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Thc Th i rd   In t c rna t iona l   Confe rence  on Permafrost  was h e l d  i n  
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which g r e a t l y  ass is ted contacts  between  North  American  and  Sovict  
s c i e n t i s t s .  I l c  played ;]TI a c t i v e   r o l e   a t   t h e   T h i r d   I n t c r n a t i o n a l  
Confercncc o n  I'crnlafrost  only weeks before  h i s   sudden  rind unt imcly  
dc;ith i n  Scprcmhcr 1978. The NRC Associate  Committcc on Gcotuchni- 
c a l  Research a n d  tllc Uivision of Bu i ld ing  R c s ~ . a r c h  wish t o   t a k e  
t h i s  o p p o r t t ~ n i t y  to cxpress t h e i r   s i n c e r e  apprec.int.ion of 
Mr. Poppe's msny c o n t r i  b u t  i m s  t o  t h c  work of  t h e   D i v i s i o n   a n d   t h e  
A C G R  t.hrollgh t h e  yea r s .  
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V i c t o r  Popov, Robert SerrE, Donald S i n c l n i r ,  and  Tania  Thorpe. 
Thc t c c h n i c a l   c d i t i n g  was donc by R . J . 1 : .  Brown, D iv i s ion  of 
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PREFACE 

La Troisisme  confgrence  internationale  sur  le  pergGlisol 
a Gt6 tenue 5 Edmonton, Alberta, au mois d e  juillet, 1978. Elle 
a Gt6 parrainge par l e  Conseil  national de recherches du Canada 
par  l'entremise de son Cornit6 associ6 de recherches  geotechniques 
(Prgsident - Dr. L.W. Gold, directeur  adjoint,  Division des 
recherches  sur le bztiment,  Conseil  national de recherches du Canada). 
Le compte  rendu de la  ConfGrence,  publi6  en  deux  volumes,  comprend 
139  mgmoires (vol. 1) et 8 retrospectives  spgciales (vol. 2) .  La 
pr6sente  publication (en deux  parties)  comporte 49 mhoires sovigtiques, 
le mernoire franqais et les trois  rgtrospectives  sovigtiques. Les 
mgmoires  apparaissent  dans le mZme ordre  que  celui du compte  rendu de 
la Confgrence. 

Ce document est dgdie a l a  mgmoire de M. Valery Poppe, interprete 
et  traducteur  russe  distingug  qui a travail16 au sein du Conseil 
national de recherches  du Canada. Pendant  plusieurs  annges, il a 
fourni  un  service  d'interpretation  et d e  traduction  inestimable dans  
le domaine du pergGliso1,  qui a grandement  aid6 les rapports  entre 
les  scientifiques  nord-amgricains et  sovigtiques. I1 joua  un  r8le 
actif l o r s  de la Troisi6me  confgrence  isternationale  sur le perg6lisol 
quelques  semaines  seulement  avant sa mort  soudaine et prgmaturee  sur- 
venue au  mois  de  septembre, 1978. Le Cornit6 associe d e  recherches 
g&otechniques  du CNR et  la Division  des  recherches  sur le bztiment 
profite  de  l'occasion  pour  exprimer  leur  gratitude  pour l e s  nombreuses 
contributions de M. Poppe  au  travail de la Division et du CARG au 
cvurs  des  annees. 

I1 remercie  ggalement l es  autres  traducteurs  pour  leurs  services 
l o r s  de la preparation de ces  livres: P.J. Hyde et associGs, Walter 
Kent, Josef  Nowosielski, Hazel Pidcock, Victor Popov, Robert SerrG, 
Donald Sinclair, et Tania  Thorpe. La r6vision  technique a Gt6 faite 
par  R.J.E. Brown, de  la  Division  des  recherches  sur le bztirnent avec 
l'aide  de T.W.H. Baker de la mgme Division. Le Dr. Brown Gtait le 
pr8sident  de la Confsrence. Le travail de Lise  Esselmont,  des 
Services  de  traduction du CNR, pour  l'orgaaisation de toutes les 
traductions et la production du document final  est aussi grandement 
apprgcig. 

Ottawa 
mars 1980 

C.B. Crawford 
Directeur, DRB/CNR 
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PRINCIPLES OF CRYOLITHOLOGICAL REGIONALIZATION 
OF THE PERMAFROST ZONE 

B.1. Vtyurin 
Pacific  Insti tute of Geography, Vladivostok, U.S.S.R. 

Cryol ithological  regfonal  itation, 1 i ke a1 1 other  types o f  
regionalitation,  consists i n  the  unification o f  t e r r i to r ies  showing relat ive 
s imilar i t ies  i n  several  important  characteristics. In cryolithology  these 
are:   structure and texture o f  permafrost;  ice  content o f  permafrost; 
quantity o f  ground ice as a whole, and o f  individual  types i n  particular,  
e tc .  

Hitherto, the principles  for  special  cryol  ithological 
regionalization had not, been formulated. Some o f  the important 
cryol i thological  characteristics  .indicated above were considered  earl  iers i n  
a general , complex, geocryological  regional  ization (Baranov, 1965), 
permafrost-geological  regional  iration (Popov, 1958), and permafrost 
regional  ization  according  to  formation  characteristics  (Shvetsov,  1956),  etc. 
These were utilized more fully by the  author, b u t  each i n  isolation, when 
compiling the schematic review maps o f  the permafrost  regions o f  the 
U.S.S.R.:  distribution of permafrost w i t h  differing structures,  textures, 
evident  ice  content, and quantities o f  evident ground ice,   etc.  (Vtyurin, 
1975). 

As we  know (Armand, 1975), this k ind  of mapping  can quite 
correctly be called a typological branch o f  regionalization. However, i n  
that  case, i t  has a single component  and i s  completed i n  a single  stage. 
Therefore, i n  order  to change t o  a complex permafrost  regionalization 
Consisting Of many components, and consequently many Stages,  criteria must be 

Proceedings Thi rd  International Conference on Permafrost, 
V O ~  . 1 , pp. 446 - 4491, 1978. 
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se lec ted   f o r   d i v i s ion   i n to   s tages .  Any se lec t i on   o f  a s i n g l e   c r i t e r i o n  i s  

subject ive.   Therefore,  i n  o rder   tha t   the   se lec t ion   migh t   no t  be random, i t  

was e s s e n t i a l   t o   e s t a b l i s h   t h e  purpose o f   t h e   r e g i o n a l i z a t i o n .  

Cryo log ica l  , t y p o l o g i c a l   r e g i o n a l   i z a t i o n  can be f o r   e i t h e r  
s c i e n t i f i c ,   o r   a p p l i e d  economic  aims. The former  must  obviously be  based  on 
the   genet ic   charac ter is t i cs   o f   the   permaf ros t :   the   la t te r ,  on q u a n t i t a t i v e  
estimates and types o f  ground ice  which  exer t   cons iderable  in f luence on t h e  
eng ineer ing   p roper t ies  o f  the  permafrost. 

A t  the cur ren t   leve l   o f   permaf ros t   s tud ies ,   smal l -sca le  
c r y o l i t h o l o g i c a l  mapping  and r e g i o n a l i z a t i o n  can on ly  be used i n   p u r s u i t  o f  
s c i e n t i f i c  aims: for   reveal ing  geographic   pat terns i n   t h e  processes o f   i c e  

formation i n   e a r t h   m a t e r i a l s ,   p a l e o c r y o l o g i c a l  and  paleogeographical 
cond i t i ons  o f  format ion  o f   permafrost   dur ing  var ious epochs of  t h e  
Quaternary,  etc.  Therefore, i t  must be based on a genetic  approach: a 
record  o f  d i s t r i b u t i o n   p a t t e r n s  of various  types, forms and v a r i a t i o n s  of 
permafrost   both  areal  l y  and v e r t i c a l  l y  , 

E s s e n t i a l l y ,   c r y o l   i t h o l o g i c a l   r e g i o n a l i z a t i o n   f o r   s c i e n t i f i c  ends 
i s  a p r e r e q u i s i t e  for p r a c t i c a l   r e g i o n a l i z a t i o n ,   s i n c e  i t  creates a reg iona l  
b a s i s   f o r   t h e   i n t e r p o l a t i o n s  and extrapolat ions  which  are  unavoidable when 
u s i n g   t h e   q u a n t i t a t i v e   c r i t e r i a   o f   t h i s   t y p e  of r e g i o n a l i t a t i o n .  

Any k ind  of r e g i o n a l i z a t i o n  can on ly  be c a r r i e d   o u t  on the   bas is  
o f  r e l a t i v e   c l a s s i f i c a t i o n s  o f   the   ob jec t .   Accord ing ly ,   fo r   c ryo l i tho log ica l  
reg iona l i za t i on ,   t he re  must  be c l a s s i f i c a t i o n  o f  the  permafrost ;   th is  i s  
compiled  from a record  of those  charac ter is t i cs  deemed t o  be the  most 
impor tant .  The author  presents a complex c l a s s i f i c a t i o n  he has formulated 
fo r   permaf ros t ,   accord ing   to   c ryo l i tho log ica l   charac ter is t i cs   (Tab le) .  
According t o  structure,   i .e. ,   according t o  the bedding of  various  types o f  

cryogenic   s t ructures,   there  are two classes o f  permafrost: mono- and 
polygenet ic.   According t o  format ion  process  (epi-  or syngenet ic)   there are 4 
types o f  permafrost.  According t o  p a r t i c i p a t i o n   i n   t h e   t e x t u r e  o f  the ground 
i ce   f o rm ing   t he  bed there  are 12 types o f  permafrost. The dominant 
l i thoyenet ic   t ypes  o f  ear th   mater ia ls  have been c h a r a c t e r i z e d   i n   t h e   f i g u r e ;  
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TABLE 

C lass i f i ca t i on   o f   pe rmaf ros t   acco rd ing   t o   s t ruc tu re  and tex tu re .  

C1 ass  

(acco rd ing   t o  
s t ruc tu re  and 
bedding) 

Monogenetic 

TY Pe 
( by format i on 
process) 

:pi  genetic 

jyngenet i c 

Syn-epigenetic 
v i t h  2 
lo r i zons  

Form 1 Predominant   l i thogenic   Dis t r ibut ion 
(according  to  degree (throughout 
o f  p a r t i c i p a t i o n  o f  the  qeneral 
the  underground  geocryol o- 
i c e  bed g i c a l  zones; 

accord ing  to  
Baranov 1956) 

type of ea r th   ma te r ia l s  

1.  Simple, wi thout ’   Course-granular,   not  All zones 
i c e  bed penetrated  by  water 

p r i o r   t o   f r e e z i n g ,  
d i f f e r i ng   genes is .  

2 .  Complex, s t r a t i -  Sec t i ons   d i f f e r ,  Temperate 
f i e d  bedding or penetrated by water  southern 
segregated and (wi th  water-bear ing 
i n j e c t e d  i ce ,  horizons)  marine, 
shallow  occurrence. g lac ia l -mar ine,  less 

f r equen t l y  - a l l u v i a l  
3. Compl  ex, w i t h  Finely-dispersed, Temperate 
f ine   ep igenet ic  a1  1 u v i a l  , lake-swamp, 
i c e   v e i n s  e tc .   p l   ea t1  ands 
4. Very  complex, Combination of  Temperate 
w i t h   s t r a t i f i e d  condit ions  charac- 
i c e  and wedge i c e  t e r i s t i c s  o f  forms 

5. Simple,  without  Mainly  peatlands  Southern 
i c e  bed 
6. Simple,  without  Coarse-grai ned, Northern, 
i c e  bed a1 1 uv ia l ,   coasta l ,   Arc t ic  

7 .  Complex, s t r a t i -  Combination of   Nor thern,  
f i e d   i c e   i n   t h e  condi t ions  charac-   Arct ic  
ep igenet ic   hor izon t e r i s t i c  of  form 6 

2 and 3 

f l u v i o g l a c i a l  , etc.  

i n   t h e   s y n p n e t i c  
horizon, and of t y p  
2 i n   t h e   e p i g e n e t i c  
hor izon 

8. Complex, wi th  Finely  d ispersed, ’   Northern,  
ep i -  and syngenet ic   a l luv ia l  , lake-swamp, A r c t i c  
v e i n s   i n   t h e  syn- sl ope , etc.  
qenetic  horizon. 
9. Very  complex, Combination  of  con-  Nort  hern , 
w i t h   i c e   v e i n s   i n  d i t i o n s   t y p i c a l  of A r c t i c  
the  syngenetic form 7 i n   t h e  syn- 
ho r i zon ,   s t r i a ted  genet ic   hor izon and 
i n  t h e  epigenet ic  o f  form 2 i n  the  
hor izon epigenet ic   hor izon.  
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TABLE 
(cont 'd )  

10.  Simple,  without 
i c e  bed 

11. Complex, w i t h  
i c e   v e i n s   i n   t h e  
syngenetic  horizon. 
12.  Very  complex, 
w i t h   i c e   v e i n s   i n  
the  syngenet ic 
horizons, and 
s t r a t i f i e d   i n   t h e  
epigenet ic  hor izons 

Coarsely-grained,  Northern, 
a1 l u v i a l  , coastal, A r c t i c  
g l  a c i a l  , etc .  
F i  ne ly -d i  spersed, Northern 
a1 1 u v i a l  , s lope,   Arc t i c  
e tc .  
Combination o f   Nor thern  , 
c o n d i t i o n s ,   t y p i c a l   A r c t i c  
o f  forms 2 and 3 i n  
the  ep igenet ic  
horizons, and of 
form 7 i n  the  syn- 
genet ic  hor izons. 

these  acquire one type o f  t ex tu re   o r   ano the r   du r ing   f reez ing  and a p re fe r red  
d is t r ibut ion  throughout   the  genera l   permafrost  zone, as depicted on Baranov's 
geocryological  map of the U . S . S . R .  ( I . Y a .  Baranov,  1956). 

I n   o u r   o p i n i o n ,   t h e   c l a s s i f i c a t i o n   i s   s u f f i c i e n t l y   d e t a i l e d  and 
can be used as the bas is   fo r   smal l -sca le  mapping  and r e g i o n a l i z a t i o n  of 

permafrost.  Furthermore, i t  a l l ows   f u r the r   e labo ra t i on   w i th  the i n t r o d u c t i o n  
of  gradations o f  the  c lasses  recording  cryogenic  structures,   th ickness of the  
upper  syngenetic  horizon,  etc. 

In  the  c lassi f icat ion  presented,  the  approximate  taxonomic  system 
o f  units f o r   i n d i v i d u a l   r e g i o n a l i z a t i o n   ( a c c o r d i n g  t o  Armand, 1975),  which 
cor respond  w i th   the  taxonomy o f  typolog ica l   reg ional   izat ion,   could  be:  
p rov ince ,   reg ion ,   d is t r i c t . *   For  medium and l a r g e   s c a l e   r e g i o n a l i z a t i o n   o f  
t he  l im i ted   a reas  o f  dry l and ,   the   se lec t ion  of taxonomic u n i t s  must be 
d i f f e r e n t .  There  must also  be a d i f f e r e n t  and  more d e t a i l e d   c l a s s i f i c a t i o n  
fo r   permaf ros t ,  However, the   bas ic   approach  to   reg iona l i za t ion  must, i n  our 
op in ion  be adhered  to, even here. 

* p rov in ts i ya ,   ob las t ' ,   r a ion   (T rans l . ) .  
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SCHEMATIC CRYOLITHOLOGICAL REGIONALIZATION OF THE NORTH-EAST U .S .S . R h  

A 

Province of mult igenet ic  permafrost .  
Region o f   ep igenet ic   permaf ros t :  1 - d i s t r i c t s   w i t h   s i m p l e  form of  cryogenic 
s t ruc tu re ,   w i thout  an i c e  bed; 2 - d i s t r i c t  w i t h  complex  form of  cryogenic 
texture,   wi th  sheet  segregated and i n j e c t e d   i c e .  
Region o f  syngenetic  permafrost: 3 - d i s t r i c t s   w i t h   s i m p l e  form of  cryogenic 
t e x t u r e   ( t e n t a t i   v e l y   i s o l a t e d )  . 

Province o f  polygenet ic  permafrost .  
Region of  epi-syngenetic permafrost w i t h  two horizons: 4 - d i s t r i c t s   w i t h  
s imple form o f  cryogenic   s t ructure;  6 - d i s t r i c t s   w i t h  complex  forms o f  
c ryogen ic   s t ruc tu re ,   w i th  ice wedges in   the   syngenet ic   hor izon ;  7 - d i s t r i c t s  
w i th   ve ry  complex  forms of  cryogenic   texture,   wi th   sheet   ice i n   t h e  
epigenet ic  hor izon, and w i th   i ce   ve ins   i n   t he   syngene t i c   ho r i zon .  
Region of mu1 t i -hor izones,  syn-epi-syn-epigenet ic  permafrost :  8 - d i s t r i c t s  
with  undetermined form o f  c ryogen ic   s t ruc tu re   ( t en ta t i ve l y   i so la ted ) .  
9 - southern boundary of  permaf ros t   d is t r ibu t ion   (accord ing  t o  Garanov, 
1956) ; 10 - geoi  sotherm  (according t o  Baranov, 1956). 
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It would be ve ry   t empt ing   t o   ca r ry   ou t   reg iona l i za t i on  and t o  

compile a map o f  t h e  Ear th 's  whole l i thosphere  immediate ly .  However, there  
i s  so l i t t l e   i n f o r m a t i o n   a v a i l a b l e   f o r   t h i s  purpose t h a t  we must r e f r a i n  from 
a t tempt ion   th is ,  even w i t h i n   t h e  U.S.S.R. ,  and we must  use  the  Northeast 
U.S.S.R. a lone as our example (Figure).  This  area,  with  which  the  author i s  
very   fami l ia r ,  possesses a g r e a t   v a r i e t y  o f  genetic  types  of  permafrost. 
This  a l lows  almost  the  ent i re  range of t he   p roposed   c lass i f i ca t i on   t o  be 
used . 

I n  accordance w i th   t he  taxonomy being used, t h e   t e r r i t o r y  under 
observat ion  can  c lear ly  be d i v i d e d   i n t o  two provinces: 1)  nlonagenetic 
permafrost,  extending  southwards  from  the  geoisotherms -4' , 4 O C ,  and 2 )  
polygenetic  permafrost,  extending  northwards  from  the  above-mentioned 
isotherms. It should  be  noted  that  the  southern  boundary o f  po lygenet ic  
p e r m a f r o s t   d i s t r i b u t i o n   i s  more or  less  wel l   def ined,  which  cannot be s a i d  
fo r   t he   no r the rn  boundary of  the  monogenetic  (epigenetic  type  only) 
permafrost. The l a t t e r   o c c u r   i n   t h e   f o r m  o f  i so la ted   reg ions  i n  mountainous 
areas  throughout  the  whole  cryol i thosphere. They a r e   . r e s t r i c t e d   t o  
d i s in teg ra t i ng   ou tc rops  o f  bedrock,  and t o  steep, denuded slopes from  which 
v i r t u a l l y   a l l   u n c o n s o l i d a t e d   m a t e r i a l s  have  been  removed. 

Wi th in   the   p rov ince   o f  monogenetic  permafrost,  regions  with  the 
syngenetic  type of cryogenic   texture o f  the  s imple form a re   i so la ted .  These 
can o n l y  form  along  the  southern  fr inge o f   t h e  permafrost, i n  areas  of 
present day t e c t o n i c   s e t t l i n g  - mainly i n  peatlands. Such areas can be 
assumed t o  be p r e s e n t   i n  West Siber ia,   the  Far  East and,  on the  map 
presented,  on  the  west  coast o f  Kamchatka and  on the  Okhotsk  coast. 
According t o  the data o f  some researchers who have studied  the  shores o f   t h e  
Far  Eastern seas ( I o n i n   e t  a1 . , 1971 ; Zenkovich e t  a1 . , 1971) , t h e   c o a s t l i n e  
o f  West Kamchatka bears  t races  of   recent submergence which, i n  some areas, 
may p o s s i b l y  be cont inu ing  even now. Since  permafrost  with  temperatures  of 
0' t o  -1OC cannot  be  very  thick, i t s  syngenetic  growth  from above dur ing  
submergence o f   t he   su r face   i nev i tab l y   l eads  t o  thawing  from  below. As a 
r e s u l t ,  t h i n  layers  o f  syngenetical ly  formed  permafrost  (and  therefore  with a 
cryogenic   texture)  can be preserved i n   t h e   s e c t i o n .  In actual   fact ,  however, 
these l aye rs   o f   pe rmaf ros t  have n o t  been ascertained  by anyone  as y e t .  
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With in  the  prov ince of po lygenet ic   permafrosts ,   reg ions  wi th  a 
m u l t i p l i c i t y  of  ho r i zons   (a t   l eas t   f ou r )  have  been t e n t a t i v e l y   i s o l a t e d .  
Furthermore, these are  the  tecton ica l ly   unstable  coasta l   areas  wi th in   which,  
dur ing  the  Quar ternary,   there were seve ra l   g lac ia l  advances  (Nizhne-Anadyr' 
Kolyuchinskaya and Lavrent 'evskaya  Depressions). Such permafrost has n o t   y e t  
been recorded in   t he   Nor theas t  U.S.S.R.  but,   by  analogy  wi th  several   other 
r e g i o n s ,   ( f o r  example, Western S i b e r i a  and the  lower  reaches of the  Yenise i )  , 
we consider the assumption  of i t s  presence t o  be j u s t i f i e d .   N a t u r a l l y ,  on 
t h e  map presented, we have not   estab l ished  the  actua l   form  of   c ryogenic  
t e x t u r e  o f  the  permafrost. However, consider ing  that   they  are  a lways  formed 
w i t h i n   n o r t h e r n  and a rc t i c   geoc ryo log i ca l  zones,  where the  temperatures o f  
t h e   p e r m a f r o s t   i s  below -5OC, i t  can be assumed t h a t   i t s  cryogenic   s t ructure 
will be  mainly  complex,  with wedge i ce   i n   t he   syngene t i c   ho r i zo t l s .  It was 
p r e c i s e l y   t h i s   t y p e   o f   t e x t u r e   t h a t  we observed i n   t h e   r n u l t i - h o r i r o n e d  
permafrost  i n  the  lower  reaches o f  the Yenisei   (Vtyur in,  1966). 

Complex permafrost   wi th  two horizons have the  1argest;areal 
d i s t r i b u t i o n   i n   t h e   N o r t h e a s t  U.S.S.R. These are  mainly  permafrost   regions 
with  widely  developed wedge i c e   f o r m i n g   t h e   i c e  beds i n  the  upper  syngenetic 
hor izon.  Less frequently,  regions  are  encountered i n  which  cryogenic  texture 
i s  very complex. This  occurs when the  beds of ground i c e  developed  not  only 
sygene t i ca l l y ,   bu t   a l so   i n   t he   upper   pa r t  o f  the  ep igenet ic   hor izon  (sheets  
o f  p r imord ia l  ground i c e  o f  segregated o r   i n j e c t e d   o r i g i n ) .  They have  been 
recorded on the   coas ta l   a reas   o f   the   Gu l f   o f   Anadyr ' ,  on the  shores of t h e  
Sea o f  Okhotsk (Vytur in ,  1964; Gasanov, 1969),  and on the New S iber ian  
Is lands  (Vol losovich,  1962; Ivanov,  Yashin,  1959). 

Therefore,   wi th in   the  area  be ing examined, reg ions   w i th   the  
mono-epigenetic  type o f  pe rmaf ros t   o f   t he  complex  and very complex  forms (No 
3 and No 4, i n  t h e   c l a s s i f i c a t i o n )  are not   i so la ted ,   nor   a re   reg ions   w i th  
polygenetic,  mult i-horizoned  permafrosts o f  a l l  types (nos 10-12 i n  the  
c l a s s i f i c a t i o n ) .  O f  course, t h i s  does n o t  meant tha t   these do n o t   e x i s t .  I n  

p r inc ip le ,   these  a re   inc luded.  For  example, d u r i n g   f u t u r e   r e s e a r c h   o f   t h e  
Koryak Range, t h e  Kamchatka Peninsula  and  other  regions,  epigenetic 
permafrost   wi th wedge i c e   ( o r   r a t h e r ,   r e l i c   i c e  - which does n o t  change the  
s i t u a t i o n )  will probably be found. The study  of   coastal   areas  wi th  unstable 
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tectonic regimes wi l l  probably permit future  isolation o f  various types o f  

multi-horizoned  layers of polygenetic  permafrost. 

I f  the areal  distribution  patterns of permafrost  possessing 
differ ing textures i s  examined throughout a1 1 the  geocryologic  tones, then i t  
i s  not d i f f i c u l t  t o  observe that  t he  polygenetic  permafrost zone extends  over 
the  northern and a rc t i c  zones, and that   the  monogenetic permafrost zone i s  
mainly w i t h i n  the southern and temperature zone. The exceptions,  as we have 
already  pointed  out,  are the regions w i t h  the  epigenetic type of  permafrost 
of  the simple form; these are  azonal and are  found i n  a l l  geocryological 
zones. 

nature o f  the work 
cryol i thological reg 
considered  essentially 

I t  i s  exped 

In conclusion, we would l i k e  t o  emphasize once more the  systematic 
completed. For this reason, the appended map o f  the 

ionalization of  the Northeast U.S.S.R.  should be 
as the principle schema. 

ient that  further elaboration o f  the regionalization 
should be directed towards the isolation o f  taxonomic units associated w i t h  
recording differences i n  cryogenic structures  (streaky, massive) and 
thicknesses of the upper syngenetic  horizon of polygenetic  permafrosts. 
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TERRAIN-FORMING PROCESSES IN THE PERMAFROST REGION AND THE PRINCIPLES OF 

THEIR  PREVENTION AND LIMITATION IN TERRITORIES UNDER DEVELOPMENT 

N.A. Grave and V . L .  Sukhodrovskii 
Permafrost Inst i tute ,  Yakutsk 

Economic development of a region w i t h  i c e  rich  permafrost, which 
i s  accompanied by a disturbance o f  vegetation and t o p  layer of s o i l ,  
eventually  leads t o  a change i n  the  heat exchange between the ground  and the 
air   layer  a t  the surface. This activates or generates new processes  of 
cryomorphogenesis in  the  region under development and i n  adjacent  areas, 
which in turn changes the landscape  including  local  terrain. As a resul t ,  
buildings and other  structures  often  suffer  severe damage. 

