983 

The p a r t i c i p a n t s  were t r a n s p o r t e d  by a char- 
t e r e d   t r a i n   w i t h  a spec ia l ly   p repa red  open  gondola 
c a r ,   a c c e s s i b l e  a t  any time, tha t   p rovided   exce l -  
l e n t  v i s ib i l i t y   fo r   obse rva t ion   and   pho tography .  

Ju ly  14: Alaska Rai l road  Stat ion,   Anchorage,   to  
Denal i   Park   S ta t ion  

Upper  Knik Arm (photo   s top)  
Test s e c t i o n  of conc re t e  t i es  
Dramatic view of Mount Denal i   and  other  

nearby  peaks  (photo  and  lunch  stops) 
Hurricane  Gulch  Bridge 
Large  beaver dams and  ponds on bo th  

Denal i   Park   S ta t ion  
McKinley Chale t s   (d inner   and   overn ight )  

s i d e s  o f  t r acks   (pho to   s top )  

Ju ly  15: Denali  Park Area 

Six-hour bus t ou r  of p a r t  of Denal i  Na- 

Tour of Usibe l l i   Coal  Mine (p .m.> .  Re- 
t i o n a l   P a r k  (a.m.). 

t u r n   t o   C h a l e t s   ( d i n n e r  and ove rn igh t )  

Ju ly  16:   Denal i   Park   S ta t ion   to   Fa i rbanks  

Healy Canyon (Nenana  River  Gorge):  large 
l a n d s l i d e s  and re la ted   main tenance  
p r o b l e m  

Town of Nenana on the  Tanana  River 
Goldstream  Val ley,   underlain by i c e - r i c h  

I n s u l a t e d   t r a c k   s e c t i o n  
S id ing  from which t o  view fu l ly   au tomat-  

permafros t   ( lunch   s top)  

tamping  machine  used t o  raise and 
a l i g n   t r a c k  

Fairbanks 

F i e l d  Guides 

F ranc i s  C. Weeks, Alaska Rai l road 
T.C. Fuglestad,   Alaska  Railroad 
Ted B. Trueblood,  Alaska  Railroad 
Oscar J. F e r r l a n s ,  Jr., U.S. Geological  

Joe U s i b e l l i ,   U s i b e l l i   C o a l  Mine 
Survey 

The coope ra t ion  and l o g i s t i c a l   s u p p o r t  of t h e  
Alaska Railroad  and i t s  s t a f f  are g r e a t l y   a p p r e c i -  
a t ed .  

3 5 8  
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FIELD TRIP A-2: FAIRBANKS TO PRUDHOE BAY, 
JULY 12-16, 1983 

J u l y  12:  Fairbanks t o  Yukon R ive r  

Fox: permafros t   tunnel   and   sur roundings  
Washington  Creek  overview 
Wickersham Doroe overview  (lunch) 
Livengood  area 
ness Creek 
Yukon River  Campground (dinner   and over- 

n i g h t )  
BLM b r i e f i n g  on t r a n s p o r t a t i o n   c o r r i d o r  

and  archeology 

J u l y  13: Yukon River  t o  Coldfoot 

Highway maintenance camp 
Ray River  overview 
No Nam Creek 
Finger  Mountain  uplands  ( lunch) 
Old Man runway 
Arctic Circle (pho to   s top )  
Gobbler ' s  Knob overview  (comfort  

st at  ion )  
South  Fork Koyukuk (pho to   s top )  
Rosie Creek 
Marion Creek Campground (dinner  and 

ove rn igh t )  

J u l y  14: C o l d f o o t   t o   T o o l i k  Lake 

Sukakpak  Mountain:  ice-cored mounds and 

Scenic  views of Brooks Range t o  Atigun 

Glacier h i k e   ( o p t i o n a l )  
A t  igun  Val ley 
Pump S t a t i o n  4 overview 
Toolik  Lake  (dinner   and  overnight)  

Koyukuk River (comfor t   s ta t ion)  

Pass   ( lunch)  

Ju ly  15: Toolik  Lake t o  Deadhorse 

Tour of Toolik  Lake  research area 
Slope  Mountain:  ice-cored rmunda 
Happy Val ley  cut   and  erosion  ( lunch)  
F r a n k l i n   B l u f f s  
Coastal p l a i n  
Deadhorse 
Kodiak o i l f i e l d  camp (dinner  and 

ove rn igh t )  

J u l y  16: Deadhorse t o  Fairbanks 

Bus tou r  of Prudhoe Bay ( e a s t )  
SOHIO camp (lunch) 
Bus t o u r   t o  Kuparuk   River   o i l f ie ld  
ARCO and SOHIO camps (d inne r )  
Depar t   for   Fa i rbanks  by p lane  

F ie ld   Guides  

Fox Tunnel 

P.V. Sellmann, CRREL, Geology 
John Craig,  CRREL, Paleobiology 

Bruce E. Brocke t t ,  CRREL, D r i l l i n g  

E l l i o t t  Highway t o  Yukon River  

Les l i e   V ie reck ,   Fo res t   Se rv ice ,   P l an t  

Hal Livingston,  Alaska  Department of 
Ecology 

T r a n s p o r t a t i o n   a n d   P u b l i c   F a c i l i t i e s ,  
Engineering  Geology 

Adminis t ra t ion,  Historical and  Envi- 
ronmental   Engineer ing 

Glenn  Johns,   Formerly  Federal  Highway 

Yukon R ive r  
David  Wickstrom, BLM, Management of 

Transpor ta t ion   Corr idor  
John Cook, BIM, Archeology 

Yukon River  - Prudhoe Bay 

J e r r y  Brown, CRREL, Permafrost ,   Environ- 

Ray Kreig,   Kreig & Assoc ia t e s ,   Te r ra in  

Mike Metz, GeoTec Services ,   Geotechni-  

K.R. E v e r e t t ,  Ohio S t a t e   U n i v e r s i t y ,  

Pa t  Webber, Un ive r s i ty  of Colorado, 

P a l m r   B a i l e y ,   M i l i t a r y  Academy, P e r i -  

Len  Gaydos, USGS, Landsat,  Landcover 

Richard Haugen, CRREL, Climate 

ment 

Analysis  

cal, P i p e l i n e  

S o i l s ,  Landf o m  

Plant  Ecology 

g l a c i a l  Landf or- 

C l a s s i f i c a t i o n  

Atigun Pass 

Parke r   Ca lk in ,   S t a t e   Un ive r s i ty  of New 

Leah  Haworth, S t a t e   U n i v e r s i t y  of New 
York, Glacial Geology 

York, Glacial Geology 

Prudhoe Bay 

Tony Kinderknecht,  SOHIO, O i l  F i e l d  Ac- 

Sue  Degler, SOHLO, Environmental   Protec-  

Caesar   Bar rera ,  ARCO, P u b l i c   A f f a i r s  
K.R. E v e r e t t ,  Ohio S t a t e   U n i v e r s i t y ,  

P a t r i c k  Webber, Un ive r s i ty  o f  Colorado, 

t i v i t i e s  

t i o n  

S o i l s ,  Geomorphology 

Plant  Ecology 

The s p e c i a l   l o g i s t i c s   r e q u i r e d  t o  accomplish 
t h e   f i e l d   t r i p  were supported by funding from t h e  
Alyeska   P ipe l ine   Serv ice  Company and  the  Univer- 
s i t y  of Alaska  Foundation  (derived  from a v a r i e t y  
of conference  sponsors) .  The a c t u a l   l o g i s t i c s  
were provided   th rough  the   Univers i ty  of A laska ' s  
L o g i s t i c  Center under  David Witt's superv is ion   and  
w i t h   t h e   v o l u n t e e r   h e l p  of t he   Exp lo re r   Pos t  
47-Search  and  Rescue  (Fairbanks). Pam T ins l ey  o f  
the   Logis t ics   Center   and  Dianne  Nelson  of  CRREL 
arranged many of t h e   f i n a l   d e t a i l s   f o r   t h e   t r i p .  
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4. J e r r y  Brown 
5. Cheng Guodong 
6 .  Lorenz  King 
7. G. Michael  Clark 
8. Baerbel  K. L u c c h l t t a  
9 .  Shi  Yafeng 

10 .  c u i   p l i j i u  
11. Ursee Bus&ardt 
12. Kaye t4aacLmmes 
13. Lor i   e r eems te in  
14 .  Richard Meugen 
15. Arruro  Corre  
16. Jaime Aguirre-Puente 
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23. P a t r i c k  Webber 39.  Thora T h o r h a l l s d o t t i e r  55. Martin Gamper 
24 .  Juerg   Suter  40. Oekar  Burghardt 56. J i m  Scranton 
25. Vernon Rampton 41. Max Maisch 57. Horst  Strunk 
26. Arno Semrnel 42 .  Kaye EveretK 58. William Barr 
27. Michael Metz 43. Colin Crampton 59. Donald  Coulter 
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31.  P a t r i c i a  McCormick 47. Brainerd b a r s  
32. Palmer Bailey 48 .  Leonard  Gaydos 

Not pictured:   Kathleen  Ehl ig ,   Dianne Nelson 
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FIELD TRIP 8-3: DAWSON CITY TO  TUKTOYAKTUK 
4LONG THE DEMF'STER HIGHWAY, JULY 23-30, 1983 

J u l y  23: F a i r b a n k s   t o  Dawson C i t y  via two DC-3 
a i r c r a f t  

Themes: Permafrost   and  vegetat ion re- 
l a t i o n s h i p s   i n   d i s c o n t i n u o u s  perma- 
f ros t ;   Quaternary   geology  and   h i s tory ;  
Klondike  goldfields  and modern p l a c e r  
mining; Dawson City 

Pea t   p l a t eau   and   f en  complex 
Too Much Gold  Creek:  permafrost-vegeta- 

t i o n   r e l a t i o n s ,   a n d   e f f e c t s  of a spec t  
Hunker  Creek, Mayes Claim: permafrost  

exposure   revea l ing  ice  wedges  and ice 
bodies   wi th in   o rganic- r ich   " ruck" ;  
placer   mining  techniques 

Bear  Creek:  open  system  pingo 
Lower Klond ike   Va l l ey :   o ld   t a i l i ng ,  Yu- 

kon D i t c h ,   h i s t o r i c a l   a s p e c t s  
Dawson C i ty   (d inne r   and   ove rn igh t )  

Ju ly  24: S ix tymi le  Highway: Dawson C i t y   t o   t h e  
Yukon-Alaska in t e rna t iona l   boundary  

Themes: Regional  geomorphology of the 
K l o n d i k e   d i s t r i c t ;   p e r i g l a c i a l  phenom- 
ena  and  tundra on t h e  Yukon P l a t e a u  

Midnight Dome, Dawson City:  panoraudc 
view 

Yukon R i v e r   f e r r y   c r o s s i n g ,  Dawson C i t y  
Km 54: t o r s  
Km 103-106: Yukon-Alaska  boundary,  cryo- 

p l ana t ion   t e r r aces   and   pa t t e rned  
g round ,   so l i f luc t ion   and   t undra  

Lunch i n  f i e l d  
R e t u r n :   c a s t e l l a t e d   t o r s  
Dawson Ci ty   over look   (photo   s top)  
Yukon R i v e r   f e r r y   c r o s s i n g ,  Dawson C i t y  

(d inner   and   overn ight )  

July 25: Dempster Highway: Dawson C i t y   t o   E a g l e  
P l a i n  Lodge 

Themes: Glac ia ted   and   unglac ia ted  ter- 
r a i n ;   t h e  Ogilvie Mountains; rock g la -  

clers; s e a s o n a l   f r o s t  mounds; p e r i g l a -  
cia1 phenomena ( t o r s ,   s l o p e s )  

Rock Glacier, Ogilvie  Mountains 
Tombstone  Mountain  overlook:  regional 

geomorphology  (photo  stop) 
North  Fork  Pass,   Ogilvie  Mountains:   sea- 

s o n a l   f r o s t  mounds 
Dempster Highway nea r  Chapman Lake: man- 

induced  thermokarst  
Lunch i n   f i e l d  
Engineer  Creek  and Col: spr ings ,   hydro l -  

Castles' H i l l ,  OgilvLe  River  Valley: 

Seven Mile H i l l ,  Dempster Highway: 

ology , s l o p e s  

s p r i n g s ,   t o r s ,   s l o p e s  

Ogilvie   River   and Wernecke  Mountains 
(photo   s top)  

Eag le   P l a in  Lodge (d inner   and   overn ight )  

J u l y  26: Dempster Highway: Eag le   P l a in  Lodge t o  
Inuvik 

Themes: Eagle River Br idge ,   engineer ing  
and   permafros t   cons idera t ions ;   the  
Arctic Ci rc le ;   pa t te rned   ground (mud 
boi l s ) ;   the   Richardson   Mounta ins ,   a l -  
p ine   tundra   and   per ig lac ia l   phenouena;  
hydrology  and  road  construction,  cul-  
verts, i c i n g s  

permafrost   engineer ing  and  monitor ing 

terned  ground 

Eagle  River  Bridge,  Dempster Highway: 

The Arctic C i r c l e :  mud boi l s   and   pa t -  

I c i n g   l o c a t i o n s ,  Dempster Highway 
Rat Pass,  Richardson  Mountains:  unglaci- 

a t e d  terrain, t u n d r a   c o n d i t i o n s ,   s o l i -  
f luc t ion ,   b locks t reamr   and   pa t te rned  
ground,  pediments 

Lunch in f i e l d  
Eas te rn   Footh i l l s ,   Richardson   Mounta ins :  

view of f o r e s t  f i r e  s o u t h  of F o r t  Mac- 
Pherson 

P e e l   R i v e r   f e r r y   c r o s s i n g  
Mackenzie   River   fe r ry   c ross ing   (Arc t ic  

Inuvik   (d inner   and   overn ight )  
Red) 

J u l y  27: Inuv ik  

Themes: S o i l s  and vege ta t ion  i n  con- 
t inuous  permafrost ;   non-sorted cir- 
c l e s ;   o r g a n i c   t e r r a i n ;  Mackenzie Delta 
ecosystems;   construct ion  and  engineer-  
i n g  i n  Inuvik  and  adjacent  area 

Campbel l   Lake  lookout :   regional   set t ing 
Km 711,  Dempster Highway: ear th   hummcks 

and   vege ta t ion  
Km 737, Dempster Highway: i n s u l a t e d   r o a d  

t e s t  site, permafrost   engineer ing  and 
monitoring 

Km 749,  Dempster Highway: snow r o a d   t e s t  
s i t e ,  vege ta t ion   r e sponse  

Km 754,  Dempster Highway: Gaynor  Lake, 
impact of f o r e s t   f i r e   i n  1968  upon ac- 
t i v e   l a y e r ,   v e g e t a t i o n   a n d  terrain 

Inuvik  ( lunch) 
CFS Inuvik: m d  hummocks, f i r e b r e a k s  and 

vege ta t ion  
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soil and  et^^^^^ ~~~~~e~ at ~ o r n ~ ~ ~ d ~ ~ ~  ~ ~ a ~ n ~ ~  
ckenzfe Delta near 1n~"ik~ Ju ly  2 7 s  1 ~ ~ ~ .  