The active cryomorphogenetic processes i n  newly developed areas 
include  solifluction, thermal erosion, heaving and thermkarst. The f i r s t  
two are  part o f  thermal denudation,  while  the l a s t  two are  cryogenic 
processes proper. All these processes may interact,  a l t h o u g h  one of them 
will be the predominant one, depending on the  slope  of  the ground surface or 
the  extent o f  i t s  drainage. The ice  (water)  content of  the ground,  i t s  
lithological and grain  size  composition, and the depth o f  seasonal  freezing 
and thawing are  the elements o f  t h e  substrate i n  which these processes a re  
developing. They determine the  intensity of  cryomorphogenesis and manifest 
themselves i n  the  degree o f  modification of primary terrain. 

However, active development of terrain forming processes caused by 
economic act ivi ty  cannot go on forever. Nature constantly  tends t o  
ecological  equil i bri urn (Shvarts , 1976). Hence these  processes  attenuate w i t h  
time and the newly  formed terrain achieves a s t a t e  o f  equilibrium w i t h  the 
newly established heat exchange between the ground and the air layer a t  the 

Proceedings T h i r d  International Conference on Permafrost, 
Vol. 1 , pp. 468 - 472, 1978. 
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surface. This is  the beginning o f  a new stage o f  terrain  stabil ization which 
las ts   unt i l  the  heat  balance i s  once again d i s tu rbed .  

The intensity o f  natural  terrain forming processes n o t  related t o  
economic development of a given area i s  usually  quite low, which indicates 
that  these  processes  are  capable o f  self  regulation. I .P.  Gerasimov (1970) 
considered  the  soil and vegetation  cover  to be the main "regulator" of  
terrain forming processes which ''possesses specific  antierosive  properties 
control 1 i n g  the  intensity o f  natural  denudation, i . e . ,  i t  makes denudation 
proportional t o  tectonic movements'' ( p .  1 2 ) .  The absolute age of the 
present-day so i l s ,  which ranges from a few hundred t o  1000 - 3000 years, can 
be taken  as proof o f  such a role o f  the  soil-vegetation  cover. This rate  of 
denudation  corresponds t o  an annual increase  in  the  soil  thickness of 1 t o  
100 mm, i .e., an increase which l i e s  w i t h i n  the  limits of intensity  of 
tectonic movements. Further  evidence o f  the  regulating  role o f  the 
soil-vegetation  cover i s  provided by long term investigations,  according t o  
which a disturbance o f  this  cover on the slopes intensifies denudation by one 
or two orders of magnitude. 

The cryomorphogenetic processes which develop under natural 
conditions were described i n  a number of  studies  (Solov'ev, 1962; Kaplina, 
1965;  Zhigarev, 1967; KOSOV, Konstantinova, 1969; Sukhodrovskii I 1972, 1976; 
e t c  .) . 

There are as y e t  no adequate  descriptions o f  similar  processes 
resulting from  economic development of a given area.  Briefly  these  processes 
are as follows. 

Sol i f luct ion  is  a common phenomenon in  the  permafrost  region on 
m o i s t  fine  grained  soils. Under natural  conditions,  its  average  rate  is 1 t o  
4 cm per  year.  Disturbance of the  soil and vegetation  cover o n  ice  rich 
ground increases  the  depth o f  seasonal thawing and this i n  turn increases the 
rate  of  solifluction making i t  possible t o  observe i t  visually, 

In due course, some sections of  the  slopes  level  off, thawed moist 
soi 1 begins t o  dry and i t s  mobi 1 i t y   i s  reduced. The surface  terrain becomes 
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s tab le  and a new soil-vegetation cover is formed. Once rap id  solifluction 
stops,  which occurs  in  stages,  vegetation  appears soon af te r  t h a t  ( i n  the 
f i r s t  few years), even on the slopes i n  the tundra (Konstantinova, Tyr t ikov ,  
1974). A number o f  studies i n  Siberia and Alaska (Bo1 'shakov,  1966; 
Sukhodrovskii, 1972; Zhigarev, 1975; Smi th ,  Berg, 1973) indicates I that  
destructive  processes normally attenuate over a period o f  5 to 10 years, 
while  the stage of their  active development las t s  n o t  more than 2 - 3 years. 

I 

I t  is possible  to  single o u t  three stages i n  the development of 
slopes once their soil  and vegetation  cover has been disturbed. The f i r s t  
stage  is  characterized by the most active development of rapid sol i f luct ion,  
which usually  manifests i t s e l f  i n  slumping leading t o  formation o f  r i l l s  and 
thermal  denudation  surfaces w i t h  accumulation trains and occasional  lobes. 
There i s  a possibil i ty of cave-ins o f  drying soil on steep slopes, The 
second stage i s  Characterized by a gradual  attenuation  of  solifluction and 
soil  creep a s  the slopes develop a new plant  cover. The t h i r d  stage, w h i c h  
s t a r t s  once the  slopes are completely  covered w i t h  new vegetation, i s  
characterized mainly by slow solifluction sometimes leading t o  formation  of 
solifluction  terraces.  I f  local  conditions  are such that  the slopes do not 
acquire a new plant  cover, the t h i r d  stage  will be absent  altogether. 

Thermal erosion  results i n  formation o f  gorges and occurs i n  
places where the geomorphological conditions  favour a concentrated surface 
runoff on ice  rich  soils. Normal erosion i n  this case i s  accompanied by 

melting of ground i c e .  Thermal erosion is  faci l i ta ted by the disturbance o f  
the  soil and vegetation  cover and i s ,  therefore,  often  generated by the 
tracks o f  vehicles which follow  the  direction o f  the slope. Another reason 
f o r  i t s  development may  be formation o f  hollows resulting from rapid 
solifluction. This i s  most l ikely t o  occur i n  funnel-shaped  depressions 
collecting  water or on depressed  cirque-like  sections o f  the slopes. 

The  main reason for  the  intensification of gorge formation i n  
newly developed regions of the  tundra i s  a sudden increase  in  surface  runoff 
resulting from accumulation  of snow near  buildings and other  structures. As 
the gorges increase  in  size, they too  begin t o  accumulate more  and  more  snow 
Subsequent melting of this  snow intensifies  erosion  st i l l   further.  Another 
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reason f o r   i n c r e a s e d   r u n o f f   i s   w a t e r   d i s c a r d e d   f r o m   i n d u s t r i a l  and 
r e s i d e n t i a l   b u i l d i n g s .  

Formation o f  gorges i n   i c e   r i c h   s o i l   l e a d s   t o   a c t i v e  development 
o f  s o l i f l u c t i o n  on the  slopes. The creeks and streams do n o t  have s u f f i c i e n t  
t i m e   t o  remove the  sediments  deposited a t   t h e  f o o t  o f   t he   s lopes .  As a 
r e s u l t ,   t h e   s l o p e s   r e t r e a t   r e l a t i v e l y   r a p i d l y   b u t   t h e   s t e e p   d i p  of  the  bottom 
o f  the  gorges is   re ta ined  (Sukhodrovsk i i ,  1972; Konstant inova,  Tyrt ikov,  

1974) 

There  are  three  stages o f  development o f  thermal  erosion  which 
correspond t o  s p e c i f i c  forms o f   t e r r a i n .   I n   t h e   f i r s t  stage, r i l l s   a r e  
formed, i .e,, shal low  eros ional   inc is ions.  On sec t i ons   w i th  a d is tu rbed 
p lan t   cover ,   these  inc is ions   usua l ly   cons t i tu te   the   beg inn ing  of a new gorge, 

I n   t h e  second  stage, the  r i l l s  become deeper  and wider and are  transformed t o  
gorges  proper,  which may take anywhere from one t o  several  years. I n  t h e  
t h i r d  stage,  the  gorges  are  transformed t o   s h a l l o w   v a l l e y s   w i t h  smoothed-out 
sides.  This  process marks t h e  end o f  down-cutt ing and re t rogress ive   e ros ion  
due t o  1 eve1 1 i n g  of t h e   l o n g i t u d i n a l   p r o f i  1 e o f  the  Val 1 ey bot ton . 

There i s   s t i l l  no in format ion on how long 1 t takes   f o r   t he  
l o n g i t u d i n a l   p r o f i l e   t o   l e v e l   o f f ,   i n   r e l a t i o n   t o   t h e   r u n o f f ,   t h e   s u r f a c e  
gradient,   the  composi t ion of t h e   s o i l  and i t s  i ce   con ten t .  The data  on 
changes i n   t h e  growth r a t e  o f  gorges i n  newly  developed  areas seem t o  
i n d i c a t e   t h a t   f o r m a t i o n   o f  a new l o n g i t u d i n a l   e q u i l i b r i u m   p r o f i l e   t a k e s  
anywhere  from  ten to   twenty  years or longer. The stage o f  Val l e y   f o r m a t i o n  
i s  much longer  than  the two preceding  stages and may be repeatedly  
i n t e r r u p t e d  by the  downcutt ing o f  new streams resul t ing  f rom  changing 
cond i t ions  o f  r u n o f f .  

Heaving  caused  by human a c t i v i t y ,  as we l l  as natural  heaving, 
resu l t s   f rom  f reez ing  o f  ear th   mater ia ls  accompanied by  water   migrat ion  wi th  
subsequent  formation o f  ground i c e .  The extent  of heaving depends on i t s  
ra te ,   the   water   con ten t  o f  t he   so i l   be fo re  and dur ing  f reez ing,  and  on t h e  
phys ica l  and  mechanical p roper t ies  (Nevecherya,  1973).  Heaving may be 
seasonal o r   pe renn ia l .  



- 15 - 

The  most impor tan t   resu l t  o f  seasonal  heaving  related t o  format ion 
of   segregated  ice  are  the  so-ca l led  f rost   bo i ls ,   which  usual ly   occur  on 
c o n s t r u c t i o n   s i t e s  and roads, i f  w i t h i n   t h e i r   l i m i t s   t h e   l a y e r  of seasonal 
thawing  accumulates and stores  considerable amounts o f  water. The f r o s t  
b o i l s   a r e  formed i n   w i n t e r .  Subsequent  thawing o f  i c e   r i c h   s o i l s  i n  t h e  
spr ing  and summer r e s u l t s   i n   t h e i r   s e t t l e m e n t ,   r a r e f a c t i o n  and format ion of 
mudf 1 ows . 

Perennial  heaving may o c c u r   l o c a l l y  or over  extensive  areas. It 

i s   u s u a l l y  due t o  f reez ing  o f  t a l   i ks ,   wh ich  may r e s u l t  from cons t ruc t ion   o f  
drainage trenches and, i n   p a r t i c u l a r ,  from emptying of lakes.  Extensive 
heaving  resul t ing  f rom  ice  segregat ion  o f ten  leads t o  format ion o f  f r o s t  
mounds up t o  several  meters i n  he ight .  The l a t t e r  may con ta in   bo th   i n jec ted  
and  segregated  ice. The g r o w t h   r a t e   o f  such mounds reaches  several 
decimeters  per  year. 

Formation o f  p e r e n n i a l   f r o s t  mounds can be d i v i d e d   i n t o   t h r e e  
stages as w e l l .  The f i r s t  two  stages r e f e r  t o  y o u t h f u l  and  mature  forms o f  
t e r r a i n   r e s p e c t i v e l y .  The th i rd   s tage   shou ld   ev iden t l y  be r e l a t e d  t o  t h e  
d e s t r u c t i o n   o f   f r o s t  mounds due t o  thermal  denudation. 

Thermokarst i s  a process  opposite t o  heaving. It m a n i f e s t s   i t s e l f  
i n  me1 t i n g  o f  ground i c e  and i n  format ion o f  nega t i ve   re l i e f   f o rms ,  such  as 
depressions  and  lake  basins.  Thermokarst as such i s   p r a c t i c a l l y   a b s e n t   o n  
i n c l i n e d   s u r f a c e s   w i t h  a runof f .   Ins tead  there   i s   thermal   denudat ion  
i nc l   ud i  ng thermal  erosion. 

Local   melt ing of ground i c e   i s  most l i k e l y  on leve l   sur faces where 
thermokarst  features may be  formed  due t o  an  increase i n  the  ground 
temperature. Such an increase may r e s u l t  from a change i n  thermal   insu la t ion  
o f  the  ground  surface due t o  human a c t i v i t y ,   w h i c h  may increase  the  depth o f  

seasonal  thaw o f  i c e   r i c h   s o i l s .   T h i s  happens, f o r  example, i f  t h e   s o i l  and 
vegetat ion  cover i s  d i s tu rbed   by   veh ic les .   I n   t h i s  case,  water will 
accumulate i n  the   ru t s   l ead ing   t o   f o rma t ion  o f  sinkholes,  which may reach 
1 - 1.5 rn i n  depth. However, format ion o f  thermokarst   s inkholes  of ten  stops 
a t  a very   ear ly   s tage o f  t h e i r  development,  since  water i n  them evaporates i n  
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the summer.  Such sinkholes  stabilize  fairly  rapidly. The  same may happen i f  
thawing soil has a low ice  content. 

Large thermokarst  features, such as 1 ake basins, can be  formed 
only  i n  places of occurrence of thick ground ice. In our  opinion,  another 
reason for active development o f  thermokarst i s  considerable  transformation 
o f  primary terrain by  man, which may 1 ead to  large  accumulations o f  water on 
ice rich ground. Something 1 i ke th i s  may happen as a resul t  o f  large  scale 
earthworks, such as  construction of road beds  and other embankments impeding 
natural  runoff. To our knowledge, attempts to  activate  thermokarst by 
d i s t u r b i n g  the  soil and vegetation  cover so as  to  create  a  water body have 
not been successful so far .  They merely led to formation o f  thermokarst 
depressions which  became stabil  ized  only  a few years  later,  Even i f  these 
depressions were fi l led w i t h  water i n  the  spring  or d u r i n g  rains,  the la t te r  
evaporated  completely or partial ly .  

Consequently economic act ivi ty  i s  usually  the  reason  for  formation 
o f  relatively  mal 1 thermokarst  depressions. Conversion  of such depressions 
t o  large  thermokarst  lakes i s  possible  only by creating  artificial  conditions 
for a positive  water  balance i n  places o f  occurrence o f  thick ground ice.  

Thus i t  i s  possible t o  single  out two stages i n  the development of 
thermokarst terrain:  formation o f  depressions and their  transformation t o  
l a k e  basins,  although  the l a t t e r  process may stop soon a f t e r  i t s  ini t ia t ion.  
There i s   ye t  another  process which may terminate i n  the development of the 
th i rd  stage, i .e . ,  formation of alasses. B u t  this is a very  lengthy  process 
and i s  1 i kely to occur  only on ancient accumulation surfaces where 
thermokarst  interacts w i t h  thermal erosion and thermal denudation. 

We have seen that heaving and thermokarst, which normally occur on 
level accumulation surfaces, depend on the  moisture  content o f  the ground  and 
the  presence of water on the  surface  respectively, which i n  turn depends on 
the runoff .  Consequently, the main regulator of these processes i s  the 
te r ra in   i t se l f .  In this, heaving and thermokarst d i f fe r  from solifluction 
and thermal erosion whose development is  controlled by the  soil and 
vegetation  cover. 
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To devise  engineering methods of s topp ing   o r  1 i m i t i n g   t h e  
des t ruc t ive   p rocesses   resu l t ing  from  economic a c t i v i t i e s   i n  a given  areas i t  
i s  essent ia l  t o  know t h e   i n t e n s i t y  and the  consequences of these  processes. 

Unfor tunate ly ,   there i s  s t i l l  very l i t t l e   p r a c t i c a l   e x p e r i e n c e   i n   f o r e c a s t i n g  
changes i n   t h e   e n g i n e e r i n g  and geocryo log ica l   condi t ions.  A t  t he  same t ime, 
much has  been done t o   c o l l e c t  and  summarize the   f ac tua l   da ta  on t h e  
environmental   condi t ions  in  newly  developed  permafrost   regions,  both i n   t h e  
U.S.S.R. and i n   t h e  American  North, i . e . $  da ta   wh ich   a re   essen t ia l   f o r  
q u a l i t a t i v e   f o r e c a s t i n g .  The theo re t i ca l   bas i s  o f  geocryo log ica l   fo recas t ing  
and the  methods o f  es t imat ing   poss ib le  changes i n  environmental   condi t ions 
have  been  developed a1 so. 

Large  scale  research programmes were c a r r i e d   o u t   i n   A l a s k a  and 
Northern Canada and prov ided  the  in format ion  requi red t o  p r e d i c t   a l l   p o s s i b l e  
environmental   d isturbances  resul t ing  f rom human a c t i v i t i e s  and i n c l u d i n g  
destruct ive  processes i n  permafrost   ( format ion  of  gorges, slumping, 
so l i f luc t ion ,   thermokars t )   wh ich  occur i n   t h e  course of c o n s t r u c t i o n   o f  
highways, i n d u s t r i a l   b u i l d i n g s ,   e t c .  

A wide  range of eco log ica l   s tud ies  was c a r r i e d  o u t  i n  Alaska  ( the 
Tundra Biome programme). The pe rmaf ros t   t e r ra in   f ea tu res  and the processes 
respons ib le   fo r   the i r   fo rmat ion  were described  by  Everett  (1975). I n  1976-79 
CRREL i n t e n d s   t o   c a r r y   o u t  a specia l  programme o f  geocryo log ica l  
i nves t i ga t i ons   a long   t he  Yukon R iver  - Prudhoe Bay highway and p ipe l i ne ,  
which will cent re  on forecast ing  the  dest ruct ive  processes  in   the  course o f  
construct ion  (Environmental   Engineer ing  Invest igat ions,   1976).  

The ALUR programme i n i t i a t e d   i n  Canada i n  1971 by  the  Department 
o f  I nd ian  and Nor thern   A f fa i rs   inc ludes  a wide  range o f   s t u d i e s   w i t h   t h e   a i m  
o f  obtaining  detai led  informat ion  on  the  natural   environment i n  Canada n o r t h  
of 60°N. This   in format ion will be  used t o  forecast   the  harmfu l  consequences 
o f  economic  development  (Grave,  1977).  Landuse and t e r r a i n   s e n s i t i v i t y  maps 
are  being  compiled  from  engineering-geological , geocryological , geobotanical 
and  other maps on the  sca le 1 : 250,000 prepared  by  pr ivate companies. The 
Geological  Survey of Canada has compiled a t e r r a i n   s e n s i t i v i t y  map of   the 
Mackenzie  Valley and the   no r the rn   pa r t  o f  the  Yukon T e r r i t o r y  on the   sca le  
1 : 1,000,000 ( T e r r a i n   S e n s i t i v i t y ,  1975).  
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The map shows reg ions   w i th   cha rac te r i s t i c   geo logy  and 
geomorphology. The t e r r a i n   s e n s i t i v i t y   i n d i c e s ,   t h e   e x t e n t  o f  disturbances 
and  the  types of reac t ion   to   these  d is tu rbances   a re   g iven   fo r  each reg ion .  
F i n a l l y ,   t h e r e   i s  a l i s t  of processes  which  should  be  considered i n  prepar ing 
the   fo recas ts .  

The t e r r a i n   s e n s i t i v i t y  depends on   the   reac t ion  o f  t h e   t e r r a i n   t o  
a disturbance,  which i n   t u r n  depends on  the amount of i c e   i n   t h e  ground  and 
the  depth o f  i t s  occurrence,  the  gradient o f   the   sur face ,   the   g round 
composition, and the   so i l -vegeta t ion   cover .  The s e n s i t i v i t y   i s  expressed i n  
c lasses ,   i nc reas ing   w i th   respec t   t o   i n tens i t y   f rom 1 t o  7. Geocryological 
f o r e c a s t i n g   i s   a l r e a d y  in use i n  Alaska and Northern Canada i n   t h e  
cons t ruc t i on  o f  highways and p ipe l i nes ,  

I n   t h e  U.S.S.R., the   fo recas ts  o f  changes i n  geocryo log ica l  
c o n d i t i o n s   i n  newly  developed  regions  are based on the  engineer ing-geological  
(permafrost)  surveys  (Fundamentals o f  permafrost  forecasting,  1974) and 
spec ia l   i nves t i ga t i ons  o f  indiv idual   processes i n  permafrost  ("cryogenic 
processes") .   Special   at tent ion i s  given t o  the  temperature and the  depth of  
thawing and f reez ing  i n  the   g i ven   env i ronmen ta l - te r r i t o r i a l  complexes 
(Grechishchev e t  a l . ,  1977). The temperature  forecasts   are  ar r ived a t  by 
c a l c u l a t i o n s  based  on t h e   a i r  temperature and t h e   c o r r e c t i o n   c o e f f i c i e n t s  
wh ich   a l l ow   fo r   t he   cha rac te r i s t i cs  of t he   g i ven   env i ronmen ta l - te r r i t o r i a l  
complexes. The fo recas ts  of  cryogenic  processes  are  given i n   c o n j u n c t i o n  
w i th   f o recas ts  o f  the  thermal and the  moisture  regimes o f  the  ground based on 
a c l a s s i f i c a t i o n  of t h e   g i v e n   r e g i o n   w i t h   r e s p e c t   t o   t h e   i n t e n s i t y  o f  these 
processes, 

For example, i t  i s  ,poss ib le   to   d iv ide   heav ing   in to   th ree   types :  
very   in tens ive,   in tens ive,  and s l i g h t  (Nevecherya,  1973). The p o s s i b i l i t y  o f  
occurrence of thermokarst and t h e   i n t e n s i t y  o f  i t s  development  are  estimated 
by   cons ider ing   the   thawing   o f   i ce   r i ch   g round  beneath   the   in i t ia l   water  body 
and dur ing   t he   des t ruc t i on  of the  soi l   cover  (Grechishchev e t  a1 . 1977). 

Much a t t e n t i o n ,   e s p e c i a l l y   i n   t h e  USA, i s  g iven t o  the  d is turbance 
o f  the  tundra  cover by various  types o f  veh ic les  and  by  animals  both i n   t h e  
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summer and i n   w i n t e r ,  and t o  the  development of t r a n s p o r t a t i o n   f a c i l i t i e s  
which  would  reduce  such  disturbances t o  a minimum (Brown,  1976; B a t z l i ,  
Brown, 1976; Kempel, 1969, e t c  .) . 

To develop  forecasts o f  des t ruc t i ve  phenomena, i t  i s  i m p o r t a n t   t o  
know the  t ime o f  t h e i r   n a t u r a l   s t a b i l i z a t i o n .   I n   t h i s   c o n n e c t i o n ,   t h e  
fo l l ow ing  examples may be of i n t e r e s t .  

In   the   cu ts   a long  the   Ta ishet -Lena  ra i l road,  where t h e   u n i t   i c e  
content  of permafrost  reached 40 - 50%, s loughing  cont inued  for  5 - 6 years, 
a f ter   which  the  s lopes were s t a b i l i z e d  (Bo1 'shakov,  1966). 

Observations o f  the c u t s   i n   i c e   r i c h   s o i l s   a l o n g  a highway i n  

Centra l   A laska  ind icated  that   the  s lopes  tended t o  s t a b i l i z e   a f t e r   t h r e e  
years  (Smith,  Berg, 1973). 

I Intensive  s lumping and s lough ing   on   the   cons t ruc t ion   s i te  o f  t h e  
set t lement  of Gaz-Sale i n  the nor the rn   pa r t  of  Western S iber ia   s topped  a f te r  
two o r  three  years.  Observations  there  have been going  on  since 1955 
(Sukhodrovski i ,   1972).   Vis ib le  ice  content of the  upper  horizons o f  
permafrost on t h i s   s i t e  was as h igh  as 40%. The o b s e r v a t i o n s   c a r r i e d   o u t   i n  
1976 showed tha t   comp le te   s tab i l i za t i on  o f  t h e  slopes occurred i n   l e s s   t h a n  
1 0   y e a r s   a f t e r   t h e   s t a r t   o f   c o n s t r u c t i o n .  

The above  examples i n d i c a t e  once  more t h a t   r a p i d   s o l i f l u c t i o n  
l a s t s   f o r  2 - 3 years ,   wh i le   comple te   s tab i l i za t ion  o f  slopes composed of i c e  
saturated  mater ia ls   takes  p lace  over  a per iod  o f  5 - 10  years. 

Also o f  i n t e r e s t   i s   t h e   r a p i d  development of a g u l l y  caused by 
c o n s t r u c t i o n   a t   t h e   n o r t h e r n  edge of  Tazovskii , a sett lenlent i n  Tyumen 
Oblast .  The ground  there  consists o f  sand,  supes  and sugl inok.  The average 
u n i t   i c e   c o n t e n t  o f  the  upper  permafrost   hor izon i s  10 - 40%. A f t e r   t h e  
tacheometric  survey i n  1961, t h e   g u l l y   i n c r e a s e d   i n   s i z e   f o r   t h e   f o l l o w i n g  10 
years a t  an average r a t e  o f  6 m per year. This  was due to   d is turbance of  t he  
s o i l  and vegetat ion  cover and t o  format ion o f  snow d r i f t s  a t  t he   bu i l d ings  
and o ther   s t ruc tu res ,   wh i le  on the   sur round ing   s i te   there  was p r a c t i c a l l y  no 
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snow accumulation, I n   t h e  subsequent 6 years  (up  to  1976),   the  average 

growth   ra te  of t h e   g u l l y  was 3 m per  year.  Thus a c t i v e  development  of t h e  
g u l l y   l a s t e d  about 10   yea rs ,   a f te r   wh ich   s tab i l i za t i on  s e t  i n .  

F i n a l l y ,  one  example o f   t he rmokars t   s tab i l i za t i on .   Acco rd ing  t o  
observat ions i n  the  Canadian Arc t i c ,   the   tundra   sec t ions   d is tu rbed by a 
b u l l d o z e r   i n  1965 subsided i n  t h e   f o l l o w i n g  summer and the  ensuing 
depress ions   were   pa r t i a l l y   f i l l ed   w i th   wa te r .  However, by 1968, these 
sect ions  were  s tab i l ized and new vegetat ion began t o  appear (Rempel , 1969). 

Consequently, t h e  measures o f  p r e v e n t i n g   o r   l i m i t i n g   t h e  
destruct ive  processes i n  newly  developed  areas  should be  based mainly on the  
p o s s i b l e   r e t e n t i o n  o f  i n s u l a t i n g  and a n t i e r o s i v e   p r o p e r t i e s  o f  t h e   s o i l  and 
vegetat ion  cover,   as  wel l  as on the   con t ro l  of  the   sur face   runof f  and 
drainage. To s tab i l i ze   d i s tu rbed   t e r ra in ,   t ime ly   adop t ion  of measures 
designed t o  accelerate  the  processes  which  develop i n   t h e   d i s t u r b e d  
environment i s  occasional ly  very  important.   In  other  words:  "Man must n o t  
take upon h imse l f  t h e  f u n c t i o n  of the   b iosphere   bu t   must   s imp l i f y  i t s  task"  

(Shvarts, 1976 I p. 67) .  