O i l  p i p e l i n e  test pad 
Boat excur s ion  t o  Bombardier  Channel: 

Mackenzie Delta ecosys t ems ,   so i l s ,  
vege ta t ion  

Inuvik   (d inner   and   overn ight )  

July 28: Inuvik t o  Tuktoyaktuk 

Themes: a.m., Cont inuat ion o f  previous 
day; p.m., Mackenzie Delta  and  Tuktoy- 
ak tuk:   Permafros t   t e r ra in ,   po lygons ,  
ice  wedges,  pingos  from  the a i r  

Inuv ik   Sc ien t i f i c   Resource   Cen t re ,  De- 
partment of Ind ian  Affairs and  North- 
e r n  Development,  Government of Canada: 
t o u r  of f a c i l i t i e s  and i n t r o d u c t i o n  by 
S c i e n t i f i c  Manager, D . A .  She t s tone  

Inuvik  ( lunch)  
A i r  Transect :   Inuvik t o  Tuktoyaktuk 
Po la r   Con t inen ta l   She l f   P ro jec t  Base 

Facil i ty,   Tuktoyaktuk,  Department of 
Energy, Mines and  Resources,  Govern- 
ment of Canada: dinner   and welcome, 
D i r e c t o r ,  PCSP, G.D. Hobson 

Tuktoyaktuk   Vi l lage   i ce  cellars: ground 
i c e   a n d   Q u a t e r n a r y   h i s t o r y  

J u l y  29: Tuktoyaktuk  and  the  Pleis tocene  Del ta  

Themes: Pingos,  massive  ground ice,  i c e  

wedges,  tundra 
ments 

Ibyuk  pingo 

t e r r a i n ,   f i e l d   e x p e r i -  

Peninsula  Point:   massive  ground  ice  ex- 

Lunch i n   f i e l d  
IL l i sa rv ik   d ra ined   l ake   expe r imen ta l  

posures ,  ice wedges 

s i t e ,  R icha rds   I s l ands :   f i e ld   expe r i -  
ments i n   p e r m a f r o s t  

Ju ly  30: Tuktoyaktuk t o   I n u v i k  and d e p a r t u r e   f o r  
Edmonton 

Field  Guides 

Fairbanks t o  Dawson C i t y  

H.M. French,  Univers 
S.A. Harris, Univers 
R.0, van  Everdingen, 

S ix tymi le  Highway 

H.M. French 
S.A. Harris 

i t y  of Ottawa 
i t y  of Calgary 
Environment  Canada 

Dawson C i t y   t o   E a g l e   P l a i n  Lodge 

S.A.  H a r r i s  
R.0, van  Everdingen 
W.H. Po l l a rd ,   Un ive r s i ty  of Ottawa 

E a g l e   P l a i n  Lodge t o  Arctic Red 

S.A. Harris 
H.M. French 
R.O. van Everdingen 

Arctic Red t o  Inuvik 

J.A.  Heginbottom,  Geological  Survey of 

C. Ta rnoca i ,   Agr i cu l tu re  Canada 
Canada 

Inuvik t o  Tuktoyaktuk 

J.A. Heginbottom 
C. Tarnocai 
H.M. French 
J.R. Mackay, Un ive r s i ty  of B r i t i s h  

Columbia 
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1 .  
2, 
3 .  
4. 
5. 
6 .  
7. 
8. 
9. 
10. 

Herbert   Liedtke 
Roger  Langohr 
S t u a r t  Harris 
Baerbe l   Lucchi t ta  
Jonas Akerman 
Wayne P o l l a r d  
Jean-Claude  Dionne 
J.A. Heginbottom 
Ming-Ko Woo 
John  Vitek 

11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 

P a r t i c i p a n t s   i n  B-3 F i e l d  T r i p  

Charles   Tarnocai  21. 
Wayne Rouse 22. 
Rendel  Williams 23, 
P h i l i p   T i l l e y  2 4 .  
I r e n e  Heyse 25. 
Hugh French 26. 
Paul Haesaerts 27. 
William Krantz 28. 
Kevin Gleason 29. 
J e f f  Vandenberghe 

Robert Gunn 
Margaret  Kiely 
Matti Seppala 
Colin Thorn 
James Willis 
Johannes  Karte 
Francesco Dramis 
Lor i   Greens t e in  
Charles Harris 

30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 

Eduard  Koster 
William Barr 
Ray Kreig 
Else Kol s t rup  
Harald  Svensson 
John Kiely 
Ross Mackay 
Hans Kerschner 
Horst  Hagedorn 

Not p i c tu red :  Esa Erant i ,   John  F l o r y ,  P e t e r  Hale, Michael  Metz, James Neuenschwander, R.O. 
Van Everdingen,  David  Harry, Edwin Clarke 
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FIELD TRIP B-4: FAIRB AGE, ANKS TO ANCHOR 
RICHARDSON AND GLENN HIGHWAYS, JULY 
23-27, 1983 

J u l y  23: Fai rbanks   to  Delta Junct ion  

Harding  Lake:  investigation of l a k e  on 
nor th   s ide  of the  Tanana  River  held i n  
by high level t e r r a c e s  

Birch Lake: shal low  la te-Quaternary  lake 
i n  a re-entrant  of t h e  Yukon-Tanana 
Upland damned on t h e  west s i d e  by 
sediments of t h e  Tanana  River 

Tanana  River  Overlook:  view of t h e  
b r a i d e d   g l a c i a l  river 

South wall of road  cut a t  top of h i l l  a t  
Mile 292.6: examination of ice-wedge 
casts and v e n t i f a c t s  

Shaw Creek  Bluff:  panorama of the  Alaska 
Range and the  broad Tanana  River Val- 
l e y ;  terminal  moraines of t h e  Delta 
and  Donnelly  advances are seen i n  t h e  
d is tance  

Shaw Creek Road: road  cut  exposes  weath- 
ered  bedrock,   vent i facts ,  ice-wedge 
casts, dune  sand  and loess 

Tanana River Bridge:  confluence of t h e  
Tanana  River  and  the  braided  Delta 
River  and  the  crossing of t h e  Tanana 
River by t h e  Trans-Alaska P i p e l i n e  
System 

Jack Warren Road: well-developed vent l -  
f a c t s  on t h e  outwash fan of t he   De l t a  
advance 

July 24: Delta Junct ion   to   Paxson  

FAA Station:  overlook of the  Alaska 

Delta moraines 
Examination of the d e l t a  moraine and 

Polygonal  ground  and  ice-wedge casts 
Donnel ly t i l l  
North-central  Alaska Range: cross ing  of 

the  Richardson Highway by the  Trans- 
Alaska  Pipel ine System 

Black  Rapids Glacier: a l t e r n a t e  meth- 
ods for   da t ing ,   inc luding   rad iocarbon,  
stratigraphy,  l ichenometry  and tree 
r ing  count ing 

Range 

outwash of Donnel ly  age 

Examination of Holocene moraines of 
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1. 
2. 
3,  
4. 
5. 
6. 
7 .  
8 .  
9. 
10. 
11. 
12. 

P a r t i c i p a n t s  i n  B-4 Field  Trip  (Photograph 4762 by T.L. P&d) 

Troy L. P & d  13. Ursee Burghardt 
N.P. Prokopovich 14. Ann C h r i s t i n a  Bedegr 

Andre P a n u a  16. Oskar Burghardt 
J i m  Bales 17.  Dave Vogel 
Arturo  Corte  18. Heinz-Peter Jons 
Shi Yafeng 19. Peggy Smith 
Qui Guoqing 20. Henry Holt 
Cheng Guodong 21. Takeei Koizumi 
Zhou Youwu 22. Max Maisch 
Richard  Reger 23. Eric Karls t rom 
Barbara Gamper 

c u i   Z h i j i u  15. Kath leen   Ehl ig  

24. 
' e w  25. 

26. 
27. 
28. 
29. 
30. 
31. 
32. 
33.  
3 4 .  

Josef Svoboda 
Jue rg   Su te r  
Dixie   Brmn 
L i s a  Clay 
George  Stephens 
Brainerd  Mears, 
Noel P o t t e r ,  Jr. 
John Bell 
Gary  Clay 
Thomas Baker 
Liu Hongxu 

35. Martin Gamper 
36. James Walters  
37. P e t e r   B a y l i s s  
38. Bjorne Bederson 
39. Gerhard  Sontag 

4 1 ,  J u l i e  Brigham 
42. Alfred  Jahn 
4 3 .  Donald  Hyers 
4 4 .  Peggy Winslw 
45. Kei th   Scou la r  

Jr. 40. b a r e  F l a a t e  
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Crossing o f  the Dena l i   f au l t  by the 

Rainbow Mountain 
Active rock g l a c i e r  
Culkana  Glacier v i e w  a t  Richardson Mon- 

Summlt Lake 

Trans-Alaska  Pipeline  System 

ument 

Ju ly  25: Paxson t o  Mile 50 on the   Denal i  Highway 
and  re turn 

Alaska Range panorama 
Road c u t  i n  small esker  
Whist ler  Ridge: cryoplanat ion terrace 

s i t e  
Palsas 
Road cut   through  an  esker  

Ju ly  26: Paxson t o  Glennallen on the  Richardson 
Highway 

Frost-r ived  grani te  block6 from  rigorous 
Wisconsin periglacial   environment  
( n e a r   s i t e  of Meier Road House) 

View of Wrangell  Mountains 
Simpson H i l l  road cut and  Copper River 

Permafrost   problem on man-made s t r u c -  

Tolsona No. 1: mud volcano 

b luf f  

t u re s   i n   G lenna l l en  

Overlook of Matanuska Glac ier  
Matanuska Glac ie r :   exadna t ion  of termi- 

Upper Matanuska  Valley  (photo  stop) 
Typical   cross   sect ion  through a cre-  

V i e w  of western Chugach Mountains i n  

Landslide i n  Anchorage created by 1964 
Great Alaska  Earthquake; Government 
H i l l  School 

n a l  ice t h r u s t i n g  

v a s s e - f i l l   r i d g e  

the Twfn Peaks area 

Field  Guides  (and  Lecturers*) 

Troy L. Pgwwl, Arizona  State   Universi ty  
Wchard 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, 
Anchor age* 

The. fo l lowing   ind iv idua ls   p rovided   spec ia l  
assistance a t  Big Delta:  Glen Chowning, Superin- 
tendent  of Publ ic   Schools ,   furnished  overnight  ac- 
commodations i n   t h e   s c h o o l  gymnasium; and R.L. 
Dinger of t h e  Cold  Regions T e s t  Center  furnished 
cots  and  blankets   and  ass is ted i n  o t h e r   l o c a l  ar- 
rangewnt  s. 

J u l y  27: Glennal len  to  Anchorage on the Glenn 
Highway 
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FIELD TRIP B-6: PRUDHOE BAY AND ARCTIC 
COASTAL PLAIN, JULY 23-31, 1983 

J u l y  23: Fairbanks-Prudhoe Bay 

Fairbanks  to  Deadhorse  (commercial  
f l i g h t )  

Kodiak Camp 
SOH10 Base Camp ( lunch)  
Putuligayuk River 
Weather  Pingo 
Putul igayuk River r e s e r v o i r   a n d   g r a v e l  

Putul igayuk  River   archeology s i t e  
West Dock 
Kodiak Camp, Nabors Dr i l l i ng   (d inne r   and  

P i t  

ove rn igh t )  

J u l y  24 and 25: 
Abandoned road  near   Deadhorse  kirport  ~ a r t i € i ~ a n ~ ~   ~ x a m i n i n ~  a n   i c e   we^^^ and  peat  along 
Sagavanirktok  River   br idge;  thaw g u l l y  t h e   w e s t ~ r n  b l u f f  o f  t h e   ~ a ~ a ~ i r k t o k  River on t h e  

and ice wedge6 ~ h i r d  day of the ~ i e ~ ~  ~ K i ~ ~  ~ ~ ~ o t o ~ ~ ~ ~ ~  by Uun- 
Sagavanirktok River f l o o d p l a i n  can Ai ~~~o~ t I 1 
ARC0 Prudhoe Bay o p e r a t i o n s   c e n t e r  
Flaw S t a t i o n  2 
Sand dunes  between Drill S i t e  4 and  East  
Dock 

Flaxman b o u l d e r s   i n  Lake  bed n o r t h e a s t  
of Eas t  Dock 

East  Dock: t r ave r se   no r th   a long   beach  
Pump S t a t i o n  1 
Prudhoe Monurnent 
Drill S i t e  14 
Mount Prudhoe 
Af r i ca  Lake 
Kuparuk River, east s i d e   a n d   b r i d g e  
Thaw stream 
C-60 Pingo 
Kuparuk O i l  F i e l d ;  thaw gul ly   and 

Kuparuk C g r a v e l   p i t  
Oliktok Dock 
Kodiak Camp (ove rn igh t )  

J u l y  26: 

J u l y  26: 

Co lv i l l e   R ive r  Boat Tr ip ,   Nechel ik  
Channel   ( f ly   to   and  f rom) 
Nuiqsut   and  Nuiqsut   Airf ie id  
Putu  Channel 
Tapped lake,   eroding  pingo,  and  thaw 

Peat  banks, ice  wedges,  and  polygons 
Gubik  Formation 
Tapped  Lake  and l a k e  fill 
Slough  entrance,  wllllow vegetat ion,   and 

Kodiak Camp (ove rn igh t )  

l a k e s  

turf-house s i t e  

Coastal-Plain  Overf l ight   and Barrow 

North  Slope Borough 
Barrow u t i l i d o r  
G r a v e l   p i t  
Archeology sit e 
Naval   Arct ic   Research  Laboratoq 
Barrow s p i t  
Anchorage ( v i a  comnercial f l i g h t )  
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Field  Guides  (and  Lecturers*)  : 

S t u a r t  E. Rawlinson,  Alaska  Division of 
Geological  and  Geophysical  Surveys,  
Leader 

David M. Hopkins, U.S. Geological  Survey 
Donald A. Walker, I n s t i t u t e  of A r c t i c  

and  Alpine  Research* 
John  Harper, Woodward-Clyde Consu l t an t s  

( p r e s e n t l y  Dobrosky  Seatech  Ltd.)* 
Beth Knol, S h e l l  O i l  Company* 
H. Jess Walker,   Louisiana  State  Univer- 

s i t y ,   C o l v i l l e   R i v e r  Guidebook  Author 
Duncan  Hickmot t and  Terry Owen (DGGS) , 

F i e l d   t r i p   a s s i s t a n t s  

ARC0 Alaska,  Inc., and Sohio Alaska  Petroleum 
Company a r r a n g e d   l o g i s t i c s  and  ground  transporta- 
t i o n ,  and  representat ives   f rom  these  companies  ac- 
companied t h e   f i e l d   t r i p .   A l y e s k a   P i p e l i n e   S e r -  
v i c e  Company a r r anged   t ou r s  of Pump S t a t i o n  1, 
S h e l l  O i l  Company was e n t h u s i a s t i c   a n d   h e l p f u l  
w i t h   a   p r o p o s e d   v i s i t   t o   a n   a r t i f i c i a l - i s l a n d  
d r i l l  site. Kodiak-Nabors,  a s u b s i d i a r y  of Anglo- 
Energy,  provided  accommodations a t  t h e i r   f a c i l i t y  
a t  Prudhoe Bay. The North  Slope  Borough  provided 
a s s i s t a n c e   w i t h   f i e l d - t r i p   a c t i v i t i e s  a t  Barrow, 
Alaska. Par t ic ipants   examine  well head a t  Drill S i t e  7. 



Appendix B: Formal Program 

Monday, July 18, 1983 

8:30 - 1O:OO a.m. 

OPENING PLENARY SESSION 

10:30 a.m. - noon 
Panel   Sess ion:  PIPELINES I N  NORTHERN  REGIONS 

O.J. F e r r i a n s ,  Jr. (Chairman), U.S. Geological  

H.O. Jahns,  Exxon Product ion  Research Co., USA 
E.R. Johnson,   Alyeska  Pipel ine  Service Co., USA 
A.C. Mathews, O f f i c e  of t h e   F e d e r a l   I n s p e c t o r ,  

M.C. Metz, GeoTec Se rv ices ,  USA 

Survey, USA 

ANGTS, USA 

1:30 - 3:30 p.m. 

INVITED CHINESE  SESSION 

Chair: T.L.  P€wwb, Ar i zona   S t a t e   Un ive r s i ty ,  
USA 

Engineering  Laboratory,  USA 
J. Brown, Cold  Regions  Research  and 

Shi  Yafeng  and Cheng Guodong. A b r i e f   i n t r o d u c -  
tion t o   p e r m a f r o s t   r e s e a r c h   i n  China. 

L i  Yusheng, Wang Zhugui, Dai J ingbo,  Cui Chenghan, 
He Changgen  and  Zhao  Yunlong.  Permafrost  stud- 
ies  a n d   r a i l r o a d   c o n s t r u c t i o n  in permafrost  
areas i n  China. 

Zhou Youwu and Guo Dongxin. Sone f e a t u r e s  of per- 
mafrost i n  China. 

THERMAI. ENGINEERING DESIGN 

Chair:  V. Lunardini,  Cold  Regions  Research 
and  Engineering  Laboratory,  USA 

J.C. Harle, Alyeska, USA 

Jahns,  H.O. and C.E. Heuer. Frost   heave  mit lga-  
t i o n  and permaf ros t   p ro t ec t ion   fo r  a buried 
ch i l l ed -gas   p ipe l ine .  

Walker, D.B.L. ,  D.W. Hayley  and A.C. P a l w r .  The 
i n f l u e n c e  o f  subsea  permafrost  on o f f s h o r e  
p ipe l ine   des ign .  

Cronin,  J.E. Design  and  performance of a l i q u i d  
n a t u r a l   c o n v e c t i o n   s u b g r a d e   c o o l i n g   s y s t e m   f o r  
cons t ruc t ion   on   i ce- r ich   permafros t ,  

Z i r j a c k s ,  W.L. and C.T.  Hwang. Underground u t i l i -  
dora a t  Barrow, Alaska: A two-year h i s t o r y .  

Reid,  R.L. and A.L. Evans. I n v e s t i g a t i o n  of t h e  
a i r  c o n v e c t i o n   p i l e  as a pe rmaf ros t   p ro t ec t ion  
device.  

PIPELINES 

Chair :  U. Luscher,  Woodward-Clyde, USA 

Gas I n d u s t r y ,  USSR 
A . I .  G r i t s e n k o ,   R e s e a r c h   I n s t i t u t e  of 

Thomas, H.P. and J.E. F e r r e L l .   T h e m k a r s t   f e a -  
t u r e s   a s s o c i a t e d   w i t h   b u r i e d   s e c t i o n s  of t h e  
Trans-Alaska  Pipeline.  

S t an ley ,  J.M. and J.E. Cronin .   Inves t iga t ions   and  
impl i ca t ions  of subsur face   condi t ions   benea th  
the  Trans-Alaska  Pipel ine  in   Atigun  Pass .  

Carlson.  Alaska Highway Gas P i p e l i n e   P r o j e c t  
(Yukon s e c t i o n ) :  Thaw se t t le tnent   des ign   ap-  
proach. 

Carlson,  L. and D. But te rwick .   Tes t ing   p ipe l in ing  
techniques in warm permafrost .  

Heuer, C.E., J.B. Caldwell  and B. Zamky.  Design 
of b u r i e d   s e a f l o o r   p i p e  l i nes  fo r   pe rmaf ros t  
thaw se t t l emen t .  

Curt is .  Well cas ing  strains due t o   p e r m a f r o s t  
thaw subsidence i n  the   Canadian  Beaufort  Sea. 

Hanna, A . J . ,  R.J. Saunders,  G.N. Lem and L. 

M i t c h e l l ,  D.E., S.W. Laut,  N.K. Pui  and D.D. 

ICE AND SOIL WEDGES 

Chair: M. Seppiilii, Un ive r s i ty  of H e l s i n k i ,  
Finland 

Columbia,  Canada 
J.R. Mackay, Un ive r s i ty  of B r i t i s h  

Carter, L.D. Foss i l   s and  wedges  on the  Alaskan 
Arctic Coas ta l   P la in   and   the i r   pa leoenvi ronrwn-  
t a l  s i g n i f i c a n c e .  

wedges a t  McLeod Poin t ,   nor thern   Alaska ,  may 
span most of the  Wisconsinan  s tage  and Holo- 
cene. 

sediments,   northern  Alaska.  

Black, R.F. Three   superposed   sys tem of i ce  

Lawson, D.E. Ground ice in p e r e n n i a l l y   f r o z e n  
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Jahn,  A. S o i l  wedges on Spitzbergen.  
F e r r i a n s ,  O.J. Pingos on t h e   A r c t i c   C o a s t a l  

P la in ,   nor theas t   Alaska .  

4 : O O  - 6:OO p.m. 

THERMAL ANALYSIS 

Chair :  L. E. Goodrich,   National  Research 

C. E. Heuer, Exxon Product ion Re- 
Council ,  Canada 

s e a r c h  Co., USA 

Odom, W.B. P r a c t i c a l   a p p l i c a t i o n s  of unde r s l ab  
vent i la t ion  system:  Prudhoe Bay case  s tudy.  

Hildebrand, E.E. Thaw sett lement  and  ground tem- 
p e r a t u r e  model f o r  highway design in permafrost  
areas. 

Comparison of two-dirnensional  domain  and  bound- 
a r y   i n t e g r a l   g e o t h e r m a l  models w i t h  embankment 
f reeze- thaw  f ie ld   da ta .  

thawed  depth  beneath  heated  bui ldings i n  perma- 
f r o s t   r e g i o n s .  

t u r e s  on permafrost .  

Hromadka, T.V. 11, G.L. Guymon and K.L. Berg. 

Zhao  Yunlong  and Wang J i a n f u .   C a l c u l a t i o n  of 

Lunardini ,  V.J. Thawing b e n e a t h   i n s u l a t e d   s t r u c -  

MECHANICS  OF  FROZEN SOIL 

Chair:  R. Dunning,  Sohio, USA 
T. S. Vinson,  Oregon S t a t e  

Un ive r s i ty ,  USA 

Baker, T.H.W. and G.H. Johnston.  Unconfined com- 
p r e s s i o n   t e s t s  on a n i s o t r o p i c   f r o z e n   s o i l s   f r o m  
Thompson, Manitoba. 

and  numerical   modelling of u n i a x i a l   f r e e z i n g  of 
a s a l i n e   g r a v e l .  

in t h i c k   c y l i n d e r s  of f rozen  sand.  

Mahar,  L.J., R. Wilson and T.S. Vinson. P h y s i c a l  

Ladanyi,  B. and H. Ecka rd t .   D i l a tome te r   t e s t ing  

PLEISTOCENE  PERMAFROST  CONDITIONS 

Chair :  A. Jahn ,   Univers i ty  of Warsaw, Poland 
L. Chr is tensen ,   Univers i ty  of Aarhus, 

Denmark 

Haesaerts, P. S t r a t i g r a p h i c   d i s t r i b u t i o n  of p e r i -  
g l a c i a l   f e a t u r e s   i n d i c a t i v e  of p e r m a f r o s t   I n  
t h e  Upper P l e i s t o c e n e  loesses of Belgium. 

Landohr, R.. The ex tens ion  of permafrost  in West- 
ern Europe i n   t h e   p e r i o d   b e t w e e n  18,000 and 
10,000 y. B.P. ( T a r d i g l a c i a l ) :   I n f o r m t i o n   f r o m  
S o i l  Studies .  

Svensson, H. V e n t i f a c t s   a s  paleo-wind i n d i c a t o r s  
in a f o r m e r   p e r i g l a c i a l  area of sou the rn  
Sweden. 

Ko l s t rup ,  E. Cover  sands i n   s o u t h e r n   J u t l a n d  
(Denmark). 

Vandenberghe, J. Ice wedge casts and   involu t ions  
as p e r m a f r o s t   i n d i c a t o r s   a n d   t h e i r   s t r a t i g r a p h -  
i c  p o s i t i o n  i n  the   Weichse l ian .  

Lu Guowei, Guo Dongxin  and Dai Jingbo.  Basic  cha- 
racteristics of permafrost  i n  northwest  China. 

REMOTE SENSING AND PLANETARY  PERMAFROST 

Chair: J.A. Heginbottom,  Geological  Survey 
of Canada 

USA 
R.A. Kreig,  R.A. Kreig & Assoc ia t e s ,  

C l i f f o r d ,  S.M. Ground i c e   i n   t h e   e q u a t o r i a l  re- 
gion of Mars: A f o s s i l  remnant of an a n c i e n t  
climate o r  a r ep len i shed   s t eady- s t a t e   i nven-  
to ry?  