Based on t h i s   p r i n c i p l e ,   t h e   f o l l o w i n g   s t e p s  may be  adopted t o  

from  the  development o f  areas wi th  1 imi t the  des t ruc t ive   p rocesses   resu l t ing  
i c e  r i c h  permafrost 

1.  Induced a c t i v a t i o n   o f   p r e d  i c t e d   d e s t r u c t  i v e  processes p r i o r  t o  

const ruct ion,   bear ing i n  m i n d   t h e   a b i l i t y  o f  these  processes t o   a t t e n u a t e  as  
the  new and s t a b l e   t e r r a i n   i s   b e i n g  formed. 

2 .  Prevent ion and l i m i t a t i o n  o f  destruct ive  processes. 

3. Measures t o   a c c e l e r a t e   s t a b i l i z a t i o n   o f  a disturbed  surface 
and format ion o f  a new s t a b l e   t e r r r a i n .  

All three  approaches  should be regarded as supplementing  each 
o t h e r  and therefore  can  be  adopted  simultaneously i n  the  case o f  some 
pro jec ts .  The l e a s t   s t u d i e d   i s  the f i r s t  approach.  Evidently i t  can  be 
recommended i n   s p e c i f i c  cases i n  con junc t ion   w i th   o ther  methods. 
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The other two approaches are  based on theoretical and practical 
experience. The adopted measures should be aimed, f i rs t  o f  a l l ,  a t  
cantroll i n g  the  runoff,  reducing  the  water  content o f  the ground  and the 
amount o f  water on the surface, and insulating  the  ice  rich  permafrost. Such 
measures include:  drainage, removal of water from the  surface,  retention and 
restoration o f  the soi l  and vegetation  cover,  limited  use o f  vehicles which 
may disturb the  surface  cover,  limited use o f  excavation and blasting, sowing 
of grass,  planting of trees and shrubs, use o f  a r t i f i c i a l  covers  (peat, moss, 
wood, synthetic  materials), and use o f  f i l l  (sand,  granular  materials). 

As a last step, measures should be taken to  improve the  esthetic 
appearance of the  area,  i.e.,  additional  landscaping, proper location  of 
b u i l d i n g s ,  highways, e tc .  t o  match local  terrain,  and allowances for  
recreational  requirements. 

On the whole, a l l  these  steps have one common aim: land 
improvement i n  the newly developed area. The final  choice o f  measures will 
depend on the environmental  conditions and the economic f eas ib i l i t y ,  
However, the most re1  iable  solutions will be those based on thorough studies 
of the  area, making i t  possible t o  predict  the changes i n  the  engineering and 
geological  conditions and to  evaluate  the recommended land improvement 
measures 
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HYDROGEOCHEMICAL  INVESTIGATIONS IN PERMAFROST  STUDIES 

N .P. Anisimova 
Permafrost Institute, Yakutsk, U.S.S.R. 

At the present stage of permafrost research, the study of the 
distribution,  occurrence, and temperature regime o f  perennially frozen earth 
masses,  as well as the peculiarities of their  cryogenic  structure, ice 
content, and certain physicochemical properties, is done concomitantly  with 
the study of their interaction with groundwater. In a broad sense, such 
studies a1 so i ncl ude cryohydrogeochemical research, inasmuch as upon  cool i ng , 
freezing or thawing, a redistribution of ionic components between the water, 
ice and rock takes place. 

Special hydrogeochemical laboratory and field research done by the 
Permafrost  Institute o f  the Siberian Department of  the Academy of Sciences of  
the U.S.S.R., and  by a number o f  other  Soviet institutes, has permitted 
elucidation of  the specific cryohydrogeochemical criteria  for the formation of 

frozen earth masses and ice, as well as the hydrochemical indices for 
cryogenic metamorphism o f  the content of  the  water remaining in the liquid 
phase. Cognizance should be taken o f  the aforementioned criteria and indices 
when doing multidisciplinary regional cryohydrogeological  research, when 
studying  permafrost-facies conditions I when  formulating paleohydrogeological 
and paleopermafrost models, and when forecasting  possible  changes in the 
cryohydrogeological  situation in the zone o f  economic  development of 
permafrost regions. 

HYDROCHEMICAL INDICES FOR CRYOGENIC  METAMORPHISM OF GROUNDWATER 

Depending, firstly, on the  temperature and rate o f  freezing of the 
aquifers (or thawing of the  ice-bearing formation); secondly on the initial 

Proceedings Third International Conference on Permafrost, 
Vol. 1 pp. 490 - 494, 1978. 



- 26 - 

chemical  composition o f  the groundwater and the  earth masses; t h i r d l y ,  on the 
thickness of the  aquiferous  horizon; and fourthly on the  rate o f  water 
exchange; the  cryogenic changes i n  the chemical composition  of the groundwater 
may be very  substantial,  transitory (or seasonal) , reversible,  or  negligible. 
The direction,  extent, and s t a t e  o f  cryogenic change i n  the chemical 
composition o f  groundwater  vary widely because the zone of  cooling i s  
characterized by a great  variety o f  hydrogeochemical and freezing  situations 
which  have specific hydrodynamic and geothermal features. 

These processes  manifest  themselves most f u l l y  and clearly i n  the 
case o f  cool i n g  and crystall ization o f  groundwater i n  a rc t ic  and subarctic 
regions  (Neizvestnov,  Tolstikhin,  1970). Two phenomena occur  here w i t h i n  the 
permafroze  zone: f i r s t ly ,  cryogenic  concentration  of  readily  soluble  salts 
(mainly  chlorides), w i t h  a low eutectic  temperature, i n  the groundwater; and 
secondly,  precipitation o f  sa l t s  w i t h  a h i g h  eutectic  temperature  (calcium 
carbonate, magnesium  and  sodium sulphate), When contemporary  marine deposits 
cool down, mineralization of  the porewater solution i n  the  process o f  i t s  
partial  crystallization  increases  threefold  to s i x f o l d  due t o  the accumulation 
of  sodim, magnesium  and calcium chlorides. (Ponomarev, 1950; Neizvestnov, 
1973; Molochushkin, 1973). 

Sometimes, water of  analogous  composition i s  also formed i n  
continental  deposits when fresh groundwater freezes under special  conditions 
(Anisimov, 1973, 1975, 1976).  Central Yakutiya provides two examples of  th i s :  
f i r s t l y ,  brackish water lenses, w i t h  a 4 10 g/a  sulphate  or  chloride 
mineralization, formed when sublacustrian  taliks  froze,  occur i n  a las  
depressions a t  the base o f  pingoes; and secondly, h ighly  mineralized  lenses of 
subzero groundwater (cryopegs) , formed when highly  concentrated  intraporal 
solutions from freezing  soils contaminated w i t h  domestic and industrial  wastes 
migrated  into  the  permafrost, are widespread i n  the  frozen  alluvial beds of 
1 ower terraces. 

The chemical composition o f  cryopegs i s  diversified only when the i r  
mineralization i s  compartively low (3.5 - 6 g / a ) l  and the subzero  temperature 
i s  high  (above -1'C). For example, weakly saline cryopegs w i t h  a 
mineralization o f  about 4 g / a  and a temperature i n  the range -0.2 to -0.6OC, 
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ium and  sodium 
of 6 - 16 g/R 

ium and sodium 

formed when a c losed   sub lacus t r i en   t a l i k   f roze ,   con ta in  magnes 
c h l o r i d e  and bicarbonate, whereas cryopegs w i t h  a m i n e r a l i z a t i o n  
and a tenlperature i n   t h e  range -0.5OC t o  -1OC con ta in  magnes 
c h l o r i d e ,   o r  magnesium and  sodium sulphate and ch lo r i de .  

The h igher   t he   m ine ra l i za t i on  o f  t h e   i n i t i a l  water,   the  lower  the 
permafrost  temperature of the   sa l ine   water   fo rmat ion   s i te ,  and the  more the  
w a t e r   b e a r i n g   t a l i k   o r   e a r t h  mass i s   f rozen   t h rough ,   t he   g rea te r  will be the  
concentrat ion o f  d i s s o l v e d   s a l t s   i n  i t  and t h e  more uniform will be t h e i r  
composition. Thus, t h e   m i n e r a l i z a t i o n  of  t h e  1 i q u i d   s a l i n e   w a t e r   w i t h i n  
permafrost i s  35, 60 and 98 g/R, a t  -2.4'C, -3.2'C and -5.8OC, respec t i ve l y .  
The c i t e d  examples i 1 l u s t r a t e   t h e   f i n a l  sta te  o f  cryogenic change i n   t h e  
chemical  composition o f  fresh  groundwater  under  conditions of f reez ing i n  a 
closed  system. I n   t a l i k s ,   d u r i n g   t h e   e a r l y   f r e e z i n g   s t a g e s ,   t h e   w a t e r  
m ine ra l i za t i on   va r ies   w i th in   t he   range  o f  1 - 5 g/R, and i s   u s u a l l y  a 
b i c a r b o n a t e .   I n   t h i s  case, t h e   c r i t e r i o n   o f  hydrochemical change i n   t h e   w a t e r  
i s  i t s  cat ion ic   composi t ion,  

The increased  minera l izat ion  o f   water   which accompanies t h e  
f reez ing  o f  wate r   bea r ing   ma te r ia l s   l eads   t o   i t s   sa tu ra t i on   w i th   ca l c ium 
carbonate,  which i s   p a r t i a l l y   p r e c i p i t a t e d .  Magnesium bicarbonate becomes 
predominant i n   t h e   s o l u t i o n .  Moreover, i n  t a l i  ks composed o f  sand, t h e r e   i s  a 

marked  increase i n   t h e   c o n c e n t r a t i o n  o f  sodium  ions,  which  evidently  form due 
t o  hyd ro l ys i s  of s i l i c a t e s   i n   t h e  presence o f  c a r b o n i c   a c i d ,   a s   t h e   l a t t e r   i s  
segregated when the   wa te r   c rys ta l l i zes .   Fu r the r   i nc rease   i n   t he  
m i n e r a l i z a t i o n  o f  the  water, when i t  f r e e z e s ,   l e a d s   t o   p r e c i p i t a t i o n   o f  
magnesium carbonate  (a t  pH 8.8 - 8.9) and t o  accumulation o f  sodium 
bicarbonates i n  the  so lu t i on .  Water m i n e r a l i z a t i o n  o f  such  composition i n  a 
f r e e z i n g   c l o s e d   t a l i  k system may reach  tens o f  grams p e r   l i t e r ,  whereas i n   t h e  
case o f  water exchange i t  does n o t  exceed 1 g / a .  

The numerous f ind ings o f  hydrochemical  research on t h e   t a l i  k waters 
o f  the  sandy deposi ts  of  Cen t ra l   Yaku t i ya   war ran t   t he   asse r t i on   t ha t   t he i r  
excessive  hardness and t h e i r   h i g h  magnesium bicarbonate  (or  magnesium and 
sodium  b icarbonate)   content   are  ind icat ive o f  t h e   f i r s t   s t a g e   o f   t a l i k  
f reez ing,  whereas h igh  sodium  bicarbonate  content i s   i n d i c a t i v e  o f  the  second 
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stage. If sugl inok i s  present i n   t h e   p r o f i l e  o f  a l l u v i a l   d e p o s i t s ,   w a t e r   o f  
t h e  ch lo r i de   t ype  may form i n   t h e  course of cryogenic  t ransformat ions. 

The groundwater  derived  from  thawed  ground  dif fers i n  
m i n e r a l i z a t i o n  and chemical  composition from t h e  water which  saturated it 

p r i o r  t o  freezing.  This  view,  which i s   h e l d  by a number o f  authors, i s  based 
on the  premise  that  i n   t h e  process o f  c r y s t a l l i z a t i o n  of the  water when t h e  
ground  freezes,  the  hardly  soluble compounds a re   p rec ip i t a ted ,  whereas t h e  
ions  o f  r e a d i l y   s o l u b l e   s a l t s   r e m a i n   i n   s o l u t i o n .  Upon thawing,  such 
sa l t -dep le ted   ea r th  masses y i e l d  groundwater  which i s   l e s s   m i n e r a l i z e d .  
However, t h i s   p r o p o s i t i o n  may be considered as one o f  a number o f  var ian ts ,  
because t h e   s a l t   d i s t r i b u t i o n   t h r o u g h o u t   t h e   p r o f i l e   i s   a f f e c t e d   b y   t h e  
g e o l o g i c a l   s t r u c t u r e   ( a l t e r n a t i o n   o f  permeable  and  impervious  materials),  the 
mode of  f reez ing   (ep igenet ic  or syngenetic))  the  water exchange cond i t ions  
dur ing  f reezing,  etc.   For example, the  composit ion and m ine ra l i za t i on  of  
waters formed  upon the  thawing of syngenet ica l ly   f rozen  unconsol idated 
deposi ts  will di f fe r   f rom  the i r   ep igenet ic   counterpar ts .  

CRYOHYDROGEOCHEMICAL INDICES CHARACTERISTIC OF THE CONDITIONS 
OF SEDIMENT  ACCUMULATION AND FREEZING OF EARTH  MATERIALS 

The p o s s i b i l i t y  o f  us ing the chemical  composition o f  water  soluble 
s a l t s   i n  a format ion  for   studying i t s   l i t h o f a c i e s   s t r u c t u r e  and mode of 
f r e e z i n g  was demonstrated upon ana lys is  o f  copious  chemical  composition  data 
obta ined  dur ing  research on the f r o z e n   a l l u v i a l   d e p o s i t s   c o n s t i t u t i n g   t h e   h i g h  
and  low  terraces of  t h e  Lena R i v e r   i n   C e n t r a l   Y a k u t i y a .   I n   t h e   p r o f i l e  o f  
t hese   depos i t s ,   t he   l eas t   sa l i ne   i s   t he   l ower   pa r t ,   r ep resen ted  by the  sands 
o f   t h e   e p i g e n e t i c a l l y   f r o z e n   r i v e r b e d   f a c i e s .  When ep igenet ic   f reez ing  o f  
saturated  ear th   mater ia ls   takes  p lace,  a p a r t  of  the   d isso lved  sa l ts   m igra tes  
in to   the   lower ,   un f rozen beds. The e x t e n t   t o   w h i c h   s a l t s  are drawn i n t o   t h e  
deposi ts   dur ing  the  f reez ing  process depends  on the mineral  composition o f  t h e  
water  saturat ing  these  deposi ts,  on the   f reez ing   ra te ,   on   the   c ryogen ic  
pressure, and  on the  water exchange cond i t ions .  When sands f reeze i n  
condi t ions  of   f ree  water drainage, the  change i n   s a l t   c o n t e n t   t h r o u g h o u t   t h e i r  
p r o f i l e  i s  i n s i g n i f i c a n t ,  whereas i n  a closed  system ( i n  separated,  freezing 
t a l i  ks , f o r  example), the  concentrat ion o f  water   so lub le   sa l ts   inc reases   w i th  
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depth. The sa l t   compos i t ion  may a l so  change du r ing   t he  above process, i n  

accordance  with changes i n   t h e   s a l t   c o m p o s i t i o n  of the  water i n   t h e   f r e e z i n g  
t a l  i k ,  

The most  enriched i n   s a l t s  i s  t he   upper   pa r t   o f   t he  
a1 luv ia l   depos i t   sec t ion ,   represented  by the  syngenet ica l ly   f rozen supes and 
s u g l i n o k   o f   t h e   f l o o d p l a i n   f a c i e s .  The nonun i fo rmi ty   o f   the   water   so lub le  
s a l t   c o n t e n t   t h r o u g h o u t   t h e   p r o f i l e  o f  these  deposi ts i s   e v i d e n t l y   a s s o c i a t e d  
w i t h  the d i ve rse   cond i t i ons  of accumulation i n   d i f f e r e n t   p l a c e s   w i t h   t h e   a r e a l  
r e d i s t r i b u t i o n  of t h e   s a l t s   a c c o r d i n g   t o   t h e   r e l i e f ,  and w i th   the   syngenet ic  
freezing  process. On r a i s e d   p o r t i o n s   o f   t h e   r e 1   i e f   ( p r e s e n t   a s   w e l l  as 
anc ien t ) ,   t he   sa l t s   i n   t he   ea r th   ma te r ia l s   a re   p redominan t l y   b i ca rbona tes  and 
sul  phates o f  calcium  and magnesium, whereas i n  depress ions,   the  prevalent   sa l t  
i s  sodium ch lo r i de ,   w i th  a s ign i f i can t   admix tu re  of sodium and magnesium 
bicarbonate  and  sulphate. 

Thawing of such i c e  bear ing   ea r th   ma te r ia l s   g i ves   r i se   t o   m ig ra t i on  
o f   s a l t s  from these   ma te r ia l s   i n to  the  water   be long ing   to   the   ta l i k   wh ich  
forms under  the  thermokarst  depression.  Subsequently, as the  lake  bottom 
d r i e s  up  and the  t a l i k  freezes, the ea r th   ma te r ia l s  become depleted i n  water 
so lub le  salts as the refreezing  proceeds, and t h e i r   q u a l i t a t i v e   c o m p o s i t i o n  
changes. T h i s   i s  due t o   t h e  complex biochemical  and  physicochemical  processes 
which  take  place i n   t h e   t a l i k  water, and t o   e x p u l s i o n  of s a l t s   d u r i n g  
ep igenet ic   f reez ing  o f  t he   ea r th   ma te r ia l s .  Such frozen  ground  which was 
formed i n  alas  depressions  contains less sulphates and more sodium  bicarbonate 
than the e a r t h  mater ia l  between alasses . Natura l  factors 1 eading t o  change i n  

the  chemical  composition o f  ea r th   ma te r ia l s  by the  ind icated  process  inc lude,  
i n   a d d i t i o n   t o   t h e   t h e r m o k a r s t   v a r i a n t ,   i n u n d a t i o n  or swamping o f  the t e r r a i n ;  
or convers ly ,   dry ing of the   te r ra in ,  change i n  the   r i verbed,  encroachment o f  
e o l i a n  sands on natura l   water   reservo i rs ,  e t c .  

Under natural   condi t ions,   these  processes  take  place  very  s lowly,  
b u t   w i t h   t h e   i n t e r v e n t i o n  o f  man they may become s i g n i f i c a n t   w i t h i n  a 

r e l a t i v e l y   s h o r t   t i m e .  Change i n  the  chemical  composition o f  frozen sands may 
occur even w i t h o u t   p r i o r   t h a w i n g .   T h i s   i s   p o s s i b l e ,   f o r  example, when 
comparatively  high  temperature  frozen sands are   sub jec ted   to   m igra t ion  of 
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highly mineralized  interporal  solutions emanating from cryopeg lenses or from 
freezing  earth  materials which  thaw seasonally,  or  are  subjected t o  migration 
o f  sea water  associated w i t h  encroachment of  the sea on land. 

Such highly  mineralized  subzero  solutions  migrate  into  frozen  earth 
materials under the action o f  gravitational and thermal gradient  forces, and 
possibly also by diffusion. Annual repetition o f  this process over many years 
causes  accumulation o f  chlorides and sulphates, and a r i s e  i n  the 
mineralization  of  the porewater solutions i n  the upper layers o f  the 
permafrost. 

Sodium  and  nlagnesium chlorides predominate among the  water  soluble 
s a l t s  o f  the upper, more saline,  layers o f  the  permafrost, b u t  t he i r  
concentration  diminishes  rapidly w i t h  depth  throughout the section. I t  has 
been established  that  the  thicker the annual temperature  fluctuation  layers, 
the  deeper  the highly mineralized  subzero  solutions can migrate. 

Analysis  of  data on the chemical  composition o f  unconsolidated 
deposits on the bottom o f  Van' kina Guba  Bay i n  the Laptev Sea has permitted 
the  thickness of the marine beds t o  be determined, and  has enabled the 
migration  depth of sodium  and  magnesium chlorides  into  the  frozen,  underlying 
nonsaline  deposits  to be traced. 

T h u s ,  whereas augmentation o f  the  water-soluble-sal t concentration 
downward through  the  nonsaline  frozen bed section i s  an indication  that  the 
beds were frozen i n  a closed  system, a sharp  diminution i n  the  readily  soluble 
s a l t  content w i t h  depth  often t e s t i f i e s  t o  migration o f  highly  mineralized 
solutions i n t o  the  permafrost from above. 

CRYOHYDROCHEMICAL I N D I C E S  FOR THE MODE OF GROUND I C E  FORMATION 

The study of the  origin and development of  frozen  earth masses i s  
fac i l i t a ted  by research on the  various  categories o f  contained  ice, namely: 
injected  ice, wedge ice,  texture forming ground ice,  and fissure  ice.  
Chemical composition studies o f  the  different  ice forms yield  additional  data 
on the  origin and mode of  freezing of the  enclosing  earth masses. 
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I n j e c t i o n   i c e  formed i n   t h e  process o f   p ressu r i zed   m ig ra t i on  and 
f reez ing o f  water i n  unconso l ida ted   ear th   mater ia ls   ( in  a closed  system) has 
been s t u d i e d   i n  seasonal  and  perennial  frost mounds, namely, pingoes  and 
hydro lacco l i ths ,  The chemical  composition o f  such i c e  depends on the  chemical 
composition of the  water  from  which i t  was formed,  on the  volume o f  water,  and 

on t h e   r a t e  o f  f reez ing.  The chemical  composition i s   n o t  homogeneous 
th roughou t   t he   p ro f i l e  o f  t h e   i c e  body. 

Factors known t o  be assoc ia ted   w i th   the   minera l   con ten t   o f   i ce   a re :  
j o i n t   c r y s t a l l i z a t i o n  of the  water  and s a l t s  when the  so lu t ion  reaches 
eutectic  temperature;  adsorption of ions  on the sur face o f  t h e   i c e   c r y s t a l s ;  
and mechanical  entrapment o f   t h e   o r i g i n a l   w a t e r   i n   t h e   i n t e r c r y s t a l l i n e  space. 
What sal ts  are  thus  entrapped i n   t h e   i c e ,  and i n  what amounts, depends on t h e  
condi t ions  under   which  the  ice phase formed, on the  temperature and r a t e  o f  
c r y s t a l l i z a t i o n ,  and  on the  composit ion and m ine ra l i za t i on  o f  t he   f reez ing  
water . 

L i t t l e   i n f o r m a t i o n  i s  a v a i l a b l e  on t h e   s a l t   d i s t r i b u t i o n   t h r o u g h o u t  
t h e   p r o f i l e  o f  a f reshwater  ice  format ion  where  the  water volume i s  f rozen i n  
i t s  e n t i r e l y .  A t  the   ou tse t ,  we ob ta ined  such  da ta   fo r   the   i ce  o f  freshwater 
lakes  which had f r o z e n   t o   t h e  bottom,  and  subsequently we s e t  up spec ia l  
laboratory  exper iments  for   th is  purpose. The resu l ts   ob ta ined were v e r i f i e d  
by chemical  composition  sampling done on t h e   p r o f i l e  o f  a la rge   hydro lacco l  i t h  
i n  the Yenisei  North and on numerous minor frost mounds i n  Central  Yakutiya. 

The aforement ioned  research  estab l ished  that   the  upper   ice  layers,  

which  form  most   rap id ly   a f ter   the emplacement o f  water,  are more minera l i zed  
than  the   under ly ing   layers .  This i s  a t t r i b u t e d   t o   t h e   f a c t   t h a t   t h e  
p r e c i p i t a t e d   s a l t s  and d isso lved  sa l ts   a re   bo th  drawn i n t o   t h e   i c e   i n   t h e  
process o f  rap id   c rys ta l l i za t ion .   There fore ,   these  upper   i ce   layers   a re  
c l o s e s t   i n  chemical  composition t o  the  water  f rom  which  the  ice  formed. 

Due t o   t h e  1 i b e r a t i o n  o f  heat  which  occurs when the  upper  layers  of  
i c e  are  formed, c rys ta l l i za t ion   o f   the   under ly ing   water   p roceeds  s lowly ,  so 
t h a t   t h e  lower l aye rs  o f  i c e  have a l esser   con ten t  o f  mechanically  entrapped 
so lu t i on ,  and consequently, a lesser  sal t   concentrat ion,   than  the  upper 
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layers. When the  water  crystallization i s  slow,  not a l l   the  salts are drawn 
i n t o  the ice  phase. As a result,  the  correlation between the  sal ts  i n  the  ice 
phase differs  from the  salt  correlation i n  the  residual under ice  water. 
Thus, for example, when water w i t h  a magnesium  and calcium  bicarbonate 
mineralization o f  0.1 - 0.2 g / a  freezes, sodium bicarbonate becomes 
predominant i n  t he  formed ice due t o  the  extremely small  uptake o f  magnesium 
bicarbonate and t o  the precipitation o f  calcium  carbonate. However, i n  
proportion as the  ice becomes thicker,  the  mineralization o f  the water 
increases Therefore, i n  sp i te  o f  retarded  ice  formation  rate,  the  salinity 
o f  the formed ice  r ises.  I ts  lowermost layers, which  formed l a s t  from the 
most mineralized  water, show a quite sharp  increase i n  magnesium,  sodium  and 
calcium  bicarbonates, and i n  sodium chloride. 

In the  case  of a p i n g o ,  if the emplaced water  freezes inward from 
all  sides  simultaneously, then the highest  mineralization  occurs i n  the 
innermost,  finally forming part o f  the  ice core. 

Thus, on the  basis of the  distribution  of  mineralitation and 
chemical  composition of  the ice i n  pingoes, i t  i s  possible t o  determine 
approximately  the  composition and mineralization o f  the  water from which such 
ice  was formed, as we1 1 as the  direction,  rate and stages o f  freezing. 

Wedge ice   is  formed  from surface  meltwaters and river  waters when 
they get  into  crevices i n  frozen  earth masses. In Central  Yakutiya, wedge ice  
is  similar t o  snow meltwater i n  chemical composition (Anisimova, 1971). The 
mineralization of  the  ice is usually sl 
varies 1 i t t l e ,  i .e. , 0.05 - 0.09 g/R 
sometimes observed i n  the wedge's upper 
melted d u r i n g  periods of warmer climate 

i g h t ,  and i n  the  vertical  section i t  
A higher  concentration of solutes i s  

layers, which  were evidently  partially 
Calcium, magnesium,  and bicarbonate 

ions  predominate i n  the  ionic composition o f  the melt  water. 