Morrissey,  L.A. The u t i l i t y  of  remotely  sensed 
da ta   fo r   pe rmaf ros t   s tud ie s .  

Gurney, J.R.,  J.P. O m b y  and D.K. Hall .  A com- 
p a r i s o n  of remote ly   sensed   sur face   t empera ture  
and  biomass estimates f o r   a i d i n g   e v a p o t r a n s p i r -  
a t i o n   d e t e r m i n a t i o n  in cent ra l   Alaska .  

Tuesday, July 19, 1983 

8:30 - 10:30 a.m. 

Panel   Session:  ENVIRONMENTAL  PROTECTION  OF 
PERMAFROST TERRAIN 

J.E. Hemming (Chairman), Dames h Moore, USA 
M.C. Brewer, U.S. Geological   Survey,  USA 
H.M. French ,   Univers i ty  of Ottawa, Canada 
N.A. Grave ,   Pe rmf ros t   In s t i t u t e ,   Yaku t sk ,  USSR 
J. T i l e s t o n ,  Bureau of Land Management. USA 
P.J. Webber, Un ive r s i ty  of Colorado, USA 

10:30 a.m. - 12:30 p.m. 

THERMODYNAMICS AND TRANSPORT  PHENOMENA 

Chair :  J.L. Oliphant,  Cold  Regions  Research 
and  Engineer ing  Laboratory,  USA 

Underground Cons t ruc t ions ,  USSR 
A.V. Sadovskiy,   Foundations  and 

Horiguchi,  K. and R.D. Miller.   Hydraulic  conduc- 

Yoneyama, K., T. I sh i zak i   and  N. Nishio. Water 
t i v i t y   f u n c t i o n s  of f r o z e n  materials. 

red is t r ibu t ion   measurements  in p a r t i a l l y   f r o z e n  
s o i l  by X-ray technique. 

Kay, B.D. and P.H. Groenevelt .  The r e d i s t r i b u t i o n  
of s o l u t e s   i n   f r e e z i n g   s o i l :   E x c l u s i o n  of sol-  
utes. 

Aguirre-Puente,  J. and J. Gruson. Measurements of 
p e r m a b i l i t i e s  of f r o z e n   s o i l s .  

McGaw, R.W., R.L.  Berg and J .W.  I n g e r s o l l .  An in- 
v e s t i g a t i o n  of t r a n s i e n t   p r o c e s s e s  in a n  ad- 
vancing  zone of f r eez ing .  

MECHANICS OF  FROZEN SOIL 

Chair :  S.R. Stea rna ,  ASCE, Dartmouth  College, 
USA 

R.K. S d t h ,  ARC0 O i l  h Gas, USA 

Nelson, R.A., U. Luscher, J.W. Rooney and A.A. 
Stramler .  Thaw s t r a in   da t a   and   t haw settlelnent 
pred ic t ions   €o r   A laskan   so i l s .  



Zhu Yuanlin  and D.L. Carbee.  Creep  behavior of 
f rozen  s i l t  unde r   cons t an t   un iax ia l  stress. 

Vinson, T.S., C.R. Wilson  and P, Bolander. Dynam- 
i c  p r o p e r t i e s  of n a t u r a l l y   f r o z e n  si l t .  

Chamberlain, E.J. Frost   heave of s a l i n e  s o i l s .  
Corapcioglu,  M.Y, A mathematical   model   for   the 

permafrost   thaw  consol idat ion.  

MOUNTAIN AND PLATEAU  PERMAFROST 

Cha i r :   Sh i   Yafeng ,   In s t i t u t e  of Glaciology 
and  Cryopedology, PRC 

S.A. Harris, Un ive r s i ty  of Calgary,  
Canada 

Cheng Guodong. Vertical and   ho r i zon ta l   zona t ion  

King, L. High  mountain  permafrost in Scandinavia.  
Qiu  Guoqing, Huang Yizhi   and  Li  Zuofu. Alpine 

Haebe r l i ,  W, P e r m a f r o s t - g l a c i e r   r e l a t i o n s h i p s   i n  

Greens t e in ,  L.A. A n  i n v e s t i g a t i o n  of  mid-lat i tude 

of h igh-a l t i tude   permafros t .  

p e r m a f r o s t   i n   T i a n  Shan,  China. 

t h e  Swiss Alps,  today  and in t he   pas t .  

a lp ine   pe rmaf ros t  on N i w o t  Ridge,  Colorado 
Rocky Mountains, USA. 

EFFECTS OF MAN-MADE DISTURBANCES 

Chair:  L. Rey,  Comitd Arc t ique   In t e rna t ion -  

C.W. S l augh te r ,  U.S. Fo res t   Se rv ice ,  
a l ,  Switzer land 

USA 

Kershaw, G.P. S o w  abio t ic   consequences  of t h e  
CANOL Crude O i l  P i p e l i n e   P r o j e c t ;  35 yea r s   a f -  
ter abandonment. 

e f f e c t s   o f   g r a v e l   r o a d s  on Alaska A r c t i c  
Coas t a l   P l a in   t undra .  

summer thaw a t  t h e  1949 Fish  Creek Test Well 1 ,  
arc t ic  Alaska. 

T h o r h a l l s d o t t i r ,  T.E. The ecology  of  permafrost  
areas i n  c e n t r a l   I c e l a n d  and t h e   p o t e n t i a l  
e f f e c t s  o f  impoundment. 

appl ied  Prudhoe Bay crude o i l  on v e g e t a t i o n  and 
s o i l   p r o c e s s e s  in tussock   tundra .  

c r u d e   o i l   s p i l l e d  in i n t e r io r   A laska .  

K l inge r ,  L.P., D.A. Walker  and P.J. Webber. The 

Komarkova, V. Recovery of plant  communities  and 

L ink ins ,  A.E. and N. Fe t che r   E f fec t s  o f  s u r f a c e -  

C o l l i n s ,  C.M. Long-term a c t i v e   l a y e r   e f f e c t s  of 

PLANETARY  PERMAFROST 

Chair: D.M. Anderson, S t a t e   U n i v e r s i t y  of 
N e w  York, USA 

USA 
M.C. M l i n ,  Ar izona   S ta te   Univers i ty ,  

Fanale ,  F.P. and R.N. Clark.   Solar   system ices 

Carr, M.H. The  geology of Mars. 
b u c c h i t t a ,  B.K. Permafrost  on Mars. 
Nummedal, D. Permafrost  on Mars: D i s t r i b u t i o n ,  

format ion   and   geologica l   ro le .  

and Mars permafrost .  
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3 Wednesday, July 20, 198 
8:30 - 10-30 a.m. 

Panel   Sess ion:  DEEP  FOUNDATIONS AND EMBANKMENTS 

N.R. Morgenstern  (Chairman),   University  of  Alber- 

Ding  Chingkang,  Northwest  Insti tute,  PRC 
D.C. Ewh,  Alaska  Department of Transpor ta t ion   and  

B. badanyi,   Ecole  Polytechnique,  Montr8a1, Canada 
F.H. Sayles ,  CRREL ( former ly   Off ice  of t h e   F e d e r a l  

t a ,  Canada 

P u b l i c   F a c i l i t i e s ,  USA 

I n s p e c t o r ,  ANGTS), USA 

10:30 a.m. - 12:30 p.m. 

ROADS AND RAILWAYS ( T H E W  ASPECTS) 

Chair :  G.H. Johnston,   Nat ional   Research 
Council ,  Canada 

I n s t i t u t e ,  Norway 
0. Gregersen,  Norwegian  Geotechnical 

Za r l ing ,  J.P., B. Connor  and D.J. Goering. Air 
duct   systems  for  roadway s t a b i l i z a t i o n  over 
permafrost   areas .  

Johnston,  G.H. Performance of an   insu la ted   road-  
way on permafrost ,   Inuvik,  N.W.T. 

McHattie, R. and D.C. Esch. B e n e f i t s  of a p e a t  
underlay  used in road   cons t ruc t ion  on perma- 
f r o s t .  

Goodrich, L.E. Thermal  performance  of a s e c t i o n  of 
t h e  Mackenzie Highway. 

Esch, D.C. Eva lua t ion  o f  exper imenta l   des ign   fea-  
t u r e s  for  roadway cons t ruc t ion   over   permafros t .  

Zhang Shixiang and Zhu Qiang. A s tudy  of t h e  cal- 
c u l a t i o n  of f ros t   heaving .  

FOUNDATIONS 

Chair :  R.W. Fadum, Nor th   Ca ro l ina   S t a t e  
Un ive r s i ty ,  USA 

J.W. Rooney, R6M Consu l t an t s ,  USA 

Andersland, O.B. and M.R. Alwahhab. Lug behavior  
for model steel p i l e s  i n  f rozen  sand.  

Penner,  E. and L.E. Goodrich.   Adfreezing  pressure 
on s t e e l   p i p e   p i l e s ,  Thompson, Manitoba. 

Dufour, S . ,  D. C .  Sego  and N.R. Morgenstern. V i -  
b r a t o r y   p i l e   d r i v i n g   i n   f r o z e n   s a n d .  

DiPasquale,  L., S. Gerlek  and A. Phukan. Design 
and   cons t ruc t ion   of   p i le   foundat ions  in t h e  
Yukon-Kuskokwim Delta,   Alaska.  

p i l e s  in permaf ros t :   S t a t e  of t h e   a r t .  

m a f r o s t   f o r   t h e  Kuparuk p i p e l i n e  system. 

Nottingham, D. and A.B. Christopherson.  Driven 

Manikian, V. P i l e   d r i v i n g  and load tests i n   p e r -  

FROST  MOUNDS AND OTHER  PERZGLACIAL  PHENOMENA 

Chair: H. Svensson,   Universi ty  o f  
Copenhagen, Denmark 
R.F Black,   Universi ty   of  

Connect icut ,  USA 
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Mackay, J.R. Pingo  growth  and  sub-pingo water 

Seppala ,  M. Seasonal  thawings  of  palsas i n  Fin- 

P o l l a r d ,  W.B. and H.M. French .   Seasonal   f ros t  

l enses ,   wes t e rn   Arc t i c   coas t ,  Canada. 

nish  Lapland. 

mound occurrence,   North  Fork  Pass ,   Ogi lvie  
Mountains ,   nor thern Yukon, Canada. 

Corte ,  A.E. Geocryogenic  morphology a t  Seymour 
I s l and ,   An ta rc t i ca :  A p rogres s   r epor t .  

Walton, D.W.H. and T.D. He i lb ronn .   Pe r ig l ac i a l  
a c t i v i t y  on t h e   s u b a n t a r c t i c   i s l a n d  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. B io log ica l  decom- 
p o s i t i o n  and p l an t   success ion   fo l lowing   d i s tu r -  
bance  on  the  Arct ic   Coastal   Plain,   Alaska.  

Johnson, A.W. and B.J. Neiland. An a n a l y s i s  o f  
p lan t   success ion  on f r o s t  scars, 1961-1980. 

Maltby, E. and C.J. Legg. Revegetation  of fos s i l  
patterned  ground  exposed by severe f i r e  on t h e  
North York moors. 

Racine,  C.H., W.A. P a t t e r s o n  TI1 and J.G.  Dennis. 
Permafros t   thaw  assoc ia ted   wi th   tundra   f i res  in 
northwest  Alaska. 

layer   changes  fol lowing a t u n d r a   f i r e  in north-  
western  Alaska.  

Johnson, L. and L. Viereck.  Recovery  and  active 

Shaver,  G.R., G.L. Gar tne r ,  F.S. Chapin 111 and 
A.E. Linkins .   Revegetat ion of a r c t i c   d i s t u r b e d  
si tes by n a t i v e   t u n d r a   p l a n t s .  

Panel  Session: CLIMATE CHANGE 
AND GEOTHERMAL REGIME 

J. Pilon  (Chairman),  Department o f  Energy, Mines 

Cheng Guodong, I n s t i t u t e  of Glaciology  and Cryo- 

J. Gray,  University  of  Montreal,  Canada 
T.E. Osterkamp,  University of Alaska,  USA 
M. Smith ,   Car le ton   Univers i ty ,  Canada 

and  Resources,  Canada 

pedology, PRC 

L i u  Hungxu. C a l c u l a t i o n  of f r o s t   h e a v i n g   f o r c e  i n  

Cui Chenghan  and Zhou Kaijiong.  Experimental  
s e a s o n a l l y   f r o z e n   s o i l .  

s tudy  of t h e   f r o s t   h e a v e   r e a c t i o n .  

GROUND ICE AND SOLIFLUCTION 

Chair:  G. Gryc, U.S. Geological.  Survey, USA 
J.H. Akerman, Un ive r s i ty  of  Lund, 

Sweden 

Rampton, V.N., J.R. Ellwood  and R.D. Thomas. D i s -  
t r ibu t ion   and   geology of ground ice  a l o n g   t h e  
Yukon p o r t i o n  of t he   A laska  Highway Gas 
P i p e l i n e   n o r t h  of Kluane  Lake. 

evo lu t ion  of thaw lakes,  southwest  Banks 
Is land,   Canadian Arctic. 

p o s i t s  as sources  of paleoenvironmental  
information.  

Gamper, M. Controls  and rates of movement of 801- 
i f l u c t i o n   l o b e s   i n   t h e   e a s t e r n   S w i s s   A l p s .  