Wedge ice  of similar chemical composition is  found i n  t h e  

Yana-Indigirka  interfluve and i n  the Yenisei  North,  according to  V.P. Volkova 
and Ye.G. Karpov, respectively. I t  should be borne i n  mind that  in order t o  
obtain  representative  data o n  wedge ice,  care must be taken t o  select  samples 
f ree  o f  earth  or rock inclusions,  as these may raise  the  ostensible 
mineralization of the melt  water  considerably. 
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Texture-forming  ground  ice  general ly has a h igher   m ine ra l i za t i on  
and a more var ied  ion ic   composi t ion when i t  occurs i n   e a r t h   m a t e r i a l s   w h i c h  
a lso   con ta in  wedge i c e .  Such m i n e r a l i z a t i o n  depends  on the  composit ion of t he  
water  saturated  earth  rmter ia ls  which  produce  the  texture  forming  ground  ice 
upon freezing.  For example, i n  Central  Yakutiya, sands conta in ing  wedge i c e  
a lso  enc lose  texture  forming  ground  ice,   Minera l izat ion i n  t h e   l a t t e r   i s  

0.1 - 0.4 g/R, and i t s   i o n i c   c o m p o s i t i o n   i n c l u d e s  magnesium  and calc ium 
bicarbonates,   together  wi th  chlor ide,   sulphate and sodium ions. 

I n   t h e  Yenisei North, a t   t h e  boundary  between  peat  and  suglinok, 
and in   g lac io lacus t r i ne   va rved   c lays ,  the texture  forming  ground  ice i s  weakly 
m ine ra l i zed  (0.03 - 0.07 g/R) , but  has an augmented sulphate,  chloride,  and 
sodium ion  content .  

Charac te r i s t i c  o f  texture  forming  ground  ice  occurr ing i n  

unconsolidated  sediments i s  the  presence o f  a c e r t a i n  amount of  sodium 
bicarbonate 

The f i s s u r e   i c e   i n  the  bedrock o f  a f rozen  tone  var ies i n  chemical 
composi t ion  and  mineral izat ion.   Chemical   analysis  data  on  ice samples taken 
a t  d i f fe ren t   depths  o f  a p r o f i l e   t h r o u g h  the Upper  Cambrian rocks i n   t h e  
v i c i n i t y  o f  t h e  "Udachnaya" pipe  substant iated  the  cryogenic  processes  of  t he  
format ion o f  a calcium-magnesium ch lo r i de   b r i ne ,  a t  a depth o f  178 - 198 m. 
A t  a depth o f  70 - 100 m, t h e   i c e  i s  fresh, and i n  composition i t  i s  o f  t h e  
calc ium  bicarbonate - magnesium bicarbonate  type,  wi th a minera l i za t i on  o f  
0.2 - 0.3 g/a; a t  a depth o f  150 - 170 m, i t s  composition i s  o f  the  calc ium 
sulphate  type,   wi th  a m i n e r a l i z a t i o n  o f  1.6 - 2.4 g / a ;  and a t  a depth of 
180 m, i t s  composition i s  of t h e  sodium sulphate  type,   wi th  a d i s s o l v e d   s a l t  
content  of  4.2 g/R (Ustinova , 1964) , 

Thus, the  foregoing  data show t h a t  each genet ic   fac ies of the i c e  
has d i s t i n c t i v e  chemical  composition  features,  knowing  which, i t  i s  poss ib le  
t o  conce ive   the   spec i f i c  mode o f   f r e e z i n g  and the  approximate  chemical 
Composition of the  water  f rom  which  the  ice was formed. 

I c ings  ( i ce  c rus ts ) .  O f  special   interest   are  chemical   composi t ion 
s tud ies  done  on i c ings ,  namely large volume ice   bod ies  formed i n   t h e  process 
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of  l a y e r  by l aye r   f reez ing   o f   sub te r ranean  or  surface  water  f lowing  onto  the 
ground o r   t h e   i c e   c o v e r ,   o r   i n t o   l a r g e   c a v i t i e s   i n   t h e   r o c k  (caves, a d i t s ,  
e t c  .) . 

Detai led  research done on t h e  mode of f o r m a t i o n   o f   t h e   i c i n g s  and 
on t h e i r  chemical  composition,  areally  and i n   p r o f i l e ,  has demonstrated  the 
p o s s i b i l i t y  of  using  the  observed  character ist ics  to  determine  the  chemical  
composition  and origir? o f   t h e  groundwater  which formed the   i c ing ,   and t o  

establ ish  the  locat ion  of   the  water 's  main  d ischarge  onto  the  surface. 

Analys is  of copious f i e l d   d a t a  and o f   s p e c i a l   l a b o r a t o r y  
experiments has es tab l i shed   t ha t   t he   f ac to rs   gove rn ing  changes i n  an i c i n g ' s  
mineral izat ion  and  chemical  composit ion,  over i t s  area  and  through 5 ts 
pro f i le ,   a re :  

a )  cryogenic metamorphism of  the  composit ion o f  the  water 

forming it; 

b) leaching o f  s a l t s   f r o m   i t s   s u r f a c e   l a y e r ;  and 

c )  m ig ra t i on  of t h e   m i n e r a l i z a t i o n  components w i t h i n  
i t s  body. 

The cryogenic changes in   the   water ' s   compos i t ion   a re   assoc ia ted  

with  the  physicochemical  processes  which  take  place  during i t s  emergence onto 
the  Surface,  during i t s  movement over   the   i c ing ,  and d u r i n g   i t s  
c r y t a l l i z a t i o n .  

The water  spreading  over  an  ic ing plays a dual   ro le :  on the  one 
hand, i t  d isso lves   the   sa l ts   fo rmed  on   the   i c ing 's   sur face  a t  the  end o f  
d isc re te   f lood ings   o r   con ta ined  in   the   r ime-condensate   wh ich   se t t les  
abundantly a t   n i g h t ;  and on t he   o the r  hand, it leaches  the  sa l ts   out   o f   the 
warmed upper   layer   o f   the  ic ing.  The m ine ra l i za t i on  o f  the  water a lso  
i nc reases   subs tan t i a l l y   du r ing   c rys ta l1   i za t i on  I n   t h i s  process,  only a 

fraction o f   t h e   s a l t s   i s   c a p t u r e d  by the  newly formed i ce .  A bu i ldup of  
ch lo r ides  and bicarbonates o f  magnesium and  sodium  takes place i n   t h e  
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so lu t i on .  The concentrat ion o f  these compounds i n   t h e   w a t e r   i s  observed t o  be 
maximal i n  March  and A p r i l  , when the  water  spreads  over a considerably   greater  
area  than  dur ing  the  co lder  months. The ind i ca ted  changes in   t he   compos i t i on  
and  minera l i za t ion  o f  the  water cause an increase i n  the   minera l i za t ion   o f   the  
sur face  o f  the   i c ing ,   f rom i t s  upper  end  toward i t s  lower end. I n   t h e   e v e n t  
o f  r a p i d   c r y s t a l l i z a t i o n  o f  the  water a t   very   low  ambient   a i r   temperatures  and 
w i t h   r e l a t i v e l y   l i m i t e d   s p r e a d i n g  o f  water, t he  ice   minera l i za t ion   inc reases  
downstream  by a f a c t o r  o f  1.5 - 2. The increase i n   m i n e r a l i z a t i o n  i s  many 
t imes  greater  when a l a r g e  volume o f  water i s  discharged,  spreading  over a 
considerable  area. 

Sometimes t h e  above ru le ,  whereby t h e   m i n e r a l i z a t i o n   o f   t h e   i c e  
increases on the  sur face  f rom  the  upper   end  o f   the  ic ing  toward i t s  lower end, 
i s  b r o k e n ,   e s p e c i a l l y   d u r i n g   t h e   l a t t e r   h a l f  of  i t s   f o m a t i v e   p e r i o d  
(February-March).  This happens when the   water   courses   w i th in   the   i c ing  and i n  
the  subchannel  deposits  freeze up  and the   m ig ra t i on  o f  the  water  d ischarge 
f o c i   o v e r   t h e   a r e a   o f   t h e   i c i n g   b e g i n s .   T h i s   i s   a t t e n d e d  by the   fo rmat ion  and 
b u r s t i n g   o f   f r o s t  mounds, w i th   t he   ou tpour ing  of  l a r g e  volumes o f  water. 
These processes, w h i c h   a l t e r   t h e   c o n f i g u r a t i o n  o f  the i c i n g ,  also b r i n g  about 
s i g n i f i c a n t  changes i n   i t s  chemical  composition. 

The bu rs t i ng  o f  a f r o s t  mound causes  an  outpouring o f  water  onto 
t h e  surface, the  water 's   composi t ion and minera l i za t ion   hav ing  been  changed, 
t o  a ce r ta in   ex ten t ,   i n   t he   f reez ing   p rocess .  As a resu l t ,   t he  i c e  formed 
from such water i s  more mineral ized.  Conversely, i n   t h e   e v e n t   o f   s l o w  
C r y s t a l l i z a t i o n  o f  the   water   f lood ing  a c a v i t y   i n   t h e   i c i n g ,   t h e   i c e   i s  weakly 
minera l ized,  inasmuch as t h e   g r e a t e r   p a r t  o f  t h e  salts i s   f o r c e d   o u t   i n t o   t h e  
1 ower , subsequently  freezing , 1 ayers . 

I n  February and  March, when t h e   w a t e r   d i s c h a r g e   f o c i   i n   t h e   i c i n g  
s h i f t   t o   t h e   m i d d l e   o r   t h e   l o w e r   a r e a   o f   i t s   s u r f a c e ,   w e a k l y   m i n e r a l i z e d  
l a y e r s  o f  i c e   a r e  formed there.  The i n d i c a t e d   l o c a l  changes i n  the i c i n g ' s  
format ion process b r i n g  about  changes i n   t h e   m i n e r a l i z a t i o n  and chemical 
composit ion o f  i ce ,   no t   on ly   over   the   sur face   o f   the   i c ing ,   bu t   a lso  i n  i t s  
p r o f i l e .  The m ine ra l i za t i on  o f  t h e   i c e   i s  reduced  considerably by snow 
f a l l i n g  on  the  surface of t h e   i c i n g  and  by  migrat ion o f  mineral components i n  
i t s  p r o f i l e  due to   the   thermal   g rad ien t   and  g rav i ta t iona l   e f fec ts .  
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The i n d i c a t e d   s i g n i f i c a n t   v a r i a b i l i t y   o f   m i n e r a l i z a t i o n  and 
chemical   composi t ion  areal ly and i n   p r o f i l e  shows that  the  chemical  
composit ion o f   t he   wa te r   f rom  wh ich   t he   i c i ng  was formed  cannot be i n f e r r e d  
f rom  chemical   analys is   data  der ived  f rom  ice samples taken  from  the  surface  of 
t h e   i c i n g   o r   f r o m  i t s  e n t i r e   p r o f i l e   a t  any  one p o i n t  on i t s  surface. 

The closest  values o f  t h e   m i n e r a l i z a t i o n  o f  t he   o r i g ina l   wa te r  may 
be obta ined  by   averag ing   the   chemica l   ana lys is   resu l ts   fo r   i ce  samples taken 
layer  b y   l a y e r   t h r o u g h o u t   t h e   e n t i r e   t h i c k n e s s   o f   t h e   i c i n g   a t   t h r e e   p o i n t s  on 
i t s  surface, namely  on the  upper, middle,  and  lower  parts o f  i t s  slope. To 
the   i ce   minera l i za t ion   va lue   ob ta ined  on   the   bas is  o f  chemical  analysis o f   t h e  
melt must be added the  weight  o f  t he   i nso lub le   sa l t   sed imen t .  

The s i t e  of t h e  most intense  discharge  of   water  onto  the  surface 
may be  determined  approximately on the basis  o f  the   lowest   va lues   fo r   the  
m i n e r a l i z a t i o n  o f  t he   i ce .  

CRYOHYDROGEOCHEMICAL RESEARCH APPLIED TO ENGINEERING GEOLOGICAL SURVEY 

AND FORECASTING WORK I N  PERMAFROST 

The cryohydrogeochernical s i t u a t i o n   i n   t h e   p e r m a f r o s t  zone may 

change substant ia l ly   under  the  impact o f  changes i n   t h e  environment i n  t h e  

process o f   i n d u s t r i a l  development of  t h e   t e r r a i n .   S c i e n t i f i c   a n t i c i p a t i o n   o f  
t he   na tu re  and ex ten t  o f  such changes i s  the p r i n c i p a l   t a s k  o f  permafrost 
fo recas t ing .  A t  the present  time,  work i s  be ing done i n  a number o f  research 
es tab l i shments   to   de termine   the   qua l i ta t i ve  and q u a n t i t a t i v e   c h a r a c t e r i s t i c s  
i n   t h e   d i r e c t i o n ,   n a t u r e ,  and  extent o f   p o s s i b l e  changes i n  
cryohydrogeological   condi t ions.  

Inasmuch  as permafrost   forecast ing i s  done ma in l y   f o r   eng inee r ing  
geological  purposes,  the  research  program  includes a study of permafrost, 
engineer ing  geolog ica l  , and h y d r o g w l o g i c a l   c o n d i t i o n s   p r e v a i l i n g  i n  each type 
region,  cognizance  being  taken o f  p o s s i b l e   a r t i f i c a l   t r a n s f o r m a t i o n s   o f   t h e  
environment  ( level  1 i n g  o f  t h e   t e r r a i n ,  removal of  s o i l   f r o m   e l e v a t i o n s   o r  
accunlulation o f   s o i l   i n  depress ions,   f looding  or   dra inage,   over lay ing w i t h  

cover ings,  road  bui ld ing,  and so on).  Moreover, i t  i s  extremely  important t o  
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study  the  processes whereby 
d u r i n g  economic  development 
a re  changes i n   t h e  chemical 

perenn ia l l y   f rozen  ear th  masses thaw, o r   r e f r e e z e  
of the  terrain.   Associated  wi th  these  processes 

composition of  the  water  and ear th   mater ia ls   wh ich  
are sometimes so s ign i f icant   that   they  cannot   be  ignored.  The relevance o f  
t he   f o rego ing   t o   cond i t i ons   p reva i l i ng   i n   Cen t ra l   Yaku t i ya  may be i l l u s t r a t e d  
by   t he   f o l l ow ing  examples. 

1 A t  one of t h e   c o n s t r u c t i o n   s i t e s ,   o n   t h e   f i r s t   t e r r a c e  above 
t h e   t i d a l   p l a i n  o f  t h e  Lena R ive r ,   w i th in  a few  years of  t h e   l e v e l l i n g  o f  t h e  
s i t e   ( i n c l u d i n g  fill i n g   w i t h  sand o f   t h e   l o w  swampy p a r t )  a l e n s e   o f   h i g h l y  
mineralized  water,  which  would  not  freeze i n   w i n t e r ,  was discovered a t  a depth 
of 2.5 - 3.5 m. This  water,  having a chlor ide-sulphate  composi t ion,   at tacked 
the  concrete  and was co r ros i ve   t o   t he   i r on   re in fo rcemen t .  Such a phenomenon 

i n   t h e  freshwater  deposits i s   t h e   r e s u l t   o f   i o n i c   c o n c e n t r a t i o n  o f  t h e   r e a d i l y  
so lub le   sa l t s   du r ing   t he   f reez ing   p rocess  o f  the  ground and swamp water  above 
the  permafrost. 

2. I n  t h e  Town of   Yakutsk,   dur ing  the  long  per iod o f  i t s  
ex is tence,   the  ear th   mater ia ls   o f   the  seasonal ly   thawing  layers  have been 
sa l in ized   cons iderab ly  by contaminat ion  wi th  domest ic  and  industr ia l   wastes.  
The p e r e n n i a l   m i g r a t i o n   o f  t h e  h igh ly   minera l ized  porewater   so lu t ions  f rom t h e  

f r e e z i n g   l a y e r   i n t o   t h e   u n d e r l y i n g   f r o z e n  sands l e d  t o  t h e i r  s a l i n i z a t i o n  t o  a 
depth o f  4 - 6 m and t o  the  format ion  o f   c ryopeg  lenses.  Such water may 
m i g r a t e   i n t o   t h e  warmed ground  under  buildings (Me1 'nikov,  1952). Where deep 
underground  workings  (trenches,  boreholes, p i t s ,   c e l l a r s ,  e t c . )  have  been  open 
f o r  a long  t ime,   the  h igh ly   minera l ized  waters  o f  the  seasonally  thawing 
layers   (o r   o f   suprapermaf ros t   and  in t rapermaf ros t   ta l i k   lenses)   d ra in ing   in to  
them p e n e t r a t e   i n t o   t h e   d e e p e r   h o r i z o n s   o f   t h e   a l l u v i a l   d e p o s i t s .   I n   t h e  
env i rons o f  t he  town o f  Yakutsk, f o r  example, when t h e   s i t e   o f  a dozen 
boreholes  10 - 22 m deep was b u i l t  up, a f t e r  a b r i e f   p e r i o d ,   t h e   l o w e r  ha1 f o f  
t h e   a l l u v i a l   d e p o s i t s  became sa l in ized ,  and t h i s   l e d  t o  the  format ion o f  
cryopegs  wi th a minera l i za t i on  o f  25 - 55 grams p e r   l i t e r  of  magnesium-sodium 
chlor ide  composi t ion.  On t h i s   s i t e ,   t h e   i n t e r s t i - t i a l   s o l u t i o n s   i n   t h e   f r o z e n  
ground  contained  mainly  calcium and magnesium bicarbonates, whereas i n  a few 

years after t h e   s i t e  was bui  1 t up, the  predominant  sal ts became the   ch lo r i des  
o f  sodium, magnesium, and calc ium,  wi th  an  e levated  content of sulphates. The 
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given exarnpl e i 11 ustrates  that  the exploratory borehol es, previously dri 11 ed 
o n  the s i t e ,  may  become the conduits o f  h igh ly  mineralized  interporal 
solutions from the  seasonally  freezing  layers  into  the base o f  frozen  earth 
masses and increase i t s  sal ini ty .  

3 .  A change i n  the chemical composition o f  sandy perennially 
frozen  earth  materials i s  also  observed on construction  sites d u r i n g  the 

laying of foundations. For example, when steam pipes a re  pushed into the 
ground i n  preparation  for pile d r i v i n g  and f i l l i n g  o f  voids w i t h  ground 
s lurry,  thawing and then  refreezing o f  the  earth  materials results. As this 
takes  place, a redistribution o f  s a l t s  i n  the  vertical  profile is observed. 
The upper, more saline  parts become less saline u p o n  refreezing (from 
0.3 - 0.9% to  0.2 - 0.5%), whereas t he  salt  content o f  the  originally 
nonsaline lower section  increases (from 0.01 - 0.4% to  0.1 - 0.4%) due t o  the 
downward migration of sa l t s  from the upper layers d u r i n g  the  process  of 
thawing and refreezing  (Karpunina, 1972) 

During construction and use o f  b u i l d i n g s ,  a large volume o f  warm 
and hot  water is often allowed t o  penetrate  into  the covered areas and 
ventilated  spaces under the b u i l d i n g s ,  and this leads t o  inundation o f  the 
active  layer and t o  a r i s e  i n  the temperature of the  underlying  permafrost, 
r i g h t  u p  t o  the thawed state. Concentrated  solutions from the seasonally 
thawing ground beyond the limits o f  the b u i l d i n g  migrate  into the t a l ik  under 
the b u i l d i n g .  Elimination o f  the  sources o f  warm water and the  subsequent 
ventialtion by cold air underneath the  building b r i n g  about  freezing o f  the 
thawed ground right down to the upper layer o f  the permafrost. However, t h e  
original  salinity  pattern  is  not restored, and a redistribution  of  salt  
content  takes  place. The highest  salinity  occurs i n  the lowermost layers o f  
the former  water  bearing t a l ik  and i n  the underlying  permafrost. In the 
probably  event  of  cryopegs  occurring,  especially  at.foundation  floor  depth, 
these will adversely  affect the strength  properties of the ground, as will the 
i ncreased s a l t  content. 

4. The thawing and salinization o f  deposits may a lso  be due t o  
inundation o f  the terrain when the  natural  drainage of surface  water i s  
obstructed by causeways. Moreover, i n  the  water  saturated  earth  materials 
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near  the  road,  the  annual  freezing  process  engenders  highly  mineral  ized 
i n t e r s t i t i a l   s o l u t i o n s   w h i c h  may m i g r a t e   i n t o   t h e  body o f  the roadbed. 

The c i t e d  examples show t h a t  when fo recas t i ng  changes i n   t h e  
engineer ing  geological   permafrost   condi t ions,  i t  i s   e s s e n t i a l   t o   t a k e   i n t o  
accoun t   t he   poss ib i l i t y  of changes i n  the n a t u r a l   s a l i n i t y  o f  t h e   e a r t h  
materials, and t h e   p o s s i b i l i t y   o f  augmented concentrat ion o f  t h e   i n t e r p o r a l  
so lu t i ons  and  groundwater, up t o   t h e   p o i n t  o f  formation o f   l i q u i d   s a l i n e   w a t e r  
within  the  frozen  ground  (cryopegs),  which will complicate the b u i l d i n g  and 
use o f  s t r u c t u r e s   i n   t h e   p e r m a f r o s t  zone.  Moreover, the  research  and  survey 
program  must  include  determinations of t h e   s a l i n i t y   o f   t h e   e a r t h   m a t e r i a l s   i n  
t h e   a c t i v e   l a y e r .  It must also i n c l u d e   q u a l i t a t i v e  and q u a n t i t a t i v e  
determinat ions of t he   d i sso l ved   sa l t   con ten t  o f  the  suprapermafrost  waters, as 

well as an enqui ry   in to   the  reserves,   supply  mechanism, and interchange of  
t h i s  water. Having such data on the  chemical changes o f  the water and the  
ea r th   ma te r ia l s ,  i t  i s  possible, i n  any pa r t i cu la r   i ns tance ,   t o   p red ic t   t he  
changes, i f  any, i n   t h e  hydrogeochemical  conditions. 

I n  conclusion, l e t  us n o t e   t h a t   t h e   c i t e d  examples show how 
promising i s   t h e   a p p l i c a t i o n  o f  cryohydrogeochemical methods t o   v a r i o u s  
branches o f  permafrost  research for t h e   r e s o l u t i o n   o f  such  problems as: t he  
i n t e r a c t i o n  between f rozen  ear th   mater ia ls  and  subterranean  waters;  the 
c h a r a c t e r i s t i c s   o f   f r e e z i n g  o f  such  waters ;   the  or ig in  o f  the   i ce ;  and 
fo recas t i ng   poss ib le  changes in  the  cryohydrogeological   environment  associated 
w i t h   i n d u s t r i a l  development o f  the  permafrost  zone. A p r e r e q u i s i t e   f o r  
widespread  introduct ion o f  t h i s  method i n t o   t h e   p r a c t i c e  o f  permafrost   studies 
i s  the fo rmula t ion  of  a research  program  aimed a t   d e t e r m i n i n g   r e l e v a n t  
numerical  data and es tab l i sh ing  an appropriate  methodology. 
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Large scale development of the northern and eastern  regions o f  the 
U.S.S.R. gives r i s e  t o  the necessity  for  further increases in  the  efficiency 
o f  geological  engineering  surveys,  and, i n  particular,  o f  geophysical 
research on permafrost  profiles.  This paper i s  concerned w i t h  some of  the 
problems associated w i t h  d e s i g n i n g  special equipment, and investigation o f  
theoretical  curves, and with widening the scope o f  AC current  surveys by 

modifications t o  probing and profiling. 

As we know, the method of electromagnetic  frequency  probing 
(ChEMZ) used in  gedogica?  prospecting f ield-work has greater  potential than 
DC current p r o b i n g  (Van'yan, 1965). The efficiency o f  ChEMZ i s  most 
perceptible  in t h e  investigation o f  p r o f i l e s  containing high resistance 
horizon  screens , i n  bad grounding conditions  in cases where i t  i s  necessary 
t o  isolate  comparatively  thin s t r a t a ,  e t c .  In t h e  realm of  increasing  the 
r e l i ab i l i t y  of information,  the  possibility o f  investigating Some of  the 
parameters o f  the -F ie ld  i s  promising;  these  include,  for example, the 
horizontal  electrical Ex, and the  vertical magnetic Bz components  and phase 
characterist ics.  

During the working o u t  of  a slight  modification t o  the method 
which is  applicable  specifically t o  the  investigation  of the upper part o f  
the permafrost, a number of questions had t o  be solved.  This  primarily 
concerns  the  designing of basically new equipment t h a t  would allow prob ing  in 
a range o f  frequencies embracing b o t h  low (audio) and high (radio) 
frequencies.  Previously employed methods of  neasurement a l so  underwent 

Proceedings  Third International Conference on Permafrost, 
V O ~ .  1,  pp.  509 - 513, 1978. 
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considerable changes (Avet i  kyan,  1971).  Extension o f  the  range  by 2 I 3 
orders  into  the  h igh  f requency  range  establ ished  the  necessi ty o f  c a l c u l a t i n g  
t h e   p e r m i t t i v i t y  E,, i .e., the  development o f  a new computer of  displacement 
currents  (Dmitrev, 1968;  Avetkyan,  Rogulin,  1972).  Master  curves  are 
const ructed f r o m  t h e   r e s u l t s  of ca l cu la t i ons  of amp1 i tudes  of the  magnetic 
component Bz O f  t he   e lec t romagne t i c   f i e ld  on the  surface  of   the  conduct ive 
h a l f  space. The s o u r c e   o f   e x c i t a t i o n   i s   t h e   h o r i z o n t a l   e l e c t r i c a l   d i p o l e  
equatorial  arrangement. 