Ellwood, J. and J.F. Nixon. Observat ions of s o i l  
and  ground ice in p ipe l ine   t r ench   excava t ions  
in t h e   s o u t h  Yukon. 

Harry,  D.G. and H.M. 'Fuench. The o r i e n t a t i o n   a n d  

Reanier ,  R.E. and F.C. Ugo l in i .   Ge l i f luc t ion  de- 

WATERSHED STUDIES IN PERMAFROST REGIONS 

Chair :  R.F. Car l son ,   Univers i ty  of Alaska, 
USA 

Sweden 
B.E. Ryden, Un ive r s i ty  of Uppsala, 

S l augh te r ,  C.W., J.W. Hi lger t   and  E.H. Culp. Sum- 
uer streamflow  and  sediment  yield  from  discon- 
t inuous  permafrost   headwaters  catchments.  

Drage, B., J.R. Gilman, D. Hoch and L. G r i f f i t h s .  
Hydrology of Nor th   S lope   coas ta l   p la in  streams. 

Woo, M., P. Marsh  and P. S teer .   Bas in  water bal-  
ance in a continuous  permafrost   environment.  

Fl i igel ,  W.A. Summer water balance  of a high Arc- 
t i c  catchment area with  underlying  permafrost  
in Oobloyah  Valley, N. E l lesmere   I s land ,  
N.W.T., Canada. 

PERMAFROST AND CLIMATE 
FOUNDATIONS 

Chair:  O.B. Andersland,  Michigan  State 
Un ive r s i ty ,  USA 

V. Manikian, ARC0 Alaska,   Inc. ,  USA 

Nixon,  J.F.  Geothermal  design  of  insulated  founda- 
t ions for thaw  prevention. 

Wojcek, A., P.M. J a r r e t t  and A. Beatty.  Cold-mix 
a s p h a l t   s t a b i l i z a t i o n  i n  co ld   reg ions .  

Luscher,  U., W.T. Black  and J.P. McPhail. R e s u l t s  
o f  l oad  tests on t empera ture-cont ro l led   p i les  
i n   pe rmaf ros t .  

Gregersen, O.,  A. Phukan  and T. Johansen.  Engi- 
neer ing   proper t ies   and   foundat ion   des ign  
a l t e r n a t i v e s  i n  marine  Svea  c lay,   Svalbard.  

Chair :  S.A. Bowling, Un ive r s i ty  of  Alaska, USA 
Xu X i a o z u ,   I n s t i t u t e  of Glaciology  and 

Cryopedology, PRC 

Rouse, W.R. Active  layer  energy  exchange in wet 
and  dry   tundra   o f   the  Hudson Bay lowlands. 

Smith, M.W. and D.W. Riseborough.  Permafrost sen- 
s i t i v i t y   t o   c l i m a t i c  change. 

Harris, $.A. Comparison  of t h e  climatic and  geo- 
morphic  methods  of  predicting  permafrost 
d i s t r i b u t i o n  i n  western Yukon T e r r i t o r y .  

Nelson, F .  and S.I. Outcal t .  A f r o s t   i n d e x  number 
f o r   s p a t i a l   p r e d i c t i o n s  of  ground-frost  zones. 

Xu Xiaozu  and Wang Jiacheng. A p re l imina ry   s tudy  
on t h e   d i s t r i b u t i o n  of frozen  ground in China. 
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4100 - 6:OO p.m. 

INVITED SOVIET SESSION 

Chair :  J.R. Kie ly ,   Bechte l  Power 
Corporat ion,  USA 

Survey, USA 

Melnikov,  P.I.  Major  trends in the  development  of 

Gri tsenko,  A. and Yu.F. Makoyon. D r i l l i n g  and  oper- 

O.J. F e r r i a n s ,  U.S. Geological  

Sovie t   permafros t   research .  

a t i o n  of gas wells i n   t h e   p r e s e n c e  of n a t u r a l  
gas   hydra tes .  

Zakharov, Yu.F., L.D. Koauklim  and Ye.M. Naviosky. 
The  impact of i n s t a l l a t i o n   f o r   t h e   e x t r a c t i o n  
and   t r anspor t  of gas  on permafros t   condi t ions  
in   wes t e rn   S ibe ra .  

Vyalov, S.S. Enginee r ing   geoc ryo logy   i n   t he  USSR: 
A review. 

Sadovskiy, A.V. The c o n s t r u c t i o n  of  deep p i l e  foun- 
d a t i o n s   i n   p e r m a f r o s t  i n  t h e  USSR ( a  summary). 

Grave, N.A. Cryogenic   processes   associated  with  de-  
velopments in t he   pe rmaf ros t  zone. 

Thursday, July 21, 1983 

8:30 - 1O:OO a.m. 

Panel   Sess ion:  FROST HEAVE AND I C E  SEGREGATION 

E. Penner  (Chairman),  National  Research  Council, 

R.L. Berg,  Cold  Regions  Research  and  Engineering 

Chen X i a o b a i ,   I n s t i t u t e  of Glaciology  and  Cryoped- 

R.D. Miller, Corne l1   Univers i ty ,  USA 
P.J. Williams, Car l e ton   Un ive r s i ty ,  Canada 

Canada 

Laboratory,  USA 

ology,  PRC 

10:30 a.m. - 12:30 p.m. 

FROST HEAVE 

Chair :  E.J. Chamberlain,  Cold  Regions  Research 
and  Engineer ing  Laboratory,  USA 

Holden, J.T. Approximate   so lu t ions   for  Miller's 

Love l l ,  C.W. F r o s t   s u s c e p t i b i l i t y  of s o i l s .  
Akagawa, S. Relat ion  between  f rost   heave  and 

Konrad, J.M. and A.R. Morgenstern.  Frost  suscep- 

theory of secondary heave. 

specimen  length. 

t i b i l i t y  of s o i l s  in terms of t h e i r   s e g r e g a t i o n  
p o t e n t i a l .  

r o l e  of s p e c i f i c   s u r f a c e  area and   r e l a t ed   i ndex  
p r o p e r t i e s  i n  t h e  frost h e a v e   s u s c e p t i b i l i t y  of 
s o i l s .  

Chen Xiaobai,  Wang Yaqing  and  Jiang Ping. I n f l u -  
ence of p e n e t r a t i o n   r a t e ,   s u r c h a r g e  stress and 
groundwater   table  in f r o s t  heave. 

Rieke, R . D . ,  T.S. Vinson  and D.W. Mageau. The 

EMBANKMENTS, ROADS AND RAILWAYS 

Chair :  C.W. Lovel l ,   Purdue   Univers i ty ,  USA 

K. F l a a t e ,  Norwegian Road Research 
Laboratory,  Norway 

Bel l ,  J.R., T. Al len  and T.S. Vinson. P r o p e r t i e s  
of g e o t e x t i l e s  i n  c o l d   r e g i o n s   a p p l i c a t i o n s .  

Hayley, D.W., W.D. Roggensack, W.E. Jubien  and 
P.V. Johnson.   S tab i l iza t ion  of s i n k h o l e s  on 
t h e  Hudson Bay railway. 

Nuiqsut   Airport   dredge  project .  

lands.  

of f rozen   and   thawed  so i l   and   ear th  dam 
c o n s t r u c t i o n  in winter. 

LaViel le ,  C.C., S.C. Gladden  and A.R. Zeman. 

T a r t ,  R.G., Jr. Winter cons t ruc t ed   g rave l  is -  

Wang Liang, Xu Bowng*  and Wu Z h i j l n .   P r o p e r t i e s  

PATTERNED GROUND AND ROCK STREAMS 

Chair :  A.E. Cor t e ,   In s t i t u to   Argen t ina   de  
Nevologia y Glac io logia ,   Argent ina  

Qiu  Guoqing, I n s t i t u t e  of  Glaciology 
and  Cryopedology, PRC 

Walters ,  J.C. Sor ted   pa t te rned   ground i n  ponds 
and l a k e s  of t h e  High  Valley-Tangle  Lakes 
region, cent ra l   Alaska .  

Muir, M.P. The r o l e  o f  pre -ex i s t ing ,   co r ruga ted  
topography i n   t h e  development of s t o n e   s t r i p e s .  
t h e  Kunlun  Shan,  China. 

gions of I r an .  
Hagedorn, H. P e r i g l a c i a l  phenomena in a r i d  re- 

Cui   Zhi ju i .  An i n v e s t i g a t i o n  of r o c k   g l a c i e r s   i n  
Sadovsky, A.V. and G. I .  Bondarenko.  Creep of f r o -  

z e n   s o i l s  on rock  slopes.  

WATERSHED STUDIES IN PERMAFROST  REGIONS 

Chair: M.K. Woo, McMaster Un ive r s i ty ,  Canada 
R.0, van  Everdingen,  Environment  Canada 

Ashton, W.S. and R.F. C a r l s o n .   P r e d i c t i n g   f i s h  

Lewkowicz, A.G. Erosion by over land   f low,   Cent ra l  

Chacho, E.E. and S.R. Bredthauer.  Runoff  from a 

passage   des ign   d i scharges   for   Alaska .  

Banks Is land,   western  Canadian  Arct ic .  

small subarct ic   watershed,   Alaska.  

PERMAFROST GEOPHYSICS 

Chair :  K. Kawasaki, Un ive r s i ty  of  Alaska, USA 
G.D. Hobson, Polar   Cont inenta l   She l f  

P r o j e c t ,  Canada 

C o l l e t t ,  T.S. Detec t ion   and   eva lua t ion  of n a t u r a l  
gas   hydra tes  from well   logs,   Prudhoe Bay, Alas- 
ka. 

Scot t .   Cont inuous   geophys ica l   inves t iga t ion  
f o r  mapping p e r m a f r o s t   d i s t r i b u t i o n ,  Mackenzie 
Val ley,  N.W.T., Canada. 

Sinha,  A.K. and L.E. Stephens. Deep electromag- 
n e t i c   s o u n d i n g   o v e r   t h e   p e r m a f r o s t   t e r r a i n   i n  
t h e  Mackenzie Delta, N.W.T., Canada. 

Kay, A.E., A.M. A l l i s o n ,  W.J. Botha  and W.J. 

Ehrenbard,  R.L. , P. Hoekstra  and G. Rozenberg. 

*Name o m i t t e d   i n   A b s t r a c t  Volume, p. 247. 
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i c  soundings  for   per-  

Oliphant ,  J.L., A.R. Tice  and Y. Nakano. Water 
.. - 

migraKion  due t o  a t empera ture   g rad ien t  in f r o -  
zen   so i l .  

Pearson, C . ,  S. Murphy, P. Hal leck,  R. Hermes, and 
M. Mathews. Son ic   r e s i s t i v i ty   measu remen t s  on 
Berea   sands tone   conta in ing   te t rahydrofuran  hy- 
d r a t e s :  A poss ib le   ana logue  t o  na tu ra l   gas  
hydra t e   depos i t s .  

Evening:  Banquet 

Governor B i l l  Shef  f i e l d :  Welcoming remarks 
S. R u s s e l l   S t e a m s ,   P r e s i d e n t ,  American S o c i e t y  

of Civil.  Engineers:  Keynote  Speaker. 

Friday, July 22, 1983 

8:30 - 10:30 a.m. 

Pane l  Session: SUBSEA  PERMAFROST 

D.M. Hopkins  and P.V. Sellmann  (Chairmen), U.S. 
Geological   Survey,  and  Cold Regions Research 
and  Engineering  Laboratory,  USA 

S.M. Blasco,  Geological  Survey  of Canada 
D.W. Hayley, EBA, Canada 
S.A.M. Hunter,   Geological  Survey o f  Canada 
H.O. Jahns ,  Exxon Product ion  Research Co., USA 

10:30 a.m. - 12:30 p.m. 

EXCAVATIONS, M I N I N G  AND MUNICIPAL FACILITIES 

Chair :  R.D. Abbott, Shannon .& Wilson, USA 

Rooney, J.W. and J.H. Wellman. Fairbanks  waste-  
water t r e a t w n t   f a c i l i t y :   G e o t e c h n i c a l  con- 
s i d e r a t i o n s .  

Simpson, J.K. and P,M. Jarrett. Explosive  excava- 
t i o n  o f  f r o z e n   s o i l s .  

Weerdenburg, P,C. and N.R. Morgenstern.  Under- 
g r o u n d   c a v i t i e s   i n   i c e - r i c h   f r o z e n  ground. 

Sun Yuliang.  Deformability of c a n a l s  due t o  
f r eez ing   and  thawing. 

Ryan, W.L. Des ign   cons idera t ions  fo r  l a r g e   s t o r -  
age  ranks i n   p e r m a f r o s t  areas. 

Williams, D. The s t a b i l i z a t i o n  of t h e   N a n i s i v i k  
concent ra tor   foundat ion .  

COLD CLIMATE ROCK WEATHERING 

Chair: H. Hagedorn,  Federal   Republic  of 
Germany 

S. Kinos i ta ,   Hokkaido   Univers i ty ,   Japan  

Akermn, J. Notes on chemical   weather ing,  Kapp 
Ling,  Spitsbergen. 

Hallet, B. The breakdown of rock due to f r e e z i n g :  
A t h e o r e t i c a l  model. 

Hyers, A, So= s p a t i a l   a s p e c t s  of climate-depend- 
ent   mechanical   weather ing i n  a h i g h   a l t i t u d e  
environment. 