The ChEMZ master  curves  usually  take t h e  form o f  graphs  of  the 

dependencies Ipwl /p ,  on +/h1  for  various  constant  values o f  r/hl, and the  
r e l a t i o n s h i p s  y,, = pm/p, and vm = h,/hl a r e   f i x e d  as output  (here p i s   t h e  
apparent   spec i f ic   res is tance,  pm i s   t h e   s p e c i f i c   r e s i s t a n c e  of  s t ra tum number 

m ,  h, i s   i t s  thickness, hl i s  t he  wave leng th  i n  t h e   f i r s t  stratum, and r i s  
t he   separa t i on ) .   I n   con t ras t  t o  the   quas is ta t ionary  case i n  ca l cu la t i ons  
al lowing  for   d isplacement  currents,   the  supplementary  parameters km = E ~ / E ~  

and y = pl/hl r'=, were introduced, where cO and p0 a r e   t h e   p e r m i t t i v i t y  
and p e r m e a b i l i t y   a i r  (vacuum), E,,, i s   t h e   p e r m i t t i v i t y  o f  stratum number m. 
The parameter y i nd i ca tes  the  degree of i n f l uence  o f  the  d isplacement  current 
and  can  be replaced by the  parameter pl/hl, i n  SO f a r  as 4 v o  = const. I n  
Figure 1 an i l l u s t r a t i o n   i s   g i v e n   o f   t h e   e f f e c t  of d i s loca t i on   cu r ren ts  on 
the  behaviour o f  t h e  two s t ra ta   curve  p, ( the   curve   fo r   quas is ta t ionary  
approximation i s  shown w i thout  an index).  Here p2 = 9, r/hl = 20. The 
values p,/h, (1, 5, 25 and 125) are given i n   t h e   c h a r t .  

w 

Computations o f  theoret ica l   curves showed t h a t   f o r   f r e q u e n c i e s  of  
less  than 5 10 MHz, i n  most p r a c t i c a l  cases, t h e   p e r m i t t i v i t y   o f   t h e   l o w e r  
h a l f  space  can be taken t o  be  equal t o   t h e   p e r m e a b i l i t y  of a vacuum. Th is  
al lowed  the number o f  master curves t o  be  reduced  several  t imes.  This i s  
supported in Figure 2 ,  where  two curves  are  g iven  for   the  very same 
parameters o f  t he  medium (p = 81, pl/hl = 25, r/hl = 20), kl = 1 and  10. 2 

F igure 3 i l l u s t r a t e s   t h e   e f f e c t  of the  var iable  parameter p2 on 

the  nature of the  curves. Here, are  presented  theoret ica l  two s t ra ta   curves  
f o r  pz > 1 (81, 27, 9, 3 )  and p2 < 1 (1 /3,  1/9, 1/27, 1/81,  1/270, 1/810); 
the   f igures  on the  curves denote 9. The separat ion i s  f ixed  ( r /h l  = 20, 

Pl/hl = 5). 
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Figure 1 

F igure  2 

Influence of displacement currents 

h 

10 io0 

Theoretical curves for two values o f  permittivity k, . 



Figure 3 

Figure  4 
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Two-strata curves for different values of I+. 
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Three-strata curves for different values of  v2. 
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Figure 4 shows the  three-strata curves o f  type l lK".  The variable 
parameter is  the  dimensionless  thl'ckness of the second stratum (v2 = 0, 1 /3 ,  
1 ,  3 ,  70) .  The remaining parameters are fixed ( u  = 9,  u3 = 1, P l / h l  = 5 ,  

r/h, = 45). The diagram altows the  degree of trmsformation o f  the curves t o  
be determined for changes i n  thickness of t h e  second stratum. Curves w i t h  
the  indexes 0 and m i l l u s t r a t e  cases where the cross section  degenerates i n t o  
a homogeneous half Space (v2  = 0) Or into a two-strata section (v2 = m) . 

2 

The three s t ra ta  curves f o r  variations of the  parameter u2 are 
indicated i n  Figure 5.  The values  for p2 are given i n  the  chart. The 
remaining  parameters are fixed (v3  = 1 , w2 = 3 ,  P , / h l  = 5,  r/h, = 67.5) .  The 
curve w i t h  the index w, = 1 characterizes  the homogeneous h a l f  space. 

Figure 5 

L 

1 

L 
io0 1000 

Three s t ra ta  curves f o r  different  values  of p 2 '  

The ChEMZ equipment and the methods o f  f ie ld  measurement were 

worked o u t  under various  geological  conditions. The ChEMZ results were 
compared w i t h  data from d r i l l i n g  operations i n  m i n i n g ,  and by geophysical 
methods. Testing of experimental models o f  equipment took  place i n  various 
regions  of  East and West Siberia, i n  the  Bol'shezemel'skya Tundra, near  the 
Baltic Sea, around Moscow,  and i n  the Ukraine. 
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The ChEMZ fteld equipment is  a comparatively complex set of 
apparatus,  the main units of which are  the generator  (for  excitation of the 
electromagnetic field i n  the ground) and a recording  discriminating  receiver - 
a microvoltmeter. The f i rs t  experimental models o f  the  station  are designed 
for  realization of the  discrete mode of measuring by the ChEMZ method 
concluding i n  the subsequent  study of a number o f  frequencies w i t h  
simultaneous  recordings of this signal a t  a specific  distance from the 
generator  grouping. All measurements are  carried  out w i t h  a fixed separation 
r between the  generator and the receiver. Measurements i n  the continuous 
frequency  spectrum  (so-called  "continuous  frequency  probing")  are  rendered 
d i f f i cu l t  by the complication of providing  for  automatic t u n i n g  of a receiver 
for  a generator  frequency  varying w i t h i n  a wide range. Use of a wide band 
receiver  without  selective t u n i n g  i s  impossible due t o  low noise   s tabi l i ty .  

When an electromagnetic  field a t  the  Earth's  surface i s  excited, 
currents  are induced i n  i t s  various  strata,  the  amplitude o f  which i s  
dependent upon the  geoelectric  characteristics of the medium. Some o f  these 
can be determined from observations i n  the field.  The shallower  the  signal I s  
depth o f  penetration  into  the  Earth,  the  higher  the  frequency  of  the  signal. 
Therefore,  results of high frequency measurements are used for  studying the 
upper layers, and vice  versa. 

The ChEMZ station has  been developed i n  two modified  forms: the 
ChZ-100 and the ChZ-10 I The basic  parameters of the ChZ-100 station  are given 
bel ow: 

Generator 
Frequency band ................................................. 80 Hz-6 MHz 
Nominal rated  output ( i n  the range up t o  1.5 MHz). ............. 100 W 
Maximum load  capacity .......................................... 3 A 
Accuracy of recording  load.. ..................................... k 1 ,5% 
Efficiency ..................................................... 55% 
Weight, (without power supply units). .......................... 13 kg 
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Frequency band ................................................. 80 Hz-6 MHz 
Amp1 i tude of  s4 gnal s being measured ............................ 10,~ v-100 n1V 

Error . . . . . . . . .  ................................................. 

Band width, A f  ,.... ............................................ 0.03, 0.3 
m d  3 kHz 

Selectivity with detuning of  2 A f . .  ............................ 40 
Reduction of  interference a t  frequency 50 Hz. .................. 60 
I n p u t  current .................................................. 40 rnA 

Weight (with power supply uni ts) .  .............................. 5.5 kg 
Air  temperature  interval  in w h i c h  accuracy o f  

rneasurenlcnt i s  sustained. ................................... from -35 t o  

The station ChZ-10 i s  a lighter  variant of  the ChZ-100 ( the  weight 
of the generator  together w i t h  the  power u n i t  i s  9 k g )  : i t  has a lower ou tpu t  

(10 W) and a somewhat narrowed frequency  range. The receiver impedance o f  the 
ChZ-IO station  is  increased t o  10 Ma and the  input  capacitance i s  lowered t o  
2 pF.  An o u t p u t  current  stabilization system i s  introduced i n t o  the generator 
(covering t h e  who1 e frequency  range) and t he  feas ib i l i ty  o f  connecting loads 
of  a capacity nature is guaranteed. The above measures are taken w i t h  t h e  a i m  

of  us ing  t h e  ChZ-IO for continuous high frequency  non-contact  profiling  using 
capacitive f01 ded d i  pol e antennae. 

rJependi ng upon the geoel sctric conditions, t h e  d e p t h  investigated 
by stations ChZ-100 and ChZ-IO i s  f rom 1 - 3 t o  70 - 150 m a n d  from 1 .- 3 t o  
30 - 71 m respectively. 

The designing of stations w i t h  similar  parameters  required 
nonstandard  solutions for construction both  of t he  individual units and o f  the 
functional system a5 z! whole. For example, t h e  following i s  a special  feature 
o f  the  s t a t ion ’ s  powerful generator (Figure 6 ) .  The signal from the low power 
m a s t e r  generator 1 feeds d i rec t ly  i n t o  the input of the res is tor  phase 
inverter 2 ,  w h i c h  i s  working i n  a i ow  current s t a t e ,  and a further 
amplification o f  t he  signals of opposite phase takes  place  separately, t h a t  
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i s ,  by t he  two z y ” n @ t r i c a l   a p e r i o d i c   a m p l i f i e r s  3 and 5. The load  of   these 

a m p l i f i e r s  i s  a push-pul l   output  stage 7 of  c lass IIB” on t h e   i n p u t  o f  which 
a r e   i n s t a l l e d   t h e   e m i t t e r   f o l l o w e r s  4 and 6.  The generator schema i s  

p ro tec ted  by t h e  U.S.S.R. I n v e n t o r ’ s   C e r t i f i c a t e  No. 426213. 

F igure  6 

F igure 7 

Block diagram of generator. 

Block  diagram of rece iver .  

The block  diagram o f  the   se lec t i ve   rece iver -mic rovo l tmeter   a lso  has 
severa l   func t iona l   spec ia l t ies .  Resonance i n d u c t i v e  systems  are  excluded  from 
a l l  o f  i t s  u n i t s .  By d iscard ing   heat   sens i t i ve   e lements ,   s tab i l i t y  and 
accuracy of measurement was assured i n  a wide  temperature  range  along  with 
u n i f o r m   s e n s i t i v i t y   i n   t h e   f r e q u e n c y   r a n g e  from  tens o f   h e r t z   t o   s e v e r a l  
magahertz ( l i n e a r i t y  o f  the  ampl i tude  f requency  character is t ic  o f  t h e  
s e l e c t i v e   a m p l i f i e r   c i r c u i t ) .  The bas ic  components o f  the  schema are:  mixer 
w i t h  mixed  s ignal   detector 2, heterodyne 3 wi th   de tec to r  4, and  phase m o d i f i e r  
5. Blocks 1, 6 and 7 are i npu t   c i r cu i t s   w i th   p reamp l i f i e r ,   l ow   f requency  
f i l t e r ,  and amp l i f i e r   w i th   reco rd ing  system, r e s p e c t i v e l y .   I n  phase m o d i f i e r  
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5, readout o f  the detected mixed s igna l  takes place with  the aim of having a 
much weaker heterodyne  signal and a simplified low frequency f i l t e r .  The 
speci a7 u n i t  comprising the e7 ements 2 - 5 real  izes  the  function a balance 
modulator, b u t  unlike  the  latter, i t  is   eff ic ient   in  a wide frequency  range. 

He will  give examples of the use of a ChEMZ s ta t ion.  The d a t a  
shown i n  Figure 8 were obtained in the permafrost  region. According t o  data 
from dr i l l ing  w i t h i n  the  designated area of the town, a t h i n  layer o f  

suglinoks can be t raced;   i ts  lateral  extent is  insignificant,  The geological 
section  (borehole 114) and the geoelectrical  section  according t o  da ta  from 
the ChEMZ are given  in the diagram. The lower l imit  o f  the  layer of seasonal 
thaw i s  marked by the broken l ine.  The ChEMZ field  curves are given together 
in  the form o f  graphs Of dependence o f  pE (according t o  the results E ) and p B  

(according t o  the  results Bz) on JT (where T is   the  period  of f luctuation).  
For comparison, the curves pk O f  vertical   electrical  probing (VEZ)  by d i rec t  
current  are  given. 

w X w 

When processing  data from a profile  survey,  the  boundaries o f  

geoelectric  horizons  are  established w i t h  respect t o  the  dislocation  of 
characteristic  sections and points of the ChEMZ curves ( the l ine  S, according 
t o  the  coordinates Cx and c). 

In most cases,  interpretation o f  ChEMZ was by the  master  curve 
analytic method, the resul ts  o f  which indicated  the  presence o f  a t h i n  low 
resistance  horizon a t  a depth of 12  - 16 m. Dur ing  direct  current p r o b i n g ,  
the  layer of reduced resistance i s  weakly displayed  only on the VEL4 a t  one 
p o i n t ;  th is  does not allow the possibil i ty of  determining i t s  parameters. 

When selecting  research methods, economic efficiency is  an 
important factor.  The proficiency o f  ChEMZ, placed IV in  complexity, i s  2 - 3 
times higher i n  comparison w i t h  direct  current VEZ ( i n  summer conditions,  with 
separations  guaranteeing  identical  profundity of  methods). In  this  case,  an 
operating team for ChEMZ consists of 3 - 4 persons,  for VEZ the  operating team 
i s  5 - 7 persons. 
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F igure 8 

""- 

0 I 2  3 4  5u 

Geoelectr ical   cross-sect ion  according t o  ChEMZ r e s u l t s ,  
1 - gravel and sh ing le   w i th  boulders and sandy f i l l e r ,   f r o z e n ;  
2 - as above,  thawed; 
3 - suglinok; 
4 - l e v e l  of groundwater; 
5 - proposed zone o f  d i s l o c a t i o n .  

F igure 9, which shows the   l ogg ing   cu rve ,   i l l us t ra tes   t he   po ten t i a l  
of the  ChEMZ s t a t i o n  even f o r   t h i s  type o f  work. Logging  took  place i n  a dry, 
uncased  borehole  by means of a noncontact  magnetic  receiving  antenna; a f i e l d  
was e x c i t e d  at the Earth 's  surface. 
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Fiqure 9 

High frequency  logging o f  borehole. 
1 - peat; 2 - coarse  sand; 3 - fine sand; 
4 - pebbles ; 5 - i c e  veins; 6 - clay; 7 - supes ; 
8 - moisture; 9 - vh ( f  = 0.3 rnHz). 

The ChZ-10 station  together w i t h  ChEMZ can be used even for h i g h  
frequency  electromagnetic  profiling (VChP). Ini t ia l ly ,   e lectroprofi l ing took  
p l a c e  w i t h  an equatorial arrangement (by anology w i t h  frequency  probing) . 
B o t h  the  electrican E,, and the magnetic E, component o f  the f ie ld  are  
measured. These measurements, which  have several  advantages  over DC 
electroprofil ing,  produce no substantial  advantage i n  proficiency. A t  the All 
Union Research Inst i tute  f o r  Hydrogeology and Engineering Geology (VSEGINGEO) , 
and subsequently  in the  Industrial and Research Inst i tute  for Engineering 
Surveys i n  Construction (PNII IS) ,  research has been carried out  in to  another 
modification of  electroprofiling.  Observations were usually  carried o u t  in 
the 1 .O - 200 kHz band o f  the  axial  dipole  arrangement, One example of  the 
use o f  VChP (on four frequencies)  for  isolation of  zones of tectonic 
disturbance i s  shown i n  Figure 10 .  
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Figure 10 

P r o f i l i n g  on four frequencies. 
1 - 1 kHz; 2 - 10 kHz; 3 - 100 kHz; 4 - 1 MHz. 

Use o f  noncontact  capacitance  antennae  (length 5 - 10 m) , pul  led 
freely behind the measuring  instruments o f  the ChZ-10 s ta t ion,  allowed the 
speed of profiling t o  be accelerated  several  times and the work team t o  be 

reduced t o  2 - 3 persons. Its possi bi1 i t i e s  and the qua l i ty  o f  the  results o f  
VChP are i n  no way inferior t o  those o f  DC profiling. 

The efficiency of alternating  current methods can be increased both  

from the p o i n t  of  view o f  r e l i ab i l i t y  ( q u a l i t y ) ,  and productivity - i n  the 
la t ter   case i t  can be greatly  increased. To th i s  end, methods o f  measurement 
and design of  special equipment for  their   realization must be developed. 
Recently, methods for  amp1 itude and amp1 i tude-phase-measurement and equipment 
setups for geoelectrical AC surveys have  been proposed by the PNIIIS 
(Aveti k i n ,  1976).  A1  1 of the methods propose use of a supplementary  channel 
(UHF) between the  generator and receiver groups. This channel is f o r  
transmission of  a special  reference  signal for selective t u n i n g  o f  the 
receiver . 
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In   t he   amp l i t ude  measurement procedure,  the  frequency of t h e  
reference  signal  must be s h i f t e d  t o  a constant  value i n   r e l a t i o n  t o  t h e  
frequency  of  the  emitter,  independent o f   i t s   f l u c t u a t i o n .  A t  the same t ime, 

use of a he terodyne  rece iver   a l lows  i so la t ion  of the  heat  f requence  that  
ar ises  f rom  mixing  s ignals  of  two f requencies:   emi t ted  in to   the  ground and 
t ransmi t ted  through  the UHF channel. Use of such a method of measurement 
guarantees  the  automatic  tuning i n  o f  t he   rece ive r  t o  t h e   e m i t t e r   s i g n a l  
w i t h o u t  any addi t ional   t ime  be ing  spent  on i t  and, consequently,  the 
r e a l i z a t i o n  of  continuous  frequency  probing (as opposed t o  measurements  on 2 
d i s c r e t e   f r e q u e n c i e s )   w i t h   s e l e c t i v e   t u n i n g .   A n o t h e r   p o s i t i v e   r e s u l t   i s  seen 
in t h e   p o s s i b i l i t y  of cons iderab le   nar rowing   o f   the  pass band o f  t he   rece ive r  
(down t o  t h e   f i r s t   h e r t z   u n i t s ) ,   i . e .  , a sharp  improvement  of i t s   s e l e c t i v e  
p roper t ies .  The arrangement f o r  such a method of  measurement by the  bas ic  
u n i t s   o f   t h e  ChEMZ or  VChP s tat ions  must   conta in  a device for forming a 
re ference  s ignal  , and  a UHF t ransceiver .  The necessary  reference  signal  can 
be obtained i n   t h i s   d e v i c e  by means o f  a phase d i s c r i m i n a t o r   s i m i l a r   t o   t h a t  
used i n  r a d i o  communication  procedure i n  a s i n g l e  sideband. 

The o ther  method - phase  frequency - suggests  simultaneous 
record ing  of  ampl i tude and  phase of  the   s igna l  wi th continuous a1 t e r n a t i n g  
frequency (ChEMZ) o r   s i g n a l   o f  a f ixed  f requency  wi th   cont inuous change o f  

ampl i tude and phase (VChP). This  method, i n  con t ras t   t o   t he   f o rmer ,   a l l ows  
two  parameters of t h e   f i e l d  t o  be  recorded, bu t  requ i res  equipment of greater  
complexi ty.  Among t h e   l a t t e r  must be inc luded a follow-up  system for 
compensating  the phase d i f fe rence,  two synchronic  (phase)  detectors, and two 
automatic  recorders. 

The t h i r d  method  proposed i s  based on modulation  of  the phase 

s i g n a l   t r a n s m i t t e d   i n t o  the ground. 

It i s  obv ious  that  a ChEMZ s t a t i o n   r e a l i z i n g  one of  the methods 
i n d i c a t e d  will g i v e   t h e  most economic r e s u l t  i n  a system of continuous 
frequency  probing, i .e., when record ing amp1 i tude frequency or phase  frequency 
(or both a t   t h e  same t i m e )   c h a r a c t e r i s t i c s  of  the medium i n  a continuous 
sector  of  the  frequency  spectrum.  Depending  on  the  established  frequency 
range,  the  per iod o f  measurement when carry ing  out   geocryo log ica l   engineer ing 
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surveys will total   several   minutes,  and the  t ime  necessary  for   addi t ional   work 
will a i  so be reduced.  Appreciable  improvement i n  t h e   s e l e c t i v e   p r o p e r t i e s  o f  
t he   rece ive r   pe rm i t s   t he  power o f   t he   genera to r  t o  be  reduced  considerably, 
and  consequently  the  weight of  the  whole ChEML s t a t i o n .  The measurement 
process does not   requi re   the  presence of an operator   a t   the  generator   group,  
and the  operat ing  personnel  can be reduced t o  one o r  two  persons. 

E lec t romagne t i c   p ro f i l i ng  can also be e f f i c i e n t l y   c a r r i e d   o u t  

con t inuous ly  which, i n  a given  instance,  suggests  simultaneous  recording o f  
amplitude  and phase c h a r a c t e r i s t i c s  o f  t h e  medium a t   f i x e d   f r e q u e n c i e s ,   b u t  
w i th   con t inuous   t ranspor t ing   o f   the   appara tus   th rough  the   p ro f i le   be ing  
i n v e s t i g a t e d .   I n   t h i s  case, the  performance o f   t h e  VHChP is f u l l y  determined 
by the  maximum poss ib le  speed of t he   t ranspor ta t i on  method under  local  
cond i t ions .  
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FORECAST OF CHANGES I N  GEOCRYOLOGICAL  CONDITIONS DURING 
ECONOMIC DEVELOPMENT OF THE PERMAFROST REGION 

V.A. Kudryavtsev  and L.N. Maksimova 
Moscow Sta te   Un ivers i ty ,  U.S.S.R. 

Geocryol og i  c a l   f o r e c a s t i n g   i s  becoming an i n teg ra l   pa r t  of t h e  
f o l   l o w i n g  branches o f  permafrost  research:  geocryology,  geological 
engineering,  hydrogeology, e t c .  However, w h i l e   t h e r e   i s  no  consensus  on 
types  content methods objects  forms and complexi ty o f  forecasts ,   there i s  
also no c l a s s i f i c a t i o n  system or nomenclature. As a r e s u l t ,   t h e  aims  and 
tasks  are  perceived i n   d i f f e r e n t  ways. Therefore, i t  i s  now expedient t o  
d iscuss   these  ques t ions   in   o rder   to   de termine   the   bes t  methods  and t h e  
r e l a t i o n s h i p  of i nd i v idua l   t ypes  and forms o f  f o r e c a s t i n g   i n   t h e   p r e d i c t i o n  
o f  changes i n  geocryological   condi t ions and i n  de te rm in ing   t he   p r i nc ip les  and 
methods o f  modifying  the  "cryogenic  processes"*;  and for p r e d i c t i n g   t h e  
p r i n c i p l e s  and  methods o f  env i ronmenta l   protect ion i n  permafrost  areas. 

Aims, Tasks  and  General Forecasting System 

By geocryo log ica l   forecast ing i s  meant: t h e   s c i e n t i f i c   p r e d i c t i o n  
o f  changes i n  geocryological   condi t ions and the  disturbances  brought  about i n  

the  environment by natura l   evo lu t ion  and human i n t e r v e n t i o n .  

I n  a permafrost   region,  the  resistance o f  the  environment t o  
ex terna l   in f luences ,   the   p r inc ip les  and  methods o f   c o n s t r u c t i o n  and the mode 
o f   o p e r a t i o n   o f   b u i l d i n g s  and o ther   s t ruc tu res   a re  a l l  basica l ly   determined 
by the geocryological  condit ions,  which change r a d i c a l l y  as a r e s u l t  o f  
economic  development o f  the area, These  changes  can be o f  such a magnitude 
that  permafrost may form  dur ing  const ruct ion and  development o f   p r o j e c t s ,  
where i t  had been non-existent  dur ing  prel iminary  geocryological   research, 

* Physico-geological   processes  resul t ing from  energy  and mass exchanges i n  
freezing,  frozen and thawing  earth  mater ia ls  (Trans1 . )  . 

Proceedings  Third  Internat ional   Conference on Permafrost, 
Vol. 1, pp. 528 - 532, 1978. 
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and  conversely,  there can  be thawing  of   permafrost   which,   under  natural  
condi t ions,   would be su f f i c ien t ly   s tab le .   Obv ious ly ,   the   na ture  o f  these 
changes must be taken  into  account when determining  the  general  system  and 
optimum condi t ions  for   the  broad economic  development o f   t h e   v a s t   a r e a s   o f  
new indus t r ia l -economic   reg ions ,   jus t  as i n   t h e   p l a n n i n g ,   c o n s t r u c t i n g  and 
development of l oca l   eng ineer ing   p ro jec ts ;  i t  i s   p a r t i c u l a r l y   i m p o r t a n t   i n  
t h e   l a t t e r  case.  Therefore,  the  compil ing o f  a fo recas t  must be an i n t e g r a l  
p a r t   o f  any geocryological  research, and i t  must  form  the  basis of any 
development  on t e r r a i n  which has permafrost   or  deep, seasonal f reez ing .  

When compi l ing a fo recas t ,  i t  i s  necessary t o  eva lua te   the  

in te rac t ion   o f   the   env i ronment  and techn ica l   f ac to rs   ( c i v i l   eng inee r ing ,  
min ing ,   agr icu l tu ra l  development, e tc . ) .  The outcome o f  t h i s   i n t e r a c t i o n  i s  

cond i t ioned by:   a)   the  type of  environment and, above a l l ,  by  the 
env i ronmenta l   -h is tor ica l   features o f  the  area  being  developed;  features  which 
determine  the  range and nature of the geocryological   factors (e.g., 

geolog ica l   s t ructure,   landscape,   c l imate , natura l   cover ,   e tc  .) , and t h e  
s i g n i f i c a n c e  o f  each one i n   t h e   f o r m a t i o n  of the   na tura l   geocryo log ica l  
cond i t ions ;  b)  the   na ture  of man's i n d u s t r i a l   a c t i v i t y ,  i t s  r o l e   i n  changing 
these and o ther   geocryo log ica l   fac to rs ,  and also the   na ture  o f  these changes. 
Therefore, i n  order   to   compi le  a forecast ,   both  the  genera l  and t h e  
i nd i v idua l   f o rma t ion   pa t te rns  and development o f  the cond i t ions  must  be 
s tud ied.   Wi th   the knowledge of how t h e   i n d u s t r i a l   a c t i v i t y  will i n f l u e n c e  
the  environment, i t  i s  p o s s i b l e   t o   p r e d i c t  changes i n  the   cond i t ions .  
Moreover, techn ica l   fac to rs   d isp lay ing  an add i t iona l   in f luence will usua l l y  
become ev ident ,  e.g., heat  release from b u i l d i n g s  and structures,   etc. ;   these 
must a l s o  be taken  in to   cons iderat ion.  These fac to rs   a re   a l so  the sub jec t  o f  
research  wi th  regard t o  the   cha rac te r i s t i cs   o f   t he   ex i s t i ng   env i ronmen ta l   and  
geocryo log ica l   condi t ions and those  undergoing  modif icat ion.  

Types o f  Forecast* 

Depending on the  aims  and tasks of the  research a t  hand, th ree  

types o f   f o r e c a s t  can be d is t inguished:   genera l ,   reg ional  and l o c a l   ( c f .  
Tab1 e ) .  
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The general  forecast i s  compi led  to   g ive an o v e r a l l   p i c t u r e  o f  t h e  
type o f  natural   resources  over a wide  area, w i t h  a view t o  eva lua t i ng   t he  
p e r s p e c t i v e s   f o r   t h e i r  economic  development ( b r i d g i n g   o f   r i v e r s ,   c r e a t i o n   o f  
a ser ies  o f  reservo i rs ,   e tc . ) .  The main  function of  t h i s   t y p e  of  forecast i s  
t o  evaluate  the  general  trends i n   geoc ryo log i ca l   cond i t i ons .   I n   t he   cou rse  
o f   fo recas t ing ,   the   perenn ia l   f reez ing  and thaw ing   pa t te rn   o f   t he   upper   l aye r  
o f   t h e   E a r t h ' s   c r u s t  i s  descr ibed,   together   w i th   an t ic ipa ted  changes i n   i t s  
composi t ion,   structure,  and c h a r a c t e r i s t i c s ;   r e s e a r c h   i s   c a r r i e d   o u t  on i t s  
i n f l u e n c e  on the  type o f  p e r m a f r o s t   d i s t r i b u t i o n   ( d i s c o n t i n u i t y ,   p o s i t i o n  o f  
southern  boundary). A study i s  made o f   t h e   i n f l u e n c e  o f  forecast changes i n  
cond i t ions  on the   eva lua t ion  o f  i ndus t r i a l   rese rves  o f  minerals,  subsurface 
water,  etc.  Present  trends o f  permafrost   evo lut ion  are  condi t ioned  by  the 
whole h i s t o r i c a l  development o f   t he   pe rmaf ros t  and of  the  environment  as a 

whole. The e v o l u t i o n  of t h e   e n v i r o n m e n t a l - h i s t o r i c a l   c o n d i t i o n   i s ,   i n   t h i s  
case, mani fest  i n   t h e   o r i g i n  o f  the  changes being  forecast.  The changes i n  
cond i t ions  i t  has brought  about  are  assessed  by  the  environmental-histor ical  
fo recas t .  

Technical  factors  such as a i r   p o l l u t i o n ,   t h e   i n f l u e n c e  o f  large,  
man-made reservo i rs ,  e t c . ,  are  having an ever   inc reas ing   e f fec t  on t h e  
development o f  the  environment  over vast  areas.  This  type of techn ica l  

a c t i v i t y ,   o f t e n   c a l l e d   u n i n t e n t i o n a l   e f f e c t s ,  also i n f luences   the  
geocryological   condi t ions and  should be considered when compi l ing a general 
f o r e c a s t .   T h e i r   i n f l u e n c e   i s  imposed  on the   na tura l  development o f  the 
geologica l  and  geographical  condit ions;  consequently,  there can be s a i d   t o  be 
an i n tegra ted   phys ico- techno log ica l   e f fec t .  When t h i s  extends  over a vast  
area, i t  causes changes in the  geocryological   condi t ions,  t h e  d i s t r i b u t i o n  
and t i m i n g  o f  which  could  not be n o t e d   e a r l i e r   w i t h  any essential  degree o f  
c e r t a i n t y .  A forecast of such  changes  can  be ca l led  phys ico- technica l  
"anamological"   forecast  ( f rom  the Greek, meaning r u l e ) .  

I t  f o l  lows t h a t  a general forecast must be  based  on t h e   r e s u l t s  of 
envi ronmenta l -h is tor ica l  and physico-technical  "anornological"  forecast. 

Regional   forecasts  are  compi led  for  geocryological   engineer ing 
eva lua t ion  o f  t e r ra in   du r ing   t he   p lann ing  stages of p r o j e c t e d   a g r i c u l t u r a l  
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development,  and for   o ther  cases  where the  nature o f   p o s s i b l e  changes i n  
cond i t ions  of i nd iv idua l   na tura l   reg ions  must  be known (land,  minerals, 
e tc . ) .  On the  s t rength of the  forecast,   land i s   d i v i d e d   i n t o   t h e  most 
su i tab le   reg ions   fo r   var ious   types   o f  development  (hydrotechnological, 
i ndus t r i a l   t r anspor t ,   cons t ruc t i on ,   e t c . ) ,  and o t h e r   q u e s t i o n s   r e l a t e d   t o  
the   o rgan iza t ion  and d i s t r i b u t i o n   o f   t e r r i t o r i a l - e c o n o m i c  complexes a r e  
resolved. An evaluat ion o f  the res is tance of  the  environment i n  general,  and 
t h e   g e o c r y o l o g i c a l   c o n d i t i o n   i n   p a r t i c u l a r ,   t o   t h e   v a r i o u s   e x t e r n a l  
in f luences  must be assessed, if t h e  above  mentioned  questions  are t o  be 

resolved.   Th is   invo lves  the  forecast ing of  changes i n   t h e   g e o c r y o l o g i c a l  
c o n d i t i o n s   r e s u l t i n g  from natura l  development o f  the  environment 
(env i ronmenta l   -h is tor ica l   forecast )  and  economic  development of t h e   t e r r a i n  
( technogen ic   f o recas t ) .   I n   t he   l a t te r  case, the in f luence of such general 
measures  as the  removal  of  vegetation,  build-up or removal o f  snow cover, 
changes i n  surface and  subsurface  drainage  condit ions,  etc.  are examined. 
These measures i n f luence  the   geocryo log ica l   cond i t ion   by  way o f  the  above 
l i s t e d  and other  environmental and permafrost  forming  factors, and a r e  
evaluated on the  basis o f  a physico-technical   forecast.  The above techn ica l  
in f luences   a re   charac ter is t i c  o f  the  economic  development o f   v i r t u a l l y  any 
area. I n   add i t i on ,   t he re  must be assessments o f  t he   spec i f i c   i n f l uences  
c h a r a c t e r i s t i c  o f  var ious  types o f  economic a c t i v i t y  and p e c u l i a r   t o   s p e c i f i c  
types o f  construct ion,   etc. ,  i n   o r d e r   t o   r e s o l v e  a number o f  questions 
concern ing   the   loca t ing  of t e r r i t o r i a l - e c o n o m i c  complexes.  For  example, i n  

c o n s t r u c t i o n  development, the  in f luence of the   to ta l   thermal   heat - re lease 
from b u i l d i n g s  and engineer ing  pro jects   over   the  whole  const ruct ion  s i te ,  
u t i l i t y   c o r r i d o r ,   e t c .  A forecast  assessing  such  purely  technical  , d i r e c t ,  
thermal  (mechanical) action on t h e   e a r t h   m a t e r i a l s  can be c a l l e d  
eud io- techn ica l   (eud io   pure ,   c lear ) .   For   the   p rac t ica l   so lu t ion  of  these 
problems, a eud io - techn ica l   fo recas t   i s   compi led   ma in ly  on t h e   b a s i s   o f  an 
overview o f  avai lab le  const ruct ion  exper ience,   by means o f  q u a l i t a t i v e  
evaluat ions.  

Considerat ion of the above l i s t e d   i n f l u e n c e s   i s   n o t   t h e   o n l y  

f u n c t i o n   o f   t h e   r e g i o n a l   f o r e c a s t .   I n   o r d e r  t o  eva lua te   t he   res i s tance   o f  
the  geocryological   condi t ions,  i t  i s   n o t   s u f f i c i e n t   m e r e l y  t o  study how they 
a re   i n f l uenced  by environmental and technica l   factors ,   for ,   converse ly ,   the 
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in f l uence  o f  permafrost   condi t ions on the  environment  must  also be studied.  
If these  in f luences do af fec t   the   cond i t ions ,   then  the   impact   o f   the   ex te rna l  
in f luence i s  strengthened and r e s u l t s   i n   l o w   r e s i s t a n c e   i n   n a t u r a l   l a n d s c a p e s  
and the i r   respec t i ve   seasona l l y  and pe renn ia l l y   f rozen  ear th  ma te r ia l s .  
Conversely,  other  factors  which  would  increase  the  resistance o f   t h e  
environment and the  geocryo log ica l   condi t ions  are  poss ib le .  The na tu re   o f  
t h e  above i n t e r a c t i o n s  and interdependencies  should be t h e   s u b j e c t   o f  an 
independent  forecast: an eco log ica l   fo recas t .  When compi l ing a l o c a l  
forecast   for   use i n  work ing   ou t   the   p r inc ip les  of t e r r i t o r i a l  development  and 
environmental   protect ion,  an e c o l o g i c a l   f o r e c a s t   i s   o b v i o u s l y  o f  prime 
importance. 

The l o c a l   f o r e c a s t   i s   d e s i g n e d   t o   h e l p   i n  the  engineer ing 
l o g i s t i c s   o f   l o c a l   c o n s t r u c t i o n   p r o j e c t s  (or minera l   deposi ts) .  On the  bas is  
o f  t h i s   f o recas t ,   geo log i ca l   eng inee r ing   eva lua t i ons   o f   t he   t e r ra in   a re  made, 
f rom  the   s tandpo in t   o f   loca l   indus t r ia l   exper ience,  and t h e   p r i n c i p l e   t o  be 
used fo r   t he   f ounda t ions   (o r   t he   ex t rac t i on  method f o r   m i n e r a l s )   i s   s e l e c t e d .  
The fo recas t   i s   the   bas is   fo r   a l l   ma jor   dec is ions   concern ing  a p r o j e c t ,  and 
for t he   de te rm ina t ion   o f   t he   s tandard   cha rac te r i s t i cs  o f  seasonal  and 
perennia l   f reez ing;  o f  recommendations on measures t o  be taken  concerning 
mod i f i ca t i ons  t o  permafrost  condit ions,  which  would  ensure  rat ional use of 

the  geo~ogica l   env i ronment  (and, when necessary, o f  r e c u l t i v a t i o n ) ;  and 
optimum c o n d i t i o n s   f o r   c i v i l   e n g i n e e r i n g  and  mineral   extract ion.  

The bas ic   funct ion o f  a f o r e c a s t   o f   t h i s   t y p e   i s   t o  assess  the 
i n f l u e n c e   o f   l o c a l   t e c h n i c a l   a c t i v i t y  on the  geocryo log ica l   condi t ions;  t o  
t h i s  end, a technica l   geocryo l   og ica l   forecast  i s  compi led.   This  invol  ves 
assessmnt   o f   t he   ro le  and s i g n i f i c a n c e  o f  a l l  permafrost-forming 
environmental   factors  wi th  regard t o  changes they  undergo  during the  
cons t ruc t ion   per iod   (phys ico- techn ica l ) ,  and the  inf luence  ( thermal  and 
mechanical) o f  loca l   eng ineer ing   p ro jec ts   (eud io - techn ica l   fo recas t ) .  The 
general  background o f  the changes in   cond i t i ons   be ing   s tud ied  i s  determined 
by i t s  h i s t o r i c a l  development and i t s  present day  dynamics. The p e c u l a r i t i e s  
o f   t h e  above f a c t o r s  and t h e i r   i n f l u e n c e  on l o c a l   c o n s t r u c t i o n   s i t e s   a r e  
assessed  on  the  basis of env i ronmenta l   h is to r ica l  and eco log ica l   fo recas ts ,  
I n   t h e   l a t t e r  case, f ea tu res   o f   t he   i n te rac t i on   o f   t he   geoc ryo log i ca l  
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component  and the environment as a whole are  also  evaluated, and the 
modifications  expected  to be  made d u r i n g  construction  are defined; this 
influences the evaluation  of the complexity of the  geological and engineering 
conditions of competing areas, and this, i n  turn, determines  the  selection  of 
the best alternatives i n  construction  sites,  routes,  etc. 

The type of forecast under discussion i s  one of  the most widely 
used. In the Department of Permafrost  Studies, Moscow University there is  an 
accumulation o f  20 years'  experience i n  compiling local  forecasts  for  the 
various needs o f  the  national economy (hydrotechnology, industry, transport 
related  construction,  extraction  of  scattered  deposits,  etc.), a t  various 
stages of research i n  different  permafrost  regions; this has allowed the ' 

principles of geocryological  forecasting  to be  worked out d u r i n g  geological 
engineering  research, and for i ts  structure and content a t  the  various  stages 
o f  investigation and planning to  be determined. 

Objects of the Forecast 

All the individual  characteristics of the  geocryological 
conditions  are  objects of the  forecast. This includes changes i n  
distribution, mode of  occurrence,  composition and structure;  probability  of 
thawing and reformation; dynamics o f  the  temperature regime and depth o f  
seasonal  freezing and thawing; probability o f  permafrost  formation, 
occurrence o f  cryogenic  processes and  phenomena; changes i n  composition and 
characterist ics of frozen,  freezing, and thawing  ground, and i n  the 
geological  engineering  conditions. The most essential  objects  are: type o f  
change i n  "cryogenic  texture"*  water-confining  strata i n  permafrost; 
catchment and discharge  areas; and changes i n  the flow conditions o f  
subsurface  water, i t s  chemistry, supply and resources. In this case, when 
i ndi vidual components of  the  conditions  are  forecast,  for example, the 
temperature regime of the  earth  materials or the thermal interaction  of 
structures and underlying  permafrost, i t  should be called a partial  forecast. 
A fu l l  forecast gives the  characteristic changes o f  different  types o f  
seasonal and perennial  freezing and of the  cryogenic  processes. Obviously a 

. .- 

* Texture characterist ic of frozen  fine  grained and organic mineral earth 
materials cemented together w i t h  ice. 
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f u l l  forecast  automatically solves the problem o f  partial  forecasts,  or  lays 
the groundwork for  i t s  solution. A geocryological  survey  allows  the 
possibility o f  compiling this  type o f  composite forecast.  Inclusion of the 
history and development of  the  permafrost must be fundamental t o  the  forecast 
when determining  the  nature o f  change i n  the  conditions as a whole, and of  
each object  individually. As already  pointed o u t ,  the  history o f  i t s  

formation, and the  present day dynamics of  the  conditions  are  manifest i n  the 
general background, against which, a l l  changes i n  the  conditions  associated 
w i t h  the  natural development of  the environment and w i t h  the economic 
development of  the  area  take  place.  Therefore,  the  forecasting o f  the 
natural  course o f  development o f  the conditions  expected i n  the  near  future 
i s  one of the main objects of the  forecast. 

In local  forecast, the technical  objects  are a major concern. 
These objects  include:  forecasting o f  the thermal interaction between a 
structure and the  permafrost;  the  nature  of changes i n  the   la t ter   as  a resul t  
of  heat loss under b u i l d i n g s  and structures;  the  possible thawing o f  the 
frozen  foundations;  determination o f  the thaw basin;  forecasting  of changes 
i n  composition and characterist ics o f  frozen,  thawing, and freezing ground; 
and the  determination o f  their mechanical,  rheological, and deformation 
characterist ics under load,  etc. Of no less  importance i s  the  forecasting of  
the  genesis and mode of occurrence  of such cryogenic  processes and phenomena 
as  thermokarst and thermal abrasion, frost heave, solifluction,  icings,  
fissure  formation,  creep, slump, cave-ins,  etc. 

I t  i s  common knowledge that  all  geocryological  features  are 
interrelated and,  therefore, so are the  objects of the f o recas ts .  The 
forecast o f  a change i n  one of these  objects  inevitably  reflects  occurrence 
o f  change i n  the  other  objects.  Therefore,  the  forecast o f  a change i n  one 
geocryological  freature must be taken  into  consideration and related t o  the 
general  forecast  for a given  region. Such interaction between the objec ts  
permits a correct approach t o  the  methodology of forecasting. 

Forecastinq Methods 

,Method for  roush aualitative  evaluations. In order t o  obtain a 
general,  preliminary  concept o f  anticipated changes i n  geocryological 
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cond i t i ons   du r ing  economic  development o f  permafrost   ter ra in ,  i t  i s  usual t o  
draw  on e x i s t i n g   l i t e r a t u r e  and cadastral   data on t h e   a r e a .   I n   t h i s  case, i t  

i s  usua l l y   poss ib le  t o  make a q u a l i t a t i v e   e v a l u a t i o n  of an t i c ipa ted  changes 
and t o  proceed  wi th   d iv id ing  the  area  in to   reg ions.   E i ther ,   reg ions  can be 
designated where the   cond i t i ons  seem l e a s t   r e s i s t a n t ,  where permafrost thaws 
as  a r e s u l t   o f  economic  development or forms aga in   w i th  a sharp change i n   i t s  
c h a r a c t e r i s t i c s  and frequent  occurrence o f  the  cryogenic  processes  and 
phenomena, o r  they  can be designated where  changes o n l y   a f f e c t   i n d i v i d u a l  
permafrost features without  causing i t  t o  thaw. Such a method,  based on the  
most  general   considerat ions  can  be  cal led a rough method. 

The method of   recordinq  exaer ience i n   c o n s t r u c t i o n  and  economic 

development i n  an area i s  based  on accumulated  information on cons t ruc t i on  
experience i n  permafrost  areas.  Depending on loca l   condi t ions,   the  most  
r a t i o n a l   p r i n c i p l e s  and  methods o f  bo th   cons t ruc t ion  and other  aspects of 
economic  development , are  determined on the   bas is  o f  a de ta i l ed   ana lys i s   o f  
const ruct ion  exper ience and  causes of deformation  of  buildings  and 
s t ruc tu res  . 

The method produces good r e s u l t s  when used i n   c o n j u n c t i o n   w i t h  
o the r  methods (surveying, assessment,  permanent s i tes ,   e tc . ) ,  for t h i s   a l l o w s  
t h e   p o s s i b i l i t y  of d isc los ing   t he   genera l   i n te rac t i ons   o f   s t ruc tu res  and t h e  
environment, of r e s t o r i n g   t h e   o r i g i n a l   c o n d i t i o n s  and o f   l i n k i n g   t h e s e  
changes t o  changes i n   t h e  environment and the   i n f l uence  o f  techn ica l   fac to rs .  
One o f  these methods, which i s  being  used  independently, i s   d e s c r i p t i v e ,  and 
i s   r e s t r i c t e d   t o  communication and dissemination o f  e x i s t i n g   e x p e r i e n c e   t o  
o ther   reg ions  . 

,Methods on exper imenta l   s i tes  which  are  spec ia l ly   equipped  for  
experimental  work  are  related  to  the  preceding  method - the  s tudy cf 
construct ion  exper ience  and economic  development o f   permaf ros t   te r ra in .  The 
method has g r e a t   p o s s i b i l i t i e s ,  The se lec t i on  o f  a permanent  research 
program and t h e   p l a c i n g   o f   s i t e s  must be done i n  such a way so t ha t   t hey   a re  
s i t u a t e d  i n  t y p i c a l  and "plakory"*  condi t ions o f  the region  being  developed. 

* S l igh t ly   undu la t ing ,   we l l   d ra ined  in te r f luves   (Trans1 .). 
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On these  s i tes,   pre l iminary  s tud ies  can  be made o f  both  general  and 
i n d i v i d u a l   p a t t e r n s  of permafrost   format ion and  development  under  given 
na tura l   cond i t ions ,  and t h e   r o l e  and nature o f  the  geocryological   factors  can 
be  determined.  Forecasting assessments  can be  worked  out,  tested and 

cor rec ted  on these  s i tes.  The disadvantage of t h i s  method i s   t h e   l i m i t e d  
choice of  s i t e s  and combinations o f  env i ronmenta l   cond i t ions   ex is t ing  on 
g i ven   s i t es .  However, i n   t h i s  case, t h e   s e l e c t i o n  of t e c h n i c a l   f a c t o r s   i s  
n o t   r e s t r i c t e d .  The present method of s tudy ing   cond i t ions  and compi l ing  
forecasts can be o f  great  importance i f  i t  i s  considered i n   c o n j u n c t i o n   w i t h  
o t h e r  methods, especia l ly   the  geocryo log ica l   survey ing method, b y   t a k i n g   i n t o  
account  construction  experience and  assessment  methods. 

The  method o f  assessment i s  an i n t e g r a l   p a r t  o f  t he  
env i ronmenta l -h is to r ica l  and eco log ica l   fo recas t  and the   t echn ica l   f o recas t  
a l i k e ,  when making  general,  regional and loca l   fo recas ts .  Assessment  methods 
guarantee   the   quant i ta t i ve   eva lua t ion  o f  those changes i n   c o n d i t i o n s   a r i s i n g  
f r o m  the  economic  development  of a permafrost  area. Assessment  methods 
p e r m i t   t h e   c a l c u l a t i o n   o f  changes i n  the   rad ia t ion   ba lance of t h e   e a r t h ' s  
surface, changes of heat exchange  between the  atmosphere, t h e   s o i l  and the  
under ly ing  permafrost ,  and those changes in   cond i t i ons   wh ich   f o l l ow   the  
economic  development of  a region. The assessment  methods allow t h e  
p o s s i b i l i t y   o f  a q u a n t i t a t i v e  assessment o f  t h e   r o l e  o f  each geocryological 
f a c t o r   i n   b o t h   t h e   n a t u r a l  and  changed states,  and  can  reveal  the 
quan t i t a t i ve   aspec t  o f  general and ind iv idual   format ion  pat terns of  
permafrost and o f  t h e   g e o c r y o l o g i c a l   c o n d i t i o n s   i n   t h e i r   e n t i r e t y .  The same 
must be sa id   w i th   rega rd  t o  the   techn ica l   fac to rs .  A t  t he  same time, i t  must 
a l s o  be po in ted   ou t   tha t ,  when resolv ing  the  problems o f  loca l   forecast ing,  
and when using  analog and d i g i t a l  computers, i t  i s   e s s e n t i a l   n o t  t o  s e l e c t  
only  those  condi t ions  which were p r e v a l e n t   a t   t h e   t i m e  o f  the  research 
survey:  forecast changes i n   c o n d i t i o n s  must  be  taken i n t o   c o n s i d e r a t i o n .   I n  
t h i s  way, the  use o f  assessment  methods  must necessar i l y  be considered i n  

con junc t i on   w i th   o the r  methods o f  f o recas t i ng  and, above a l l ,  w i t h   t h e  
geocryol ogi  cal  survey. 

The geocryological   survey method fo rms  the   bas is   fo r   the  most 
complete,   detai led  forecast.   This i s  because the  g iven method i s  t he  most 
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complex. When making a survey,  use i s  made of construct ion  exper ience, 
exper imental   s i tes,   Organizat ion of  the  observat ions made over many years  and 
of  exper imental   construct ion;  o f  a l l   f i e l d ,  assessment  methods,  express 
methods and, dur ing   the   labora tory   per iod ,  o f  computer  methods. This   a l lows 
the   researcher   t o  make a d i r e c t ,   q u a n t i t a t i v e  assessment i n   t h e   f i e l d  and, i n  
t h e  1 aboratory, t o   e v a l u a t e   t h e   i n f l u e n c e  o f  various  environmental  and 
techn ica l   f ac to rs  on the  formation of var ious  geocryological   features  and 
t h e i r  changes assoc ia ted   w i th   cons t ruc t ion  and  economic  development. The 
most  valuable  feature  is ,   that   dur ing  the  survey, a most  comprehensive  study 
can be made o f  these  re la t ionsh ips .   Th is  allows the p o s s i b i l i t y  o f  assessing 
t h e i r   o c c u r r e n c e   i n   t h e   g r e a t e s t   v a r i e t y  o f  environmental  condit ions. 
Connected w i t h   t h i s  i s  t h e   p o s s i b i l i t y  o f  assess ing  ant ic ipated  technica l  
c ha.n ges . 

A t  t h e  same t ime,  geocryological   surveying has c a l l e d   f o r   t h e  

q u a n t i t a t i v e  assessment  and determinat ion o f  those i n i t i a l   d a t a   w h i c h  must  be 
compiled, when solv ing  problems  associated  wi th the l o c a l   f o r e c a s t i n g  o f  t h e  
the rma l   i n te rac t i on  of  var ious   s t ruc tu res   w i th   the   permaf ros t .  A 
geocryo log ica l   survey   guarantees   the   co l lec t ion   o f   mater ia l   necessary   fo r  
compi l ing  a map showing  both  the  general  character and fo recas t  changes. 
Geocryological maps a re   t he  most  communicative  form of  i n fo rmat ion  on t h e  
cond i t i ons  i n  the  area  being  developed,  making i t  poss ib le  t o  solve 
geocryo log ica l   probl  ems f o r  any p a r t  o f  the   researched  te r ra in  Therefore, 
as t h e   f o r e c a s t   i s   t h e   f i n a l   s t a g e  of  a geocryological   survey, i t  i s   t h e  most 
invo lved and  complete,  since i t  forecas ts  a complex  change i n  the  cond i t ions .  
Th is   f o recas t   , i s   pa r t l y   env i ronmen ta l   h i s to r i ca l  and p a r t l y   t e c h n i c a l .  

Forecast  Content 

The enumerated  forecasting methods a1 l o w   t h e   p o s s i b i l i t y   n o t   o n l y  
o f   f o recas t i ng   an t i c ipa ted  changes in   t he   geoc ryo log i ca l   cond i t i ons   re la ted  
t o   c o n s t r u c t i o n  and  economic  development i n  an area,  but a l so  o f   e s t a b l i s h i n g  
t h e   p r i n c i p l e s  and methods fo r   mod i f i ca t i on  o f  the  geocryological  processes, 
w i t h  a view t o  es tab l i sh ing  optimum  working and environmental  condit ions. 
Drawing on the knowledge of fo rmat ion   pa t te rns   o f   the   geocryo log ica l  
cond i t ions ,  i t  i s  p o s s i b l e   t o  speak of  t h e  measures t h a t  must be taken t o  
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a t t a i n   t h i s  goal. Each measure, whether i t  i s  a change i n   c h a r a c t e r  of t he  
cover (snow, vegetat ion) ;  a change in   t he   compos i t i on  of  ea r th   ma te r ia l s  
r e s u l t i n g  from heaping of ear th ,   s i t e   p repara t i on ,   o r   excava t ion  o f  e a r t h  
m a t e r i a l s ;   d r a i n i n g   o r   f l o o d i n g ;   b u i l d i n g ;   l a y i n g   o f   a s p h a l t ;   c o n s t r u c t i o n  of 
reservo i rs ;  e t c .  can be e v a l u a t e d   q u a n t i t a t i v e l y   o r   q u a l i t a t i v e l y .  By 
se lec t i ng   app rop r ia te  measures, depending on ex is t ing   Cond i t ions  and t h e  
techn ica l  needs for cons t ruc t ion  and  development,  optimum c o n d i t i o n s   f o r  
development  can be created.  This can be accomplished  for each l o c a l   p r o j e c t ,  
even when environmental and geocryological   condi t ions over a vast  area are 
being  modi f ied.   Th is   resul ts  i n  a th ree  p a r t  geocryo log ica l   fo recas t  
de temin ing :  1) a n t i c i p a t e d  changes i n  geocryo log ica l   condi t ions ; 2) 
p r i n c i p l e s  and  methods o f   m o d i f i c a t i o n  t o  be made t o  the   cond i t i ons  and those 
already  brought  about; 3 )  p r i n c i p l e s  and  methods o f  environmental   protect ion 
i n  permafrost   ter ra in .  

The question examined bear  evidence o f   t h e   c o m p l e x i t y  o f  the 
problem and o f  i t s   g rea t   impor tance  for t he   na t i ona l  economy. 
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GEOCRYQLQGICAL SURVEY METHODS 

V.A. Kudryavtsev  and K.A.  Kondrat'eva 
Department of Geology, Moscow S ta te   Un ive rs i t y ,  U.S.S.R. 