Ray, R.J. ,  W.B. Kran t z .  T.N. Cai ne and R.D. Gunn. 
A mathematical  model for   pa t te rned   ground:  
Sorted  polygons  and  s t r ipes ,   and  underwater  
polygons. 

V i t e k ,  J.D. Stone  polygons:  Observations of sur- 
f i c i a l   a c t i v i t y .  

Pukuda, M. The pore -wa te r   p re s su re   p ro f i l e   on  
porous  rocks  during  f reezing.  

GROUNDWATER I N  PERMAFROST 

Chair :  Zhu Qiang,  Water Power Research 
I n s t i t u t e ,  PRC 

Kane, D.L. and J. Ste in .   F ie ld   ev idence  of 
groundwater  recharge in i n t e r i o r  Alaska. 

Michel, F.A. I s o t o p e   v a r i a t i o n s  in permaf ros t  
waters a long   t he  Dempster Highway p i p e l i n e  
c o r r i d o r .  

tion and act ive  layer   development   near   Schef-  
f e r v i l l e ,  Quebec. 

f r e e z i n g  in a wate r shed   w i th   o rgan ic   t e r r a in ,  

Wright,  R.K. Relationships  between  runoff  genera- 

P r i c e ,  J.S. The e f f e c t  of hydrology on ground 

SUBSEA  PERMAFROST 

Chair:  G. Shearer ,   Minerals  Management 
Service,  USA 

Canada 
J.A. Hunter,  Geological  Survey of 

Morack,  J.L., H.A. MacAuley and J.A. Hunter. Geo- 
physical  measurements of the  sub-bottom  perma- 
f r o s t  i n  the  Canadian  Beaufort  Sea, 

and  subsea  permafrost  i n  the  Beaufort   Sea,  
Alaska. 

Walker, H.J. Erosion in a  permafrost-dominated 
de l t a .  

Swi f t ,  D.W., W.D. Harrison  and T.E. Osterkamp. 
Heat  and sal t  t r a n s p o r t   p r o c e s s e s  i n  thawing 
subsea  permafrosr a t  Prudhoe Bay, Alaska. 

Melnlkov, P.I., K.F. Voitkovsky, R.M. Kamensky, 
I.P. K o n s t a n t i n o v .   A r t i f i c i a l  ice masses i n  
arct ic  seas. 

Pa te r son ,  D.E. and M.W. Smith,  Measurement of un- 
f rozen  water con ten t  in s a l i n e   p e r m a f r o s t  using 
t ime domain r e f l ec tomet ry .  

Neave, K.G. and P.V. Sellmann.   Seismic  veloci t ies  

ECOLOGY OF NATURAL SYSTEMS 

Chair: H.W. Gabr i e l ,  Bureau of Land 
Management, USA 

A f f a i r s ,  Canada 
K. MacInnes,  Department  of  Indian 

Viereck,  L.A. and D.J. Lev. Long-term use  of 
f ros t   tubes   to   moni tor   the   annual   f reeze- thaw 
c y c l e   i n   t h e   a c t i v e   l a y e r .  

c l a s s i f i c a t i o n   e s p e c i a l l y   d e s i g n e d   f o r  mapping 
i n  northern  Alaska.  

S c h e l l ,  D.M. and P.J. Zieman. Accumulation of 
peat   carbon i n  the   Alaska Arctic C o a s t a l   P l a i n  
and i t s  r o l e   i n   b i o l o g i c a l   p r o d u c t i v i t y .  

Walker, D.A. A h i e r a r c h i c a l   t u n d r a   v e g e t a t i o n  
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Koizumi, T. Alp ine   p lan t  community complex i n  
permafros t   a reas  of the  Daisetsu  Mountains ,  
central Hokkaido,  Japan. 

Murray, D.F., B.M. Murray, B.A. Yurtsev  and R. 
Howenstein.   Biogeographic   s ignif icance  of  
s t e p p e   v e g e t a t i o n   i n   s u b a r c t i c   A l a s k a .  

Van Cleve, K. and L.A. Viereck. A comparison o f  
success iona l   sequences   fo l lowing  f i r e  on perma- 
frost-dominated  and  permafrost-free si tes i n  
in t e r io r   A laska .  

2:OO p.m. 

CLOSING  PLENARY SESSION 

Poster Sessions 

Tuesday,  July 19, 1983 

THERMAL  ENGINEERING  DESIGN AND T H E W  ANALYSIS 

Blanchard, D. and M. Frdmond. Computing the   c ryo-  
g e n i c   s u c t i o n   i n   s o i l s .  

Burgess,  M., G. Lemaire  and A, Dupas. S o i l   f r e e z -  
i ng   a round  a buried  pipel ine:   Design of an  ex-  
p e r i m e n t   i n  a con t ro l l ed   env i ronmen t   f ac i l i t y .  

Long and E. Yarmak, Jr. F o u n d a t i o n   s t a b i l i z a -  
t i o n  of c e n t r a l   g a s   i n j e c t i o n   f a c i l i t i e s ,   P r u d -  
hoe Bay,  Alaska * 

P h i l l i p s ,  W.F. Appl i ca t ions  of t h e   f a s t   F o u r i e r  
t r ans fo rm  to   co ld   r eg ions   eng inee r ing . "  

Wexler, R.L. Diurna l   f reeze- thaw  f requencies   in  
t h e   h i g h   l a t i t u d e s :  A c l imato logica l   gu ide .*  

Yarmak, E., Jr. and E.L. Long. Some considera-  
t i ons   r ega rd ing   t he   des ign  of two p h a s e   l i q u i d /  
vapor   convec t ion   t ype   pas s ive   r e f r ige ra t ion  
systems. 

Kinney, T.C., B.W. Santana,  D.M. Hawkins, E.L. 

SITE AND TERRAIN ANALYSIS AND PIPELINES 

Brocke t t ,  E. and D. Lawson. S h a l l o w   d r i l l i n g   i n  
permafrost ,   nor thern  Alaska.  

G i l l ,  J.D. and M.P. Bruen. Permafros t   condi t ions  
a t   t h e  Watana Dam site.* 

Vita, C.L. Thaw p l u g   s t a b i l i t y   a n d  thaw set t le-  
ment e v a l u a t i o n   f o r   a r c t i c   t r a n s p o r t a t i o n  
rou te s :  A p robab i l i s t i c   app roach .*  

FROST  MOUNDS,  GROUND ICE, AND PATTERNED GROUND 

Bai ley,  P.K. P e r i g l a c i a l  geomorphology i n   t h e  
Kokrine-Hodzana  Highlands of Alaska. * 

Bowling, S.A. Pa leoc l imate   in ferences   f rom perma- 
f r o s t   f e a t u r e s :  A me teo ro log ica l   po in t  of view. 

Brown, J., F. Nelson, B. Brocket t ,  S.I. Ou tca l t  
and K.R. Evere t t .   Observa t ions  of ice-cored 
mounds a t  Sukakpak  Mountain,   south  central  
Brooks Range, Alaska.* 

Burn, C.R. and M.W. Smith.  Thermokarst  develop- 
ment: SOW s tud ie s   f rom  the  Yukon T e r r i t o r y ,  
Canada. 

Dionne, J.C. Frost-heaved  bedrock  features:  A 
va luable   permafros t   ind ica tor .  

Douglas, G.R., J.P. McGreevy and W.B. Whalley. 

* P a p e r   p u b l i s h e d   i n   f i r s t   P r o c e e d i n g s  volume. 

Rock weather ing by f r o s t   s h a t t e r i n g   p r o c e s s e s . *  
Ellis, J.M., P.E. Calkin  and M.J. Bruen. Rock 
g l a c i e r s  of t h e   e a s t   c e n t r a l   B r o o k s  Range, 
Alaska. 

Gregory, E.C. and C.W. Stubbs. A h igh- re so lu t ion  
technique   for   measur ing  motion wi th in   t he   ac -  
t i v e   l a y e r .  * 

Harris, C. Ves i c l e s  in t h i n   s e c t i o n s  of p e r i g l a -  
cia1 s o i l s  f rom  north  and  south Norway.* 

Hughes, T.J. Downslope c reep  of u n s t a b l e   f r o z e n  
ground. 

U n o s i t a ,  S. Analysis  of bo r ing   co res   t aken   f rom 
the  uppermost  layer i n  a tundra  area. 

Mitter, P. F r o s t   f e a t u r e s   i n   t h e   k a r s t   r e g i o n s  of 
the  west  Carpathian  Mountains.* 

Kreig,  R.A. and A.R. Zieman. Ground ice  exposed 
i n   t h e  Barrow U t i l i d o r .  

Nelson, G.E. Cryopediments i n  the  Bighorn Canyon 
a r e a ,   s o u t h c e n t r a l  Montana. 

P r i e s n i t z ,  K. and E. Schunke. Pediraentation  and 
f l u v i a l   d i s s e c t i o n   i n   p e r m a f r o s t   r e g i o n s   w i t h  
s p e c i a l   r e f e r e n c e   i n   n o r t h w e s t e r n  Canada.* 

composition of s u c c e s s i v e l y  formed ice l a y e r s :  
Impl i ca t ions   i n   pe rmaf ros t   s tud ie s .  

Taylor ,  R.B. Thaw p rocesses  in c o a r s e   s e d i w n t  
beaches,  Soroerset  and  Bylot  Islands, N.W.T. 

Whalley, W.B. Rock g l a c i e r s :   P e r m a f r o s t   f e a t u r e s  
or  g l a c i a l   r e l i c s ? *  

Souchez, R.A, and R.D. Lorr ian.  UD and ale0 

PERMAFROST  GEOPHYSICS 

Kawasaki, K. and T.E. Osterkamp. App l i ca t ion  of 
e lec t romagnet ic   induct ion   measurements   to  
pe rmaf ros t   t e r r a in .  

A c o u s t l c   v e l o c i t i e s  in s t r u c t u r e  I and I1 hy- 
d r a t e s  by Bri l lou in   spec t roscopy.  

King, M.S. The i n f l u e n c e  of c l a y   s i z e d   p a r t i c l e s  
on   s e i smic   ve loc i ty  for Canadian  Arctic perma- 
f r o s t .  

surements of e l e c t r i c a l   f r e e z i n g   p o t e n t i a l s   i n  
permafrost   areas ."  

Walker, G.G., K. Kawasaki  and T.E. Osterkamp. Use 
of D.C. r e s i s t i v i t y  measurement fo r   de t e rmin ing  
t h e   t h i c k n e s s  of th in   permafros t .  

K i e f t e ,  H., M.J. C lou te r  and B.L. Whiffen. 

Parameswaran, V.R. and J.R. Mackay. F i e l d  mea- 

Wednesday, J u l y  20, 1983 

FROST HEAVE 

Cou l t e r ,  D.M. P red ic t ing   heave   and   se t t lement  i n  
d i scont inuous   permafros t .  

Guymon, G.L., R.L. Berg  and T.V. Hromadka 11. 
F i e l d  tests of a f ros t   heave  model.* 

Jones ,  R.H. and K.J.  Lomas. The f r o s t   s u s c e p t l -  
b i l i t y   o f   g r a n u l a r  materials." 

Kettle, R.J. and E.Y. McCabe. Mechanica l   s tab i l i -  
z a t i o n  and f r o s t   s u s c e p t i b i l i t y .  

Mageau, D.W. and M.B. Sherman. F r o s t   c e l l   d e s i g n  
and  operation.* 

McCabe, E.Y. and R.J. Kettle. The i n f l u e n c e  of 
su rcha rge   l oads  on f r o s t   s u s c e p t i b i l i t y . *  

Wood, J.4. and  P.J. Williams. S t r e s ses   and  mois- 
t u r e  movements induced by t h e r m a l   g r a d i e n t s   i n  
f r o z e n   s o i l s .  



MECHANICS OF FROZEN SOIL, MUNICIPAL 
AND EMBANKMENTS 

Jones,  S.J. and V.R. Parameswaran.  Deformation 
behaviour of f rozen  and  sand-ice materials un- 
de r   t r i ax ia l   compress ion .  * 

Keyser,  J.H. and M.A. Lafor te .  Road c o n s t r u c t i o n  
th rough   Pa laa   f i e lds .  

Knutsson, S. Thaw p e n e t r a t i o n  and  thaw  sett lement 
s tud ie s   a s soc ia t ed   w i th   t he   K i runa   t o   Narv ik  
road,  Sweden. 

Mahoney, J.P. and T.S. Vinson. A mechanis t ic  ap- 
proach t o  pavement des ign  i n  cold regions." 

Man, Chi-Sing. Ultimate long-term  strength  of 
f r o z e n   s o i l  a6 the  phase  boundary  of a visco- 
e las t ic  s o l i d - f l u i d   t r a n s i t i o n . "  

Phukan, 4. Long-term creep   deformat ion  of roadway 
embankment on ice-r ich  permafrost .*  

Retamal, E. Soroe e x p e r i m e n t a l   r e s u l t s  on snow 
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P.J. Williams,  Carleton  University,  Ottawa, Canada 
A.F. Wuori, CRREL, Hanover, New Hampshire 
R.N. Yong, McGill University,  Montreal, Canada 
W.L. Zirjacks,  Frank  Moolin 6 Associates,  Inc., 

Cl i f ton ,  New Jersey 

Canada 

-*Y 

Alaska 

t ed  Kingdom 

Creek, California 

forn ia  

Washington 

Canada 

Ottawa, Canada 

v a l l i  s, Oregon 

Alaska 

age,  Alaska 

Oregon 

Anchorage, Alaska 

Mechanical  Ewineering (Heat Transfer) 
G. Abele, CRREL, Hanover, N e w  Hawshire 
D.M. Anderson, State  University of New York, Buf- 

0 . A .  Ayorinde, Exxon Production  Research Company, 

8. Baker,  National  Research  Council of Canada, O t -  

R.L. Berg, CRREL, Hanover, N e w  Hampshire 
M. Burgess,  Energy, Mines and Resources,  Ottawa, 

L.E. Carlson,  Foothills  Pipeline  Limited,  Calgary, 

E.J. Chamberlain, CRREL, Hanover, New Hampshire 

f a lo ,  N e w  York 

Houston, Texas 

t awa,  Canada 

Canada 

Canada 
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E.J. Couch, Mobil Research 6 Development Corpora 

D.M. Coulter, Royal Military  College,  Kingston, 

F.E. Crory, CRREL, Hanover, N e w  Hampshire 
J.L. Davis,  Earthtech  Research  Limited,  Baltimore, 

B. Dempsey, University of I l l i n o i s ,  Urbana, Illi- 

L. Domaschuck, University o f  Manitoba, Winnipeg, 

S. Dufour, Geocon, Inc., Calgary, Canada 
J. Ellwood, Foothills  Pipeline  Limited,  Calgary, 

D. Elrick,  Department of Land Resources  Science, 

T. Ersoy,  Foothills  Pipeline Limited,  Calgary, 

D.C. Esch, ADOTPF, Fairbanks,  Alaska 
0. Farouki, Queen's University,  Belfast,  Northern 

M.G. Ferrick,  CRREL, Hanover, New Hampshire 
J.W. Galate,  Enertech  Engineering and Research, 

P. Gaskin,  Queens  University,  Kingston, Canada 
LE. Gold, National  Research  Council of Canada, 

L. Goodrich,  National  Research  Council of Canada, 

P.H. Groenevelt,  University of Guelph,  Guelph, 

G.L. Gupon,  University of California,   Irvine,  

D. Harland, Dames & Moore, Golden, Colorado 
R.K. Haugen, CRREL, Hanover, New Hampshire 
F.D. Haynes, CRREL, Hanover, N e w  Hampshire 
L. Hayes, University of Texas,  Austin, Texas 
H.N. Haynoe,  Land Resource  Research  Inst.,  Central 

Exp.  Farm, Ggriculture Canada, Ottawa, Canada 
J.A. Heginbottom, Geological Survey of Canada, O t -  

tawa, Canada 
C.E. Heuer, Exxon Production  Research Company, 

Houston, Texas 
S.W. Hopke, Exxon Research and Engineering, Flor- 

ham Park, N e w  York 
C,T,  b a n g ,  EBA Engineering  Consultants  Limited, 

Edmonton,  Canada 
Y.W. J a m ,  Agriculture Canada Research  Station, 

Swift  Current, Canada 
T.C. Johnson, CRREL, Hanover, N e w  Hampshire 
G.H. Johnston,  National  Research  Council o f  Can- 

A. Judge,  Energy, Mines and Resources,  Ottawa, 

B.D. Kay, University of Guelph,  Guelph, Canada 
M. King, University o f  California,  Berkeley,  Cali- 

J .M.  Konrad, National  Research  Council of Canada, 

J.F. Lea, Amoco Production Company, Tulsa, Okla- 

Y. Lee, University of Ottawa, Ottawa, Canada 
S. Lin,  Sir  George William Campus, Montreal, Can- 

E.F. Lobacz,  Hanover, N e w  Hampshire 
E. Long, Arctic  Foundations,  Inc., Anchorage, 

V.J. Lunardini, CRREL, Hanover, N e w  Hampshire 
L.J. Mahar, Earth Technology Corporation, Long 

t ion,   Dal las ,  Texas 

Canada 

Maryland 

nois 

Canada 

Canada 

Univ. of Guelph, Canada 

Canada 

Ireland 

Houston, Texas 

Ottawa, Canada 

Ottawa, Canada 

Canada 

California 

ada, Ottawa, Canada 

Canada 

Eornia 

Ottawa, Canada 

homa 

ad a 

Alaska 

Beach, California 

D.W. Margeu, R&M Consultants, Inc.,  Fairbanks, 

R.W. McGaw,  CRREL, Hanover, N e w  Hampshire 
E.C..McRoberts, Hardy Associates  Limited,  Calgary, 

R.D.,Hller, Cornel1 University, I thaca,  New York 
N.R. Morgenstern, Edmonton,  Canada 
Y. Nakano, CRREL, Hanover, N e w  Hampshire 
J.F. Nixon, Hardy Associates Limited,  Calgary, 

D . 1 .  Norum, University of Saskatchewan,  Saskatoon, 

J.L. Oliphant, CRREL, Hanover, N e w  Hampshire 
K. O ' N e i l l ,  CRREL, Hanover, New Hampshire 
P.H. Oosthuizen, Queens University,  Kingston, Can- 

T.E. Osterkamp, University of Alaska,  Fairbanks, 

E. Penner,  National  Research  Council of Canada, 

G. Phetteplace, CRREL, Hanover, New Hampshire 
A. Phukan, University of Alaska, Anchorage, Alaska 
W.P. Quinn, CRREL, Hanover, N e w  Hampshire 
R.L. Reid,  University of Texas, E l  Paso. Texas 
W.R. Rouse, McMaster University,  Hamilton, Canada 
D. Shields,  University o f  Manitoba, Winnipeg, Can- 

W. Slusarchuk, R.M. Hardy & Associates  Limited, 

M e w .  Smith, Carleton Universi ty ,  Ottawa, Canada 
J.E. Sunderland,  University of Massachusetts, Am- 

0. Svec,  National  Research  Council o f  Canada, O t -  

S. Takagi, CRREL, Hanover, N e w  Hampshire 
A.R. Tice, CRREL, Hanover, New Hampshire 
G.C. Topp, Land Resource  Research  Inst.,  Central 

Exp. Farm, Agriculture Canada, Ottawa, Canada 
P.J. Williams, Carleton University, Ottawa, Canada 
Y.C. Yen, CRREL, Hanover, New Hampshire 
R e  Yong, McGill University,  Montreal, Canada 
J.P. Zarling,  University of Alaska,  Fairbanks, 

Alaska 
Zhu Yuanlin, CRREL, Hanover, N e w  Hampshire and In- 

s t i t u t e  of Glaciology and Cryopedology, pI(C 

Alaska 

Canada 

Canada 

Canada 

ada 

Alaska 

Ottawa, Canada 

ad a 

Calgary, Canada 

herst,  Massachusetts 

t awa , Canada 

Geophysical,  Geothermal, and Subsea 
S.A. Arcone, CRREL, Hanover, N e w  Hampshire 
S.A. Bowling, University of Alaska,  Fairbanks, 

G.W. Brass, University of  Miami, Miami, Florida 
R.F. Carlson,  University of Alaska,  Fairbanks, 

A.J. Delaney, CRREL, Hanover, N e w  Hampshire 
C. Economides, University of Alaska, Fairbanks, 

W.D. Harrison,  University of Alaska,  Fairbanks, 

R.K. Haugen, CRREL, Hanover, N e w  Hampshire 
J.D. Hays, Lamont Geological  Observatory,  Pali- 

C.E. Heuer, Exxon Production  Research,  Houston, 

P. Hoekstra, Geo-Physi-Con, Inc., Lakewood, CoLo- 

D.M. Hopkins, U.S. Geological  Survey, Menlo Park, 

W.A. Hoyer, Exxon Production  Research,  Houston, 

Alaska 

Alaska 

Alaska 

Alaska 

sades, New York 

Texas 

rad0 

California 

Texas 
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J.A. Hunter,  Geological  Survey of Canada,  Ottawa, 

A.S.  Judge,  Energy, Mines and  Resources, Ottawa, 

G.V. Keller, Colorado  School of Mines,  Golden, 

A.H. Lachenbruch, U.S, Geological  Survey , Menlo 

R . I .  Lewellen,  Palmer,  Alaska 
A. Long, Universi ty  of Arizona, Tucson,  Arizona 
U. Luscher, Woodward-Clyde Consul tants ,  San Fran- 

M.N. Nabighian, Newmont Overseas Explorer  Limited, 

G. Neave, Northern Seismic Analysis, Echo  Bay, 

G .  Olhoeft ,  U.S. Geological  Survey,  Denver, Colo- 

T.E. Osterkamp,  University of Alaska,   Fairbanks,  

S.I. Dutca l t ,   Univers i ty  of Michigan, Ann Arbor, 

J.C. Rogers,  Michigan  Technological  University, 

W.L. Sackinger,   University of Alaska,  Fairbanks, 

P.V. S e l l m n n ,  CRREL, Hanover, New Hampshire 
C.W. Slaughter ,  USDA Forest   Service,   Fairbanks,  

M.W. Smith,   Carleton  University,  Ottawa, Canada 
A.E. Taylor,  Energy, Mines and  Resources,  Ottawa, 

C.L. Vita, R&M Consul tan ts ,   Inc . ,   I rv ine ,   Cal i for -  

Canada 

Canada 

Colorado 

Park ,   Cal i forn ia  

cisco, C a l i f o r n i a  

Tucson, Arizona 

Canada 

rado 

Alaska 

Michigan 

Houghron, Michigan 

Alaska 

Alaska 

Canada 

n i  a 

Plane tary  and Remote Sensing 
D.M. Anderson, S t a t e   Un ive r s i ty  of New York, Buf- 

f a l o ,  New York 

Missouri 
R. Arvidson,  Washington  University, S t .  Louis ,  

V. Baker, Universi ty  of Texas, Austin, Texas 
D. Birnie,  Dartmouth  College,  Hanover, N e w  Hamp- 

J. Boyce, NASA, Washington, D.C. 
M. Darly,  Mobil  Research & Development, Dallas, 

K. Dean, Universi ty  of Alaska,  Fairbanks,  Alaska 
F. Fanale,   University of Hawaii,  Honolulu, Hawaii 
E. Gibson,  Johnson  Space  Center, Houston, Texas 
M. Gro l ie r ,  U.S. Geological  Survey,  Flagstaff ,  

D. Hall ,  Goddard  Space Flight  Center,   Greenbelt ,  

E. Kasischbe, EUIM, Ann Arbor,  Michigan 
P. Kiels, Bureau of Land Management, Anchorage, 

K. Kitcho, Woodward-Clyde Consul tants ,  San Fran- 

H, Lang, Jet Propulsion  Laboratory,  Pasadena, 

B. Lucchi t ta ,  U.S. Geological  Survey,  Flagstaff ,  

M.C. Malln, Arizona State Universi ty ,  Tempe, A r i -  

s h i r e  

Texas 

Arizona 

Maryland 

Alaska 

cisco, C a l i f o r n i a  

C a l i f o r n i a  

Arizona 

zona 

Hawaii 

Rouge, Louis iana 

P. Mouginis-Mark, Universi ty  of Hawa 

D. Nummedal, Louisiana  State  Univers 

i i, Hono l u h ,  

i t y ,  Baton 

P. Pat ton,  Wesleyan University,   Mddlerown, Con- 

A. Peterfraund,  Brown University,   Providence, 

T.L. Pt?w6, Arizona  State   Universi ty ,  Tempe, Ari- 

J. Pol lack ,  A w s  Research  Center, Moffett F i e l d ,  

L.A. Rossbacker,   Whitt ier  College,   Whitt ier,  Cali- 

S. Saunders, Jet Propulsion  Laboratory,  Pasadena, 

T, Schmugge,  Goddard Space Flight  Center,  Green- 

J. Underwood, Kansas State  University,   Manhattan,  

G.E. Weller, Geophys ica l   Ins t i tu te ,   Univers i ty  of 

n e c t i c u t  

Rhode I s l a n d  

zona 

C a l i f o r n i a  

f o r n i a  

C a l i f o r n i a  

b e l t ,  Maryland 

Kansas 

Alaska,  Fairbanks,  Alaska 

Periglacial   and  Permafrost  
D.M. Barnett ,   Indian  and  Northern Affairs, Ottawa, 

R.F. Black,  University of Connect icut ,   $ torrs ,  

N. Caine,   University of Colorado,  Boulder, Colo- 

D.L. Carter, U.S. Geological  Survey,  Anchorage, 

E.J.  Chamberlain, CRREL, Hanover, New Hampshire 
M.G. Clark,   Universi ty  of Tennessee,  Knoxville, 

A. Dyke, Geological  Survey of Canada,  Ottawa, Can- 

K.R. Evere t t ,  The Ohio S ta te   Univers i ty ,  Columbus, 

E. Fahey, Universi ty  of Guelph,  Guelph, Canada 
O.J .  Per r ians ,  J r . ,  U.S. Geological  Survey, Menlo 

D.C. Ford, McMaster University,   Hamilton, Canada 
W. Gabr ie l ,  Bureau of Land Management, Anchorage, 