The basic   pos i t ions on procedures and  methods i n  geocryo log ica l  
research have  been formulated  by  the  leading  geocryological   organizat ions:  
The  Obruchev Permafrost   Inst i tu te ,  Academy o f  Sciences of t he  U.S.S.R. ;  
Wscow Sta te   Un ive rs i t y ;  Department of Geocryological   Research,  Industr ia l  
and  Research I n s t i t u t e  fo r  Engineering  Surveys i n  Const ruc t ion ,   S ta te  
Comni t t e e  on Construct ion  (Gosstroi  SSSR) ; the  Permaf ros t   Ins t i tu te ,   S iber ian  
D iv is ion ,  Academy of Sciences o f  the U.S.S.R.; the   A l l -Un ion  Research 
I n s t i t u t e   o f  Hydrogeology and Engineering Geology, MOSCOW, U.S.S.R.) e t c .  

However, the  extensive  development o f  the  permafrost  region,  which 

c a l l e d   f o r   i n t e n s i f i c a t i o n  of geocryo log ica l  research t h a t  i s  now being 
c a r r i e d   o u t  on var ious  scales and f o r   d i f f e r e n t  purposes,  necessitates 
f u r t h e r   e l a b o r a t i o n  of t h e   s t a t e  o f  geocryological   surveying and o f  the   bas is  
and  implementation o f  both  the  permafrost   research methods  employed e a r l i e r  
and those  which  are  again  being  implemented. Work on methodological 
questions i n  progress i n   t h e  Department o f  Permafrost  Studies,  Faculty o f  
Geology, Moscow Sta te   Un ivers i ty   i s   d i rec ted   towards   improv ing   the   qua l i t y ,  
acceptance,  and cost  ef fect iveness o f  geocryological   surveying, and  towards 
r a t i o n a l  use o f   i t s   r e s u l t s   i n   t h e  development of  a g r i c u l t u r e ,   f o r   p r o t e c t i o n  
o f  the environment and for sc ien t i f i c   unders tand ing  of the permafrost   region 
o f  our   p lanet ,   w i th  a view t o  contro l1   ing  the  cryogenic   progresses.  

Special ized  research on the  permafrost   reg ion can  proceed i n   t h e  
form of geocryological   surveying and as a statement  of   indiv idual   types o f  
geoc ryo log i ca l   obse rva t i ons .   I n   t he   l a t te r  case, t h i s  can  be t h e  
accumulation of in format ion on some i n d i v i d u a l   c h a r a c t e r i s t i c s   o f   t h e  

I 
Proceedings  Third  International  Conference an Permafrost, 
V O l .  1, pp. 534 - 538, 1978. 
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k r i o l i t h o z o n e  such  as: t h e   d i s t r i b u t i o n   o f   p e r m a f r o s t   o r   t e m p e r a t u r e s  of  
ea r th   ma te r ia l s ;   t he   i ce   con ten t  and cryogenic   textures o f  deposi ts ,   e tc .  
Even when in format ion on severa l   charac ter is t i cs  i s  obtained, such research 
which  records  ex is t ing  geocryo log ica l   condi t ions  cannot   g ive a geocryo log ica l  
and  geological   engineer ing  evaluat ion  of   the area, and  serves  rather t o  
compile a f o recas t  of  change i n  geoc ryo log i ca l   cond i t i ons   i n   connec t ion   w i th  
some c o n s t r u c t i o n   p r o j e c t  or w i t h  some other  aspect of development. 

If these  questions  are  to  be  answered when s tudy ing  a permafrost 

region,  not   only  must  the  exist ing  condi t ions  be  determined,  but   there  must 
a l so  be  an explanat ion as t o  why these  condit ions  exist,   what  determines 
the i r   ex is tence,   which  natura l   condi t ions and f a c t o r s   i n f l u e n c e   t h e i r  
formation, and how they will develop as a r e s u l t  o f  changes i n   t h e   l a t t e r .  
Consequently,  geocryological  research  must  necessari ly  include a study o f  

pa t te rns  of  the   fo rmat ion  of geocryolgocal  condit ions,  both  because of  t h e  
in f luence o f  each environmental factor and t h e i r   l o c a l   e f f e c t  

The q u a n t i t a t i v e   a n a l y s i s  o f  t h i s   i n f l uence ,   t oge the r   w i th  
q u a l i t a t i v e   a n a l y s i s ,   w h i c h   i s   c a r r i e d   o u t  by  computation methods and 
corre la tes  the  thermophysica l  and geological-geographical  nature of  
seasonal ly  and  perennial ly  f rozen  mater ia ls,  i s   c a l l e d   f a c t o r   a n a l y s i s .   O n l y  
when t h i s   t y p e  o f  methodological  approach to  geocryological   surveying i s  
employed  can a forecast of change i n  permafrost   condi t ions be worked ou t  on 
t h e   b a s i s   o f   i t s   r e s u l t s ;  and t h i s   i s   t h e   o b l i g a t o r y   f i n a l   s t a g e   o f  a survey, 
whatever  the  scale. 

A geocryological   survey i s  a combination o f  f i e l d  and labo ra to ry  
research  projects  having as t h e i r  a im  the study o f   i n d i v i d u a l  and general 
pa t te rns  o f  format ion and development of seasonally and pe renn ia l l y   f rozen  
ma te r ia l s  ~ and their  associated  cryogenic  processes  and  formations,  from 
which an o v e r a l l   p i c t u r e  of the  geocryo log ica l   condi t ions o f  t h e   t e r r a i n   c a n  
be  derived.  Therefore, as a r e s u l t  of  a geocryo log ica l   survey,   the  fo l lowing 
should be studied: 

1 )   d i s t r i bu t i on   pa t te rns   o f   seasona l l y  and perennia l ly   f rozen 
ma te r ia l s ,  and the s p o r a d i c   n a t u r e   o f   t h e i r  s p a t i a l  d is t r ibut ion,   depending 
on  changes i n   t h e   g e o l o g i c a l  and geographical  environment; 
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2)  bedding  condi t ions and stages o f  permafrost  throughout  the 
section,  depending on the  dynamics o f  t he   c l ima te ,   geo log i ca l   s t ruc tu re ,  
neotectonics, and in f l uence  o f  sur face and groundwaters; 

3) c h a r a c t e r i s t i c s  of  the  composit ion and p r o p e r t i e s   o f   f r o z e n ,  
f reez ing,  and thawing  mater ia ls and o f  geolog ic-genet ic  complexes  and 
format ions ; 

4) c h a r a c t e r i s t i c s  o f  the   c ryogen ic   s t ruc tu re  of permafrost, and 
o f  the  cryogenic   s t ructures,   mois ture  and  ice  content  o f  unconsolidated 
ma te r ia l s  and t h e  bedrock, depending on composition,  genesis, age and 
neotectonic  development,  type o f   f r e e z i n g ,  and t h e  dynamics of development o f  

the  cryogenic  process; 

5) pa t te rns  of format ion o f  the  temperature  regime o f  ma te r ia l s  
a t   t h e   b o t t o m  o f  t h e   l a y e r   o f  seasonal f reez ing  and  thawing and a t  the depth 
o f  zero annual  amplitude, on the  bas is  o f  t h e   f a c t o r   a n a l y s i s  of  e x i s t i n g  
na tura l   cond i t ions  and the  dynamics o f   t h e i r  development i n  time; 

6) pa t te rns  of format ion o f  depths o f  seasonal  freezing  and 
thawing of mater ia l  5 ,  and t h e i r  dynamics, depending  on changes i n  
environmental  factors; 

7) c h a r a c t e r i s t i c s  o f  changes i n  depths o f  seasonally  and 
p e r e n n i a l l y   f r o z e n   m a t e r i a l s   i n  time,  both i n   s p a t i a l   d i s t r i b u t i o n  and w i t h i n  
the  sect ion,  due t o  the   geoc ryo log i ca l   h i s to r i ca l  development o f  t he   reg ion  
and the   ex i s  t i  ng na tura l   cond i t ions  ; 

8) c h a r a c t e r i s t i c s  o f  format ion and development  of  various  types 
o f  t a l i  k s ,  depending on the   genes is ,   d i s t r i bu t i on  and  nature o f  t h e i r  
occurrences ; 

9) p a t t e r n s   o f  development  and d i s t r i b u t i o n  o f  cryogenic  and 

other  geological   processes and formations,  depending on the  combination of  
natura l   cond i t ions  ; 
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10) c h a r a c t e r i s t i c s   o f   t h e   i n t e r a c t i o n  o f  permafrost and surface 

and  groundwater  depending on ex i s t i ng   na tu ra l   cond i t i ons  and t h e   h i s t o r y  o f  
the  cryogenesis; 

11) pecu l ia r i t ies   o f   the   geo log ica l   eng ineer ing ,  and eva lua t ion  o f  
seasonal  and  perennial  freezing o f  materials,  depending on the d i r e c t i o n   o f  
a g r i c u l t u r a l  development of the t e r r a i n :  

12) const ruct ion  exper ience and e f f e c t s  o f  other  aspects o f  

development,  depending  on  the  type of eng ineer ing   p ro jec ts  and the  dynamics 
of  the  cryogenic  process; 

13) h i s t o r y  o f  permafrost  development,  depending on the  dynamics 
o f  t he   c l ima te  and the   geo log i ca l   h i s to ry   o f   t he   reg ion .  

Thus, the   geocryo log ica l   survey   i s   the   bas ic   fo rm  o f   research   in to  
seasonal l y  and perennia l  l y  f rozen   ma te r ia l s  , s ince  it solves a wide  range o f  
s c i e n t i f i c  and indus t r i a l   ques t i ons  and inc ludes as i n t e g r a l   p a r t s ,   a l l   o t h e r  
l i n e s  of  research   in to   the   geocryo log ica l   cond i t ions .  

The format ion and development o f  seasonally and pe renn ia l l y   f rozen  
ma te r ia l s  i s  a concrete  expression of the  general  laws o f  t h e  development o f  

mat te r  as app l i cab le   t o   t he   geo log i ca l   f o rms  o f  i t s  progression, seen f r o m  
t h e   M a r x i s t - L e n i n i s t   p o s i t i o n  on the   t heo ry  o f  knowledge.  The bas ic  
pos i t ions   o f   geocryo log ica l   survey ing  are based  on these  laws  which  are 
formulated i n   t h e   f o l l o w i n g  way by V . A .  Kudryavtsev i n  "Fundamentals o f  
permafrost   forecast ing  in  engineer ing  geology  surveying".  

1. I n  nature,   there i s  a universal   connect ion between phenomena 
and  processes , which  determines  the  interdependence o f  geocryo log ica l  
cond i t ions  and a1 1 envi  ronmental  factors. 

2 .  I n  nature,   there i s   u n i n t e r r u p t e d   e v o l u t i o n  i n  t ime and space 
o f   t h e  components of which it i s  composed, i n  accordance wi th   which,   the 
formation and evo lu t i on   o f   seasona l l y  and pe renn ia l l y   f rozen   ma te r ia l s   t ake  

place. 
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3. I n  nature, a l l  phenomena and processes  are  l inked  by  cause , 
and the re fo re  it i s   e s s e n t i a l   t o   s t u d y  causes  and cond i t i ons  o f  the format ion 
o f  geocryological  condit ions  dependent  on  environmental  factors and changes 
i n  combinations o f  these  factors  i n   t i m e  and  space. 

4. I n  nature,   there i s  a c o n s t a n t   t r a n s i t i o n  from q u a n t i t y  t o  
q u a l i t y  which, w i th   respec t  t o  permafrost, i s  mani fest  i n   t h e   t r a n s i t i o n  o f  
temperatures  through O°C and which  determines  the new c h a r a c t e r i s t i c s   o f   t h e  
f rozen  or   re thawed  mater i  a1 s . 

5. I n  nature,  matter i s   p r i m o r d i a l ;   t h e r e f o r e ,   t h e   m a t e r i a l  
composi t ion  and  the  cryogenic  structure o f  seasonal ly  and  perennial ly  f rozen 
mater ia ls   charac ter ized  by  these  or   o ther   permafrost   character is t ics  must  be 
the  fundamental   object  o f  research. 

6. The study of na tura l   cond i t ions  must  be  conducted  from  the 
p o s i t i o n  o f  u n i t y   o f   a n a l y s i s  and synthesis,  i .e.,   the  study o f  the   pa t te rns  
o f  format ion and  development o f  geocryo log ica l   condi t ions has t o  be based on 

f ac to r   ana lys i s ;   t h i s   a l l ows   t he   s tudy   o f   pa r t i cu la r   (b i l a te ra l )   dependenc ies  
o f  each o f  the   geocryo log ica l   charac ter is t i cs  on  each f a c t o r  o f  t h e  
environment, and  on the  genera l izat ion,   the  synthes is  o f  a l l   p a r t i c u l a r  
dependencies  manifest i n   t h e  form o f  genera l   pat terns  o f   landscape  type.  

7. The r e s u l t s  and s c i e n t i f i c   g e n e r a l i z a t i o n s  of data  from  the 
geocryological   survey i n   t h e  form o f   g e o c r y o l o g i c a l  maps o f  e x i s t i n g  and 
f o r e c a s t   c o n d i t i o n s ,   o f  a geocryological   forecast,  and of  recomnendations for  
t h e   c o n t r o l  o f  the  cryogenic  process  are  veri f ied  by  subsequent, more 
de ta i l ed   s tud ies  o r  f i e l d  work, w h i c h   a r e   t h e   c r i t e r i a   f o r   t r u t h .  

Geocryological suIpve.y methods. The bas is  o f  the  geocryo log ica l  
survey is  the  topographic  key method. I n  essence, t h i s   c o n s i s t s   o f   t h e  
optimum d i v i s i o n   o f   t h e   r e q u i r e d  volume o f  research   in to   ind iv idua l   smal l  
u n i t s  "keys", i n   o r d e r  t o  ob ta in  the most r e l i a b l e   r e s u l t s   f o r   a l l   a r e a s  
being  surveyed.  Designated  regions,  typical  both o f  t h e   c h a r a c t e r i s t i c ,  
w ide ly   d is t r ibu ted   env i ronmenta l   cond i t ions ,  and o f   t h e  areas where they 
occur  abnormally,  can be used as keys. The selection of keys i s  conducted on 
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the  basis o f  the  study o f  previously  collected  factual  material , the 
deciphering  of  aerial photographs,  aerovisual  research and topographical 
microregionalization, when the  la t ter  is  done on the scale of a survey. When 
landscape  microregionalization i s  conducted to  scale,  regions having 
identical  geological and geographical  conditions can be typified, and 
physical  regions having uniform geocryological  conditions can be identified.  
Key regions, depending on the purpose and the  scale of the survey, can 
embrace one or more landscape  types. For an average or detailed  survey, 
research  conducted i n  the key regions is 5-10 times more detailed  than i n  the 
r e s t  o f  the  terri tory.  

The basic  type  of  research  carried  out i n  the key regions is  the 
study o f  individual and general  patterns o f  formation o f  geocryological 
conditions, w i t h  the  aid of a wide combination o f  types of research and 
methods. Distribution o f  established  patterns  throughout an area i s  
ascertained by microregionalization and the analysis of  changes i n  
combinations o f  natural  conditions from  one region to  another. Such  an 
approach  determines  the  possibility o f  studying the dynamics of the 
geocryological  conditions, both as a function o f  the  natural environment and 
w i t h  regard to  industrial development of t h e  terr i tory.  

The special  geocryological methods used i n  the remaining  types  of 
research i n  the key regions and corridors  are: 

1. Factor  analysis, which i s  fundamental to  the  study  of 
individual and general  patterns o f  formation o f  mean annual temperatures o f  
earth  materials,  depths of seasonal  freezing and thawing, development of 
cryogenic  processes and  phenomena, e t c .  

2 .  Permafrost  facies  analysis which i s  used i n  the  study o f  
syngenetic  permafrost i n  outcrops and min ing  excavations, when conditions o f  

accumulation and freezing can be assessed from the type o f  cryogenic 
structure and by the  relationship of  the  intercalations and ice  streaks t o  
the  ice  content o f  the materials. In this case, the cryogenic  structure i s  
t h e  generic  man-ifestation of permafrost. 
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3. Geological   structural   analysis,   which  reveals  the  essence o f  
t h e   i n t e r r e l a t i o n s  of  the  composi t ion,   the  condi t ion  and  character is t ics  of 
t h e   m a t e r i a l s ,   t h e   d i s t r i b u t i o n   p a t t e r n s   w i t h i n   t h e  massive  structure,  
depending on t h e   h i s t o r i c a l  development  (especial ly  recent  development) 
comensurate  wi th   the  cryogenic  age o f  the  permafrost .  

4. Topographical-geomorphological analysis,  used i n   t h e   s t u d y   o f  
reg iona l   pa t te rns  of fornat ion  o f   geocryo log ica l   condi t ions.  

Special  geocryological methods a re  used i n  combination  with  such 
methods as: 1 )  v isual   study  of   geological ,   geomorphological ,   geobotanical   and 
other  geological   processes and formations i n   t h e  key  regions  corr idors,  
s u r v e y   f l i g h t s   o v e r   t h e   t e r r a i n ;  2) i n   t h e   d e c i p h e r i n g  o f  aerial  photographs; 
3)  thermal  radiat ion  balance and thermal  overturn o f  the  ground; 4) bor ings 
and other   min ing  excavat ions;  5) geophysical  research methods: e lec t romet r ic ,  
radiowave,  seismic, and  complex carotase o f  boreholes; 6) thermometric  study 
o f  the  thermal  regime; 7 )  approximate  calculat ions  and  s imulat ion  by  computer 
o f  the cryogenic  processes o f  the   tempera ture   f ie ld  o f  the  permafrost, 
depending on  changes i n   t h e   c o m b i n a t i o n  o f  na tura l   cond i t ions ;  8) 
experimental,  permanent  research of t he   cond i t i on  and c h a r a c t e r i s t i c s  of  the 
permafrost; 9) study o f  construct ion  exper ience  and  other  types o f  

development,  etc. 

The scale o f  qeocryoloqical  surveys  and maps i s  determined  by 
those  problems  which  arise a t   var ious   s tages  o f  expansion  of  the economy and 
development   o f   the  ter r i tory   be ing  s tud ied.  The main  content  of a survey  on 
any  scale i s   t h e   s t u d y  o f   ind iv idua l  and  general  patterns of format ion o f  
geocryo log ica l   condi t ions,  based on f a c t o r   a n a l y s i s .  The amount o f  d e t a i l   i n  
such a study i s  determined by the   sca le   o f   t he   su rvey .  

The scales o f  the  geological   surveys,  by  analogy  wi th  the 
div is ions  accepted  by  the S.E.V.  f o r   eng inee r ing  and geological  surveys 
(1 966) a r e  as fo l lows:  

small   scale - 1 : 100,000 - 1 : 500,000 
medium scale - 1 : 25,000 - 1 : 50,000 
la rge   sca le  I 1 : 10,000 - 1 : 5,000 
d e t a i l e d  - 1 : 2,000 and l a r g e r  
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Geocryological  research on the  scale 1 : 1 ,000,000 or less i s  

based on aerial  photography, by the  assembling and generalizing of materials 
f r o m  previous  geocryological,  geological  engineering and other  types of 
research, and their   analysis by factor and computational analysis w i t h  a view 
t o  compil i ng geocryological maps.  The t e r r i t o r i e s  surveyed are used a5 IIkeyIl 
regions and provinces. 

The study and establishing  of  general and regional  patterns d u r i n g  
this process must draw  on the knowledge of the  regional  geocryological 
background; research  papers,  geocryological maps of a smaller  scale  than  that 
of the survey can serve i n  this capacity. The following  should be used fo r  
regional  backgr 

a)  
conditions and 
(1 : 200,000 " 

und: 

f o r  average and large  scale  surveys - those  geocryological 
patterns which are reflected on the small scale maps 
: 500,000) ; 

for small scale  surveys and  mapping - zonal -regional 
geocryological  conditions and their corresponding  patterns and formations, 
which, for  the area under study,  are  reflected i n  the  geocryological maps on 
the  scale 1 : 1,000,000 - 1 : 5,000,000. 

The Geocryological Map of  the U.S.S.R. (1 : 2,500,000) would 
provide  the most relevant  information; this was compiled i n  the Department o f  
Permafrost  Studies, Moscow University, i n  conjunction w i t h  a number of other 
organizations. This map, which i s  based on factor  analysis o f  the  influence 
of the environment w i t h i n  isolated  geological and geomorphological and 
landscape units, allows  the  basic phenomena of geocryological  patterns  to be 
worked ou t ,  and the combination o f  all   the  factors forming a permafrost 
region and their respective  roles  to be clar i f ied,   pr ior   to   f ie ld  work, This  
sor t  o f  opportunity i s  extremely  important fo r  small scale  geocryological 
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surveys as the  presence o f  an assemblage o f  materials from aerial  surveys 
(general  planning,  coloured,  spectrozonal,  space) and  from infra-red  surveys 
increases the role of preliminary  laboratory work. This radically changes 
the  structure and relationships of the stages o f  the survey. 

Even i n  the case of regions f o r  which no assemblage of aerial  
photographs has yet been established, and for  which there i s  a limited amount 
o f  d a t a  on seasonal and perennial  freezing of materials,  average and small 
scale  geological  surveys can be conducted a t  an increased  pace, as a resu l t  
of  the new approach. The l a t t e r   i s  based on the  compilation of preliminary 
geocryological  support maps, which are subsequently  tested and refined d u r i n g  
f ie ld  work. When this approach i s  used,  research is  directed towards a more 
detailed and we1 l-grounded  study  of the natural  factors and o f  their role i n  
forming the geocryological condi t ions,  and towards the study of the cryogenic 
processes and the role of changes observed i n  the environment when a region 
i s  developed. Such an approach contributes t o  t he  detailed soundness of  the 
groundwork i n  the compilation o f  a regional  geocryological  forecast. In this 
case, the undertaking  of a survey becomes  more purposeful and scient i f ical ly  
more profound. Accordingly, the role o f  specialized key regions  increases 
considerably. In these regions pragmatic aspects  are  solved by studying  the 
individual and general  patterns o f  formation  of  geocryological and geological 
engineering  features o f  the  earth  materials, r i g h t  u p  t o  the comencement o f  
experimental and routine work. 

Quality o f  Geocrvoloqical  Surveys and  Maps.  Due mainly t o  the 
obligatory use o f  factor  analysis t o  establish  individual,  general , and 
regional  patterns of the formation b o t h  o f  seasonal and perennial  freezing o f  
materials and of the  cryogenic  processes and phenomena being studied by the 
landscape-key method, a high quality is achieved and specification standards 
f o r  geocryological  surveys  are met - other conditions  being  equal. The above 
shows t h a t  a geocryological  survey must be conducted a t  the current  level o f  

knowledge of geocryology. This includes the mastering of  the most advanced 
current  thoretical work i n  world geocryological t h o u g h t ;  the mastering o f  
up:to.-date regional and thematic  geocryological  materials; a h i g h  degree  of 
professionalism o f  the specialists conducting the survey; an  ab i l i ty  t o  
generalize  the  results  obtained; knowledge and application o f  up-tordate 
methods  and research  techniques; and mandatory ski1 1 i n  f a c t o r  analysis. 
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The up- to-date  leve l  of knowledge i n   t h e   v a r i o u s   d i s c i p l i n e s  
presupposes  the  qual i ty  of  a l l  stages o f  research. I n   c o n f o r m i t y   w i t h   t h e  
s tudy of the permafrost   reg ion,   the  qual i ty   o f   the  geocryo log ica l   surveys  and 
maps i s   e s t a b l i s h e d   i n   t h e   f o l l o w i n g   s t a g e s :  

a) by compi l ing a program  based  on  up-to-date methods 

guaranteeing  the soundness  and q u a l i t y  o f  the  survey and  mapping; 

b) a p re l im ina ry   pe r iod  of s t u d y   p r i o r  t o  f i e l d  work;  and a 
pe r iod  o f  purposeful   general izat ion o f  ava i lab le   geocryo log ica l  , 
geomorphological , geologica l  and o the r   p rac t i ca l   ma te r ia l  and the  work ing  out  
of  pre l iminary  concepts  as  exact ly  as poss ib le ,   fo r   the   unders tand ing  o f  
ind iv idua l   genera l  and reg ional   pat terns o f  t h e   t e r r a i n .  To t h i s   p e r i o d  
belongs  the  Compilat ion of p re l im ina ry  maps, geocryological maps o f  a 
suppor t ive  nature,  i .e . ,  compiled i n  such a way t h a t ,  both  by the amount o f  
d e t a i l  and  by  the  content,  they meet the  requirements o f  t he  maps being 
compiled as t h e   f i n a l  stage of   the  permafrost   survey.  The most v i t a l  
c o n d i t i o n  for e f f e c t i v e   c o m p i l a t i o n   i s   t h e   o b l i g a t o r y   a e r o v i s u a l   i n s p e c t i o n  
o f   t h e   t e r r a i n  and the   ana lys is  of i t s   na tura l   fea tures ,   d rawing  on black  and 
wh i te  , coloured, spectrozonal and  space aerophotographs . 

c )  d u r i n g   f i e l d  work, ref inement o f   i n d i v i d u a l  and general 
pa t te rns   p rev ious l y   es tab l i shed   du r ing   p rocess ing   o f   f ac tua l   ma te r ia l  and 

compi la t ion  o f  pre l iminary  (suppor t )   geocryo log ica l  maps. As t h e  
geocryo log ica l   condi t ions  be ing  s tud ied i n   t h e   f i e l d  and those prev ious ly  
mapped co inc ide  and are re f ined,  i t  becomes considerably  easier t o  iso1,ate 
i n d i v i d u a l   t o p i c s   r e q u i r i n g   d e t a i l e d   f i e l d   s t u d y .  

d )   d u r i n g   t h e   l a b o r a t o r y   p e r i o d   o f   v e r i f i c a t i o n  and  development 
of  those  geocryological maps r e f l e c t i n g  the natura l   cond i t ions  , compi la t ion  
of general ,   regional  and loca l   f o recas ts  and corresponding  forecast maps. 

The h i g h   q u a l i t y  of geocryological   surveys i s   c l o s e l y   a s s o c i a t e d  
w i t h   t h e i r   m e e t i n g  the  speci f icat ions,   s ince  th is   determines,   not   on ly   the 
number o f  survey  points  (borings,  pits,  thermometric measurements, e tc . )  , b u t  
a1 so t h e   r e 1   i a b i l i t y  o f  t h e   r e s u l t s  o f  the  research, from t h e   p o s i t i o n  o f  
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fac to r   ana lys i s .  When a survey based  on the  landscape-key method i s  
conducted  wi thout  factor  analysis,   s ince  only  the  correspondence  between 
determined  geocryological   condi t ions and  each l o c a l  1 andscape type i s  
establ ished,  pat terns  of   format ion and t h e   r o l e  of each factor   remain 
concealed,  and  the  survey  cannot be considered o f  h i g h   q u a l i t y   o r  up t o  
standard. 