L. Goodrich,  National  Research  Council of Canada, 

T. D. Hamilton, U, S. Geological  Survey, Anchor age, 

S.A. Harris, Universi ty  o f  Calgary,  Calgary, Cana- 

D.G. Harry,   University of Western  Ontario,  London, 

J .A.  Heginbottom,  Geological  Survey of Canada, Ot- 

D.A. Hodgson, Geological  Survey o f  Canada, Ottawa, 

J. Hunter,  Geological  Survey of Canada,  Ottawa, 

A.D. Hyers,  University of North  Carolina, Wilming- 

P.G. Johnson,  University of Ottawa, Ottawa, Canada 
R.H. King,  University of Western  Ontario,  Canada 
R.M. Koerner ,   Polar   Cont inental   Shelf   Project ,  O t -  

B. Ladanyi,  Ecole  Polytechnique,  Pbntreal,  Canada 
D.E. Lawson, CRREL, Hanover, New Hampshire 
A.G. Lewkowicz, Universi ty  of Toronto, Missis- 

B. Luckman, Universi ty  of Western  Ontario,  London, 

V.S. Lunardini ,  CRREL, Hanover, New Hampshire 

Canada 

Connecticut 

rado 

Alaska 

Tennessee 

ada 

Ohio 

Park ,   Cal i forn ia  

Alaska 

Ottawa, Canada 

Alaska 

da 

Canada 

t awa, Canada 

Canada 

Canada 
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tawa, Canada 

sauga,  Canada 

Canada 
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F. Michel,  Carleton  University,  Ottawa,  Canada 
G. Miller ,   Universi ty  of Colorado,  Boulder, Colo- 

F. Nelson,  University of Michigan, Ann Arbor, 

W. Nickl ing,   Universi ty  of Guelph,  Guelph,  Canada 
S.I. Outcalt,   University  of  Michigan, Ann Arbor, 

T.L. Pb€, Arizona  State   Universi ty ,  Tempe, A r i -  

W.H. Po l la rd ,   Univers i ty  of Ottawa, Canada 
L. Pr ice ,   Por t land  State Universi ty ,   Port land,  Or- 

V.N. Rampton, Terrain  Analysis & Mapping Serv ices  

S. Rawlinson, ADGGS, Fairbanks,  Alaska 
R.D. Reger, A D G G S ,  Fairbanks,  Alaska 
D. Sharpe,  Geological  Survey of Canada, Ottawa, 

C. Tarnocai, Land Resource  Research  Inst i tute ,  O t -  

C.E. Thorn,, ,Kiniversity of I l l i n o i s ,  Urbana, Illi- 

F. Ugolini ,   Universi ty  of Washington, S e a t t l e ,  

J.S. Vincent,  Geological  Survey of Canada,  Ottawa, 

J.D. Vitek, Oklahoma S t a t e   U n i v e r s i t y ,   S t i l l w a t e r ,  

A.L. Washburn, Universi ty  of washington,  SeaKtle, 

S .  Watts, Geological  Survey of Canada,  Ottawa, 

W.J. Wayne, UniversiKy of Nebraska,  Lincoln, Ne- 

S .  White, The Ohio S ta t e   Un ive r s i ty ,  Columbus, 

S .  Z o l t a i ,  Environment  Canada, Edmonton,  Canada 

rado 

Michigan 

Michigan 

zona 

eg on 

Limited,  Carp,  Canada 

Canada 

tawa, Cana$a 

n o i s  ' ' 

Washington 

Canada 

Oklahoma 

Washington 

Canada 

braska 

Ohio 

Hydrology 
I. Barnes, U.S. Geological  Survey, Menlo Park, 

Cal i forn ia  
S.  Bredthauer, R&M Consultants,  Anchorage,  Alaska 
K.L. Carey, CRREL, Hanover, N e w  Hampshire 
R.F. Carlson,  University  of  Alaska,  Fairbanks, 

E.F. Chacho, CRREL, Fairbanks,  Alaska 
T.B. Coplen, U.S. Geological  Survey,  &$ton, Vir- 

J. Downey, W.S. Geological  Survey,  Fairbanks, 

B.T. Drage,  Nottingham,  Peratrovich  and  Drage, 

P. Emery, U. S. Geological  Survey,  Anchorage,  Alas- 

R.P. Emmanuel, U.S. Geological  Survey,  Anchorage, 

G.L. Guymon, Univers i ty  of C a l i f o r n i a ,   I r v i n e ,  

S. Jones, U.S. Geological  Survey,  Anchorage, Alas- 

J. Knot t ,  U. S. Geological  Survey,  Anchorage, Alas- 

R. Lamke, U. S. Geological  Survey,  Anchorage, Alas- 

U.E. Lawson, CRREL, Hanover, N e w  Hampshire 
F.A. Michel ,   Carleton  Universi ty ,  OKtawa, Canada 
B. Parks, U.S. Geological  Survey,  Fairbanks, Alas- 

Alaska 

g i n i a  

Alaska 

Anchorage,  Alaska 

ka 

Alaska 

C a l i f o r n i a  

ka 

ka 

ka 

ka 

C.W. S l a u g h t e r ,   I n s t i t u t e  of Northern  Forestry,  

J. Stein,   Universi ty  o f  Alaska,  Fairbanks,  Alaska 
C.E. Sloan, U . S .  Geological  Survey,  Anchorage, 

D. Trabant, U. S .  Geological  Survey,  Fairbanks, 

J . R .  Williams, U.S. Geological  Survey, Menlo Park, 

M.K. Woo, McMaster University,   Hamilton, Canada 
C. Zenone, U.S. Geological  Survey,  Anchorage, 

Fairbanks,  Alaska 

Alaska 

Alaska 

Cal i forn ia  

Alaska 

Environraental 
D. B i l l i n g s ,  Duke Univers i ty ,  Durham, North 

Carolina 
L.C. Bliss, Universi ty  of Washington, S e a t t l e ,  

Washington 
F . S .  Chapin,  University of Alaska,  Fairbanks, 

Alaska 
R. Densmore, Universi ty  of Alaska,  Fairbanks, 

Alaska 
J.V. D r e w ,  Univers i ty  of Alaska,  Fairbanks,  Alaska 
C.T. Dyrness ,   In s t i t u t e  of Northern  Forestry,  

B.O. van  Everdingen,  Environment  Canada,  Calgary, 

K.R. Evere t t ,  The Ohio S ta t e   Un ive r s i ty ,  Columbus, 

W .  Gabriel ,  Bureau of Land Management, Anchorage, 

L.W. Gat to ,  CRREL, Hanover, New Hampshire 
G. Guymon, Universi ty  of Ca l i fo rn ia ,   I rv ine ,  Cali- 

L.R. Het t inger ,  Dames and Moore, Golden,  Colorado 
M.L. Hienselman,  St.  Paul,  Minnesota 
A.W. Johnson, San Diego Sta te   Univers i ty ,  San D i -  

L.A. Johnson, CRREL, Fairbanks,  Alaska 
P.L. Johnson, Lamar Univers i ty ,  Beaumont, Texas 
G, J u d a y ,   I n s t i t u t e  of Northern  Forestry,   Fair-  

G.P. Kershaw, Univers i ty  of Alberta ,  Edmonton, 

A.E. L inkins ,   Vi rg in ia   Poly technic   Ins t i tu te ,  

D.K. MacKay, NaKional  Hydrology  Research I n s t i -  

J. Major,  University of Cal i fornia ,   Davis ,  Cali- 

J.V. Matthews,  Geological  Survey of Canada, Otta- 

J.D. McKendrick, Agricultural   Research  Center,  

W. MiKchell,  Agricultural  Research  Center,  Palmer, 

D.M. Murray, Universi ty  of Alaska,   Fairbanks,  

S.I. Outcal t ,   Universi ty  of Michigan, Ann Arbor, 

W.A. Pa t te rson  111, Universi ty  of Massachusetts, 

C. Racine,  Johnson  State  College,  Johnson, Vermont 
W.R. Rouse, McMaster University,   Hamilton, Canada 
G.R. Shaver, Marine Biological  Laboratory,  Woods 

C.W. S laughter ,  I n s t i t u t e  of Northern  Forestry,  

B. Sveinbjornsson,  University of Alaska, Anchor- 

Fairbanks,  Alaska 

Canada 

Ohio 

Alaska 

f o r n i a  

ego, C a l i f o r n i a  

banks,  Alaska 

Canada 

Blacksburg,  Virginia 

tute,   Ottawa, Canada 

f o r n i a  

wa, Canada 

Palmer,  Alaska 

Alaska 

Alaska 

Michigan 

Amherst,  Massachusetts 

Hole,  Massachusetts 

Fairbanks,  Alaska 

age,  Alaska 
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J. Svoboda,  University of Toronto,   Mississauga,  

L.L. Tieszen,  Augustana  College, Sioux F a l l s ,  

K. Van Cleve, Univers i ty  of Alaska,  Fairbanks,  

D.A. Walker,  University of Colorado,  Boulder, 

P.J. Webber, Univers i ty  of Colorado,  Boulder,  Col- 

R. Wein, Univers i ty  of N e w  drunswick,  Fredericton, 

Canada 

South  Dakota 

Alaska 

Colorado 

orado 

Canada 
G. Weller, Univers l ty  of Alaska,  Fairbanks,  Alaska 
B. Willard,  Boulder,  Colorado 
M. Wilson,  University of Calgary,  Calgary,  Canada 
M.K. Woo, McMaster Univers i ty ,  Hamilton, Canada 
J. Yarie, Univers i ty  of Alaaka,  Fairbanks,  Alaska 
S.  Young, Center for Northern  Studies,   Wolcott ,  

J. Zasada ,   In s t i t u t e  of Northern  Forestry,   Fair-  
Vermont 

banks,  Alaska 



Appendix D: Participation 

Approximately 900 i n d i v i d u a l s  from 2 5  c o u n t r i e s   p a r t i c i p a t e d   i n   t h e   c o n f e r e n c e .   S t a t i s t i c s   o n  
p a r t i c i p a t i o n  are p rov ided   i n   Tab le s  1 and 2. Names and  addresses  of a l l  p a r t i c i p a n r s   a r e   g i v e n  in 
t h i s  Appendix  with  an  indicat ion of f i e l d   t r i p s  in which   each   par t ic ipa ted .  

Table  1. Regis t ra t ion   and   Nat iona l   Representa t ion .  

R e g i s t r a t i o n   P a r t i c i p a t i o n  by Country 

F u l l  627 

S tuden t s  7 2  
Daily - 72 

Tota l   851  

spouses   80 

(does   no t   i nc lude   p re s s ,  
d i g n i t a r i e s  and  support 
s t a f f s )  

Un i t ed   S t a t e s  59 5 
Canada  122 
People 's   Republ ic  of China 20 
Federa l   Republ ic  of Gemany 18 
United Kingdom 16 
Switzer land 8 
USSR 6 
Finland 5 
Japan 5 
Sweden 5 
Denmark 5 
I t a l y  4 

No m a y  3 
Netherlands 3 
Belgium 3 
France 2 
Czechoslovakia 1 
Argent ina 1 
Chile  1 
Poland 1 
Ice l and  1 
A u s t r a l i a  1 
Aus t r i a  1 
South   Afr ica  1 

Table 2 .  North  American  Participation. 

Federal   Agencies 

Alaska Non-Alaska Canada Toral 
U.S. Departments 

I n t e r i o r  
BLM 
USCS 
"S 
NPS 
B I A ,  FWS, o t h e r  

Fores t   Se rv ice  
scs 
FWA 
Alaska  Rai l road 

Defense 
CRREL 
Other Army 
A i r  Force 

Agr i cu l tu re  

T r a n s p o r t a t i o n  

Energy   ( i nc l .   Na t iona l   l abs )  
O€fice of F e d e r a l   I n s p e c t o r  
NASA 
NSF 

U.S. Total  

22 
7 
2 
2 
2 

4 
7 

2 
2 

5 
4 
1 
0 
3 
0 
0 

6 3  
- 

0 
9 
0 
0 
1 

0 
0 

1 
0 

16 
3 
1 
5 
2 
2 
1 

4 1  
I 

10 4 

23 2 3  Canadian  Federal  Agencies 

385 
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Table 2 (cont'd). North American Participation. 

Alaska Non-Alaska  Canada Total 

State, Local and Provincial Governrents 

State o f  Alaska 
Transportation 4 3  
Environmental Conservation 5 
Natural  Resources - DGGS 7 

ocs 1 
State Governwnt 6 
Local Government 5 

Canadian Provincial Government 

Universities 

2 
67 

2 

United  States 
Canada 
Students 

51 62 

21 22 
37 
15 

113 
37 
58 

Private and Others 

Consulting and Industry 116  76 25  217 
Spouses 22 35 12 69 
Others 8 1 1  a 27 



Rohn D. Abbot 
Shannon & Wilson,  Inc. 
P.O. Box 843 
Fa1 rbanks, AK 99707 

Jaime  Aguirre-Puente  (A-2) 
17 Avenue d 'A lembert  
92160  Antony 
FRANCE 

K r i s t i n a  Ahlnaes 
Geophysical I n s t i t u t e  
Un ive rs i t y   o f   A laska  
Fairbanks, AK 99701 

Satoshi Akagawa (B-6) 
4-17 Etchuj ima, 3-Chome 

JAPAN 
KOtO-KU. Tokyo  135 

Jonas Akerman (8-3) 
Dept.of   Physical  Geography 
Solvevgatan  13 S-223 62 
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