Only when a survey i s  conducted  on  the  basis of  the  landscape-key 
method  and fac to r   ana lys i s  o f  pa t te rns  of formation of geocryo log ica l  
cond i t ions  i s  i t  guaranteed t o  meet the  required  standard,  and can i t  a1 low 
f o r   t h e   p o s s i b i l i t y  o f  compi l ing we1 1 -grounded  geocryological  forecasts  and 
f o r e c a s t i n g  maps, and  can t h e   s c i e n t i f i c   i n f o r m a t i o n  on geocryo log ica l  
cond i t i ons  and pa t te rns  o f  t h e i r  development  correspond t o  the  present-day 
l e v e l  o f  t h e o r e t i c a l  and regional  achievements o f  geocryological  knowledge. 

Geocrvolosical maps are the   bas ic  documents of the  geocryo log ica l  
survey  and  are based  on t h e   p r i n c i p l e s  of  g e n e t i c   c l a s s i f i c a t i o n  o f  

seasonal ly   and  perennia l ly   f rozen  mater ia ls .  The content  o f  these maps i s  

determined  by  the  approach t o  the i r   compi la t ions ,   on to   wh ich ,  a f a c t o r  
ana lys i s  of  geocryological   analysis i s  superimposed. Such an ana lys is  i s  
conducted i n  each landscape   m ic ro - reg iona l i za t i on   un i t   w i th   rega rd   t o  
c l ima t i c   f ea tu res  , geobotanical  geomorphological  and  other  geographical 
cond i t i ons  o f  heat exchange  on the   ear th 's   sur face ,  and on  geological ,  
hydrogeological,   geothermic and o ther   cond i t ions   de termin ing   the   charac ter  o f  
heat  exchange i n  the   ea r th   ma te r ia l s .  All geocryolog ica l  maps are  compiled 
on  geological  and geomorphological bases  and  must show the  composit ion, 
g e n e s i s ,   s t r a t i g r a p h i c a l   a f f i l i a t i o n  and condit ions  of  bedding o f  seasonally 
and perennia l ly   f rozen  mater ia ls .  

The bas ic  method of  i nd ica t ing   geocryo log ica l   cond i t ions  on maps 
i s   t h e   i n d i v i d u a l   d e p i c t i o n  of  fundamental   geocryological   character ist ics  and 
cond i t i ons  o f  t h e  environment. Such an approach  not   on ly   permi ts   acquis i t ion 
of  i n fo rma t ion  from t he  map on some parameter o r   o t h e r  o f  permafrost and on 
t h e i r  changes through  the  terrain,   but   a lso  comprehension  of   the  combinat ion 
o f  factors  which  brought  about  these  geocryological   Condi t ions i n  a given 
mapped reg ion.  
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The accuracy of mapping  combinations o f  na tu ra l   f ac to rs  
fundamental t o  the  landscape  microregional   izat ion .is. determined  by  the 
accuracy of t h e   d i v i s i o n  of  r e l i e f   f e a t u r e s   i s o l a t e d   i n   a c c o r d a n c e   w i t h  
1 andscape cond i t ions  on the  topographical  maps o f  the   appropr ia te   sca le   and 
on  space  and a e r i a l  photographs. 

The accuracy of mapping  geocryo log ica l   character is t ics  i s  
de termined  by   s tudy ing   the   te r ra in  with a view t o  es tab l i sh ing   i nd i v idua l   and  
genera l   pat terns of formation of the  geocryo log ica l   condi t ions,  and  by t h e  
r e l i a b i l i t y   a n a l y s i s  based on the  landscape  un i ts .  I t  must be borne i n  mind 
t h a t   g r a d a t i o n  o f  geocryo log ica l   charac ter is t i cs  on a map of l a r g e r   s c a l e  
need not  be  less  precise  than  those  of   the  corresponding  zonal-regional  
condi t ions  on  the  "Geocryological  Map of   the U.S.S.R." ,  scale 1 : 2,500,000. 

A geocryo log ica l  map can  be  compi 1 ed i n   t h e   f o r m  of two 
complementary maps: a map of  seasonally and perenn ia l l y   f rozen  mater ia ls  , 
r e f l e c t i n g   t h e   d i s t r i b u t i o n   p a t t e r n s   o v e r   t h e   t e r r a i n   m a n i f e s t i n g  the bas ic  
c l a s s i f i c a t i o n   c h a r a c t e r i s t i c s  of  these  materials  and of t h e   c o n d i t i o n s   o f  
heat  exchange a t  the  surface; and a permafrost map r e f l e c t i n g   b a s i c ,  
geological ,   genet ic  types  of   permafrost   format ions and t he i r   geoc ryo log i ca l  
c h a r a c t e r i s t i c s .  The i n t e n s i t y  of mapping  on a permafrost map i s  determined 
by the  depth o f   t h e  permafrost and the   ma te r ia l s   con ta in ing   b r i ne   coo led   t o  
below O°C, and  by  the  condit ions  of  heat exchange a t   t h i s  depth. 

On deta i led   geocryo log ica l  maps, t h e  following must be i n d i c a t e d  
i n  accordance  with  the  survey  scal e: 1 ) d i  stri b u t i o n   o f  seasonal  and 
perennia l   f reez ing,  2) d i s t r i b u t i o n  o f  geolog ica l -genet ic  complexes, 3) t h e  
composition,  bedding and c h a r a c t e r i s t i c s  o f  f rozen and  thawed m a t e r i a l s   o f  
the   var ious   genet ic  and s t r a t i g r a p h i c   a f f i l i a t i o n s ,  4) mean annual 
temperature o f  the   mater ia ls ,  5) depth of seasonal  and perennia l   f reez ing  and 
t h e i r   s p o r a d i c   o c c u r r e n c e   i n   t h e   v e r t i c a l  due t o   t h e  presence of deep, re1  i c 
permafrost   hor izons, 6) mater ia ls   wi th   sub-zero  br ine  (kr iopegs)  , 7 )  
c ryogen ic   s t ruc tu re  and i ce   con ten t  o f  permafrost   throughout  the  sect ion and 
i t s   s p a t i a l   d i s t r i b u t i o n ,  8) cryogenic  processes  and  formations, 9) t a l i k s ,  
10) cryogenet ic   type o f  permafrost   throughout  the  sect ion and t h e i r   s p a t i a l  
d i s t r i b u t i o n  (syn-,  epi-, and po ly -gene t i c )  and other   out -of -sca le 
c h a r a c t e r i s t i c s   o f   s e a s o n a l l y  and perenn ia l l y   f rozen  mater ia ls .  
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Geocryological   sect ions  are appended t o  t h e  maps; these  ind ica te  
geological   structureS  composi t ion  and  bedding  condi t ions o f  the  permafrost 
throughout   the  sect ionS and t h e i r   s p a t i a l   d i s t r i b u t i o n ,   t h e   t e m p e r a t u r e  
regime,  the  moisture and ice  content  throughout  the  sect ion,   conf ined t o  t h e  
geological-genet ic  types and formations o f   t h e   e a r t h   m a t e r i a l s  , the  type  o f  

f reez ing ,   e tc .   In tegra l   to   the  map are  the  graphics  for   computat ion.  These 
c o n s i s t  of t h e  mean annual  temperatures o f   t h e   m a t e r i a l s  and depths of  
seasonal  freezing  and  thawing i n  accordance w i th   bas ic   re fe rence  da ta  
ind ica ted   on   the  map, and a t a b l e  o f  t h e   r e s u l t s  o f  f ac to r   ana lys i s ,  on which 
t h e  map i s  based. On geocryo log ica l  maps, t h e  basic methods are  used t o  
dep ic t   the   ma in   charac ter is t i cs  o f  the   geocryo log ica l   cond i t ions .  

Compilat ion of geocryo log ica l  maps beg ins   w i th   the   compi la t ion  of 
a pre l im ina ry  map p r i o r  t o  f i e l d  work. This   increases  cons iderably   the  ro le  
o f  t h e   f o r e c a s t i n g   f a c t o r   a n a l y s i s ,   i . e . ,   t h a t   w h i c h   i s   d i r e c t e d   a t  
f o recas t i ng   pa t te rns  o f  fo rmat ion   o f   geocryo log ica l   cond i t ions ,   e tc . ,   fo r  
every  region  being mapped. 

For   th is ,   fac tua l   mater ia l  on t h e  geology, geomorphology, 
hydrogeology,  c l imat ic and geocryological  condit ions,  etc.,   are  analysed  from 
the   s tandpo in t   o f   the   fo rmat ion   o f   geocryo log ica l   cond i t ions ,  and  on t h i s  
b a s i s ,  t h e  map's  legend i s  c o m p i l e d   t i e d   i n   w i t h   t h e   r e g i o n a l   g e o c r y o l o g i c a l  
background.  Calculat ions  according t o  the  most  exact  formulae and w i t h  
constant   compar ison  wi th   avai lab le and somewhat numerous factua l   data  on 
seasona l ly   and  perenn ia l l y   f rozen  mater ia ls   a l low  the   poss ib i l i t y  o f  
f o rmu la t i ng  an  idea o f  t he   pa t te rns  o f  format ion of t he  mean annual 
temperature,  the  depth of seasonal  freezing  and  thawing,  the  depth o f  t h e  
permafrost,  the  development of the  cryogenic  processes,  etc.,  throughout  the 
ter ra in   be ing  researched.  

The correctness, speed, and accuracy o f  mapping are  cons iderably  
improved  by  the use of   mater ia ls  f rom  an  aer ia l   survey, because these  give 
t h e   d e t a i l s  and i n d i c a t i o n s  o f  the  composi t ion,   state,  and processes o f  t h e  
permafrost   which i s  n o t   u s u a l l y   g i v e n   i n   p r e l i m i n a r y   d i r e c t  mapping 
topography  of even larger   sca les.  A s p e c i a l   r o l e   i s   p l a y e d   b y  space 
photographs.at  a scale 1 : 500,000 I 1 : 200,000 which, because of the  low 
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reso lu t i on ,  can d i s t i ngu ish   i n te rna l   reg iona l  components of   the  Ear th  IS c r u s t  
and the i r   assoc ia ted   geocryo log ica l  and hydrogeocryological   pat terns.  

Geocryological maps compiled  for  the  survey  period  must  contain 
i n i t i a l   d a t a   f o r   t h e   c o m p i l a t i o n   b o t h  o f  f o recas t  changes i n  geocryo log ica l  
cond i t i ons  and of forecast maps. I n  t h i s   r e g a r d ,   s p e c i a l   a t t e n t i o n  i s  pa id  
t o  showing the  d i s t r i b u t i o n  of permafrost and i t s  temperature  regime,  since 
the  mean annual  temperatures of t he   ma te r ia l s   revea l i ng   t he   t o ta l   i n f l uence  
of the  present-day  environment  through a l a r g e  number o f   f a c t o r s ,   v a r i a b l e   i n  
space and t ime,   are  eas i ly   ca lcu lated by accurate formulae b o t h   f o r   e x i s t i n g  
cond i t ions  and those  being  forecast  ("Fundamentals of  Permafrost 
Forecasing.. . It ,  1974) o r  by t h e  s imu la t ion  o f  the  heat  exchange c o n d i t i o n s   i n  
the  annual   cycle of  an analog  computer o r  by  programing of  a h igh  speed 
computer. 

S c i e n t i f i c a l l y  based  and economical ly  v iable  expedient 
recommendations f o r  measures concern ing  cont ro l  o f  the  cryogenic  process can 
o n l y  be  formulated  on the bas is  of the  geocryo log ica l   forecast .  The 
d i s t r i bu t i on   t h roughou t   t he   a rea  of t h e   r e s u l t s  o f  the  forecast  i s   c a r r i e d  
o u t  w i th   the   he lp   o f   geocryo log ica l   fo recas t  maps, which  are  compiled f o r  
such  environmental   ( including  geocryological)   condi t ions as these are 
susta ined in   t he   a rea   be ing   researched   du r ing   t he   f o recas t i ng   pe r iod ,  as a 
r e s u l t   b o t h  of t he   na tu ra l   evo lu t i on  of the  environment and o f  man's  economic 
a c t i v i t y  

The compi la t ion o f  geocryo log ica l   fo recas t  maps i s  accomplished  on 
the   bas is  o f  f a c t o r   a n a l y s i s ,   f o r   i n   t h i s  case  alone,  there i s   a n a l y s i s  and 
determinat ion o f  the   in f luence not  of those  na tura l   fac to rs   ex is t ing   dur ing  
the  survey  per iod,  but o f  the  changes sustained in   t he   g i ven   a rea   du r ing   t he  
forecast ing  per iod.  A t a b l e   i s  appended t o  the  forecasting maps; t h i s  
ind ica tes ,   fo r   the   who le   reg ion ,  measures which  would  assist i n  improving 
geocryo log ica l   condi t ions and i n   a v e r t i n g   t h e   g r o w t h  of  unfavourable 
cryogenic  processes. 

I n  conclusion, i t  should be noted  that   forecast  maps on a small 
sca le   re f l ec t   t he   o r i en t i ng ,   reg iona l ,   geoc ryo log i ca l   f o recas t   f o r   l a rge  
areas; those on a l a r g e   s c a l e   r e f l e c t   t h e   d e t a i l e d   f o r e c a s t   f o r   l o c a l  
engineer ing  pro jects .  



ELECTRICAL STATE OF A PERMAFROST CROSS SECTION 

V.I. Mel'nikov  and 6.1. Gennadinik 
Permafrost   Inst i tute,   Yakutsk,  U.S.S.R. 

The layer   o f   seasonal   temperature  f luc tuat ions i n  the  permafrost 
i s  the  layer   in   which  the  phys ico-chemical   processes  assoc iated  wi th   energy 
exchange  between the   Ear th  and i t s  surrounding  space  are  the  most  intense. 
Transformat ions  occurr ing  wi th in  it, brought  about  by  these  processes  during 
the  annual  cycle,  are  mainly  assessed  by change i n   t h e i r  thermal  state,   using 
t h e  methods of  geothermy  (Dostovalov,  Kudryavtsev,  1967). However, t h e  
l a t t e r   g i v e  t o o  general a p i c t u r e  of  t he   p ro f i l e .   The re fo re ,  we have 
r e c e n t l y  been  more  and more a t t r a c t e d  by the  methods o f  e lect rophys ics,   s ince 
the   t echn ica l   poss ib i l i t i es   a re   g rea te r   t han   t hose  of geothermy ( v a r i e t y   o f  
methods of e x c i t a t i o n  and record ing  of the  e lectromagnet ic  f ie ld,   range and 
amount o f  change of the  parameters  being  studied,  accuracy o f  measurement). 

The ob jec t  of e lectrophysical   research  of   permafrost  i s   t h e   e a r t h  
m a t e r i a l s  as a geological   format ion,   f rom  the  point   of   v iew of e l e c t r i c a l  
i n t e r a c t i o n .  

The aim of the research i s   t h e   s t u d y  of t he   s ta te  of  e a r t h  
mater ia ls   in   permaf ros t   cond i t ions .  A f e a t u r e   o f   e l e c t r o p h y s i c s   i s   t h a t  a 
geological   sect ion  can be assessed  by  the  state o f  t he   e lec t romagne t i c   f i e ld .  

Th is   research   dea ls   w i th   the   charac ter is t i cs  of i n t e r a c t i o n  
between the   e lec t romagne t i c   f i e ld  and the   ea r th   ma te r ia l s .  A s e t  o f  
parameters o f  t he   e lec t romagne t i c   f i e ld   wh ich   re f l ec t   t he  s t a t e  o f  t h e  
sect ion  under   g iven  condi t ions and a t  a s p e c i f i c   p o i n t   i n   t i m e  can be c a l l e d  
t h e   e l e c t r i c a l   s t a t e  o f  t he   geo log i ca l   sec t i on .   I n   o the r  words, the   sub jec t  

Proceedings  Third  International  Conference on Permafrost, 
V O I .  1, pp. 547 - 552, 1978. 



o f  research i s   t h e   e s t a b l i s h m e n t  of pat te rns  o f  change o f  t h e   e l e c t r i c a l  

s t a t e  of the   geo log ica l  cross s e c t i o n   i n   t i m e  and  space. 

The s t r u c t u r e  of t he   sub jec t  of  research i s  shown i n   F i g u r e   1 ,  

F igure  1 

E l e c t r i c a l  state  o f  the   geo log ica l   sec t ion :  
1 - s t a t e  of t he   geo log i ca l   ob jec t  (A - internal   parameters,  

2 - s t a t e  o f  the  e lectromagnet ic f i e l d  ( A  - i n t e r n a l  

3 - physico-chemical  processes. 

B - ex terna l   cond i t ions) ;  

cha rac te r i s t i cs ,  B - ex terna l   cond i t ions) ;  

Factors   determin ing  the  in ternal  s t a t e  o f  the   geo log i ca l   ob jec t  

(F igure 2 )  : 

1. Geological - determine  the  s t ructure o f  t he   sec t i on  
and poss ib le  grounds f o r   i t s  change. 

2. Physical - inc lude   t he  phase composit ion and the  
s p a t i a l   r e l a t i o n s h i p s   o f  the phases. The phase 
structure  determines; 
a)  t ype ,   mob i l i t y  and q u a n t i t y  o f  c u r r e n t   c a r r i e r s ;  
b)  mechanism  and ua ture  o f  p o l a r i z a t i o n   w i t h o u t  

current ;  
c )   p o s s i b i l i t i e s  o f  change i n   s t a t e  of t he   ma te r ia l s  

with  change i n   e x t e r n a l   c o n d i t i o n s   ( 1   i q u i d  phase 
can be found i n  metastable  s ta te  or   can change 
i n t o   s o l  i d  phase). 



E
 
0
 

E
l 

- 87 - 

m=-r 
-
 -

 ""1"" 



- 8a - 

I n  permafrost,  materials  are  found  (permanently or t e m p o r a r i l y )   i n   c o n d i t i o n s  
where water i s  manifest i n   t h r e e   s t a t e s :   s o l i d ,   l i q u i d  or gaseous. 

The s p a t i a l   r e l a t i o n s h i p  o f  these phases determines: 

a )   d i s t r i b u t i o n  of t h e   c a r r i e r s  i n  the  mater ia ls   and 
t h e   p o s s i b i l i t i e s  o f  t h e i r  unimpeded d i s loca t i on ;  

b )   p o l a r i z a t i o n  o f  the   mater ia ls   as  a heterogeneous 
medium. 

3.  Physico-chemical - inc ludes   the   na ture  o f  t h e  bond 
between the  phases  and  determines: 
a)   heterogenei ty  of the  substance; 
b )  nature  of d i s t r i b u t i o n  of c a r r i e r s   w i t h i n  them; 
c )  mechanism o f  phase t r a n s i t i o n s ;  
d )   poss ib i l  i t y  o f  car r ie rs   c ross ing   the   boundary  

of t h e   i n t e r f a c e  o f  phases. 

Cons ide ra t im  of the   phys ica l  and physico-chemical parameters 
(Mel 'nikov, 1977) show tha t :  

1. Semiconductors   have  the  h ighest   e lect r ica l   conduct iv i ty  
but,  being  accessory  minerals,  they  have l i t t l e   i n f l u e n c e  
on t h e  electrophysical   parameters of the   mater ia ls .  

2. A s o l u t i o n  o f  e l e c t r o l y t e ,  even when present i n  a small 
q u a n t i t y  i n  the   ma te r ia l s ,  will, as a rule,  determine 
the i r   e lec t rophys i ca l   p roper t i es ,   s ince  i t  forms a 
complete  system o f   cur ren t   car ry ing   channe ls  and i s  
character ized  by a h i g h   p e r m i t t i v i t y  and, when there 
i s  a change i n  condi t ions,  i s  capable o f  changing  the 
composit ion and na ture  o f  d i s t r i b u t i o n   w i t h i n   t h e  
mater ia ls .  
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3.  The substance of the  mineral-dielectrics determining 
the petrographic  composition  of the materials has 
l i t t l e  influence on their electrophysical  parameters. 

Therefore,  the  electrophysical  parameters o f  the materials  are 
determined by: 

1.  The s ize  and structure o f  the  pore  space; 
a )  porosity; 
b )  penetrability and degree o f  tortuosity o f  the 

communicating pores; 
c )  specific  surface and roughness o f  surface o f  

the pores ; 
d )  average size o f  pores and density o f  distribution 

of the pores  throughout  the section; 
e )  type of section and degree o f  consistency o f  

the pores  throughout  the  length; 
f )  frequency o f  intersection o f  pores o f  differing 

orientation. 

2. Saturation o f  the materials. 

3 .  Ionic  strength o f  the solution f i l l i n g  the pore  space. 

The mineral  composition and the  composition of the  solution 
influences  the  electrophysical  parameters o f  the  materials  only  to  the  extent 
tha t  i t  determines  the  interaction o f  the solid and l i q u i d  phases. 

Sol i d  rock has the most stable  characterist ics;  i n  unconsolidated 
materials, they are  somewhat dependent on the  moisture. The least  stab1 e a re  
those of permafrost,  since  not  only  are  they determined by the  texture  of  the 
primary earth  materials, but  also by the  textural  characteristics of  the  ice 
cement. 

When materials  freeze, their porosity,  average  section and 
dispersion of pores i n  the  section  decrease;  there i s  an increase i n  the 

tortuosity of the Pores, their  consistency  throughout the length,  specific 
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surface and concentration of electrolyte i n  the l i q u i d  f i l l i n g  the  pores; 
while  there i s  a simultaneous  reduction i n  t h e  overall  quantity o f  the 
carr iers .  Heterogeneous,  opposite  surfaces  appear i n  the  pores, which leads 
t o  redistribution of the various  types o f  carr iers .  In the microtextural 
sense, the materials become more homogeneous but the  geological  section 
becomes less homogeneous, due to the wide development o f  intercalations and 
ice  inclusions, and their   d is t r ibut ion becomes  uneven (polygonal structures) 
and frequently even anisotropic (when there is a predominant orientation i n  
their   d is t r ibut ion,  these are  layered structures). Anisotropy o f  the  section 
is  also brought  about by large  gradients i n  moisture,  temperature and 
concentration o f  soluble  salts  i n  the active  layer. 

In electrophysics,  the  parameters measured are  those which 
characterize t he  s t a t e  of t he  electromagnetic  field  (Figure 3 ) .  I t  i s  
possible  to d i v i d e  i t  (conditionally)  into  natural and a r t i f i c i a l ,  according 
to i t s  origin. 

A natural  field can be connected w i t h :  

a )  processes  occurring i n  the  materials behaving a s  a 
heterogeneous medium i n  a s t a t e  o f  equilibrium ( jump 
o f  potential a t  the  interface o f  phases, Dannon's 
potentials) ,  i n  this  case  there  are no macrocurrents, 
polarization can only be assessed when the  equilibrium 
has been disturbed d u r i n g  measurement; 

b) processes  occurring under steady  conditions when 
currents  are being maintained by invariable  external 
conditions,  leading  to a constant  separation of charges 
( f ixed  polarization-fi l tration,  diffusion, and thermo- 
diffusion  potentials) and t o  the  presence of a steady 
current w i t h  no sources i n  the volume being investigated; 

c )  directional change of s t a t e  when a through current and 
a time  varying  polarization  exists  simultaneously, and 
their  separation becomes conditional upon the  degree 
o f  averaging of the medium. 
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A special  place i s  occupied by electrical  polarization  associated 
w i t h  phase transit ions determined by the diverse  capture  of  different  types 
of ions from the solution, by the growing crys ta l   l a t t i ce  (Me1 'nikov, 1969), 
by their redistribution both i n  the l i q u i d  phase of the  pore  space and a t  the 
interface of the phases  (disturbance o f  the adsorption equilibrium d u r i n g  a 
change i n  the concentration o f  ions). 

Induced electrical  phenomena, studied by electrophysics,  occur, as 
a rule, under the influence of the external electromagnetic field on the 
medium; the f ie ld  is determined by the given conditions o f  excitation 
appearing i n  the form of: 

1 .  Macroscopy electric  current and i t s  related  polarization. 
Its intensity and nature o f  distribution i n  the volume 
being studied  are determined by; 

a )  the capacity o f  charged par t ic les  f o r  dislocation 
w i t h i n  individual  phases (by type,  quantity and 
mobility of the car r ie rs ) ;  

b) characterist ics of the crossing  over o f  carr iers  
a t  the interface of phases; 

c )  by relaxation  processes. 

Polarization is conditioned by the  following  causes: 

a)  i n  the region o f  the interface o f  phases  having a 
different number (or different  mobility) of carr iers ,  
their  concentration  varies, and this leads t o  the 
occurrence of a surface  charge, away from which a 
local field evens o u t  normal current  densities towards 
the surface w i t h i n  the phases (capacitive  polarization); 

b)  i n  a region of sharp  depletion of basic  carriers  or 
a t  the  interface of  phases w i t h  a different type of 
of conductivity,  there is a jump o f  potential  corres- 
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ponding t o  the  presence o f  a d o u b l e   e l e c t r i c   l a y e r  
(e lec t rode   po la r i za t i on ) .  I n  t h i s  case, t h e  number 
of separate  charges i s  3 - 10 orders  of magnitude 
greater  than i n  the case o f  c a p a c i t i v e   p o l a r i z a t i o n  
(Gennadinik e t  a l . ,  1976); 

if even i n   o n l y  one of t h e   i n t e r f a c e  phases a t r a n s f e r  
i s  r e a l i z e d  by two or more c a r r i e r s ,  and the   t rans -  
p o r t  number of t hese   ca r r i e rs   a l so  changes, then  an 
e l e c t r i c a l l y   n e u t r a l   r e g i o n  o f  change i n   c a r r i e r  
concent ra t ion   a r ises   near   the   sur face   (d i f fus ion  
r e g i o n   i n   t h e   e l e c t r o l y t e   s o l u t i o n ,  a quasineutra l  
reg ion   i n   t he   ex t r i ns i c   semiconduc to rs ,  a reg ion  o f  
j o i n i n g  o f  cu r ren t  - conducting  channels w i t h  d i f -  
f e r e n t   t r a n s p o r t  numbers) ; change i n  concentrat ion 
of c a r r i e r s   l e a d s   t o   t h e i r   d i f f u s i o n  and, i n   t h e  
presence o f  uneven d i f f u s i o n   c u r r e n t s  o f  var ious 

types o f  pa r t i c l es ,   separa t i on  o f  charges and 
e l e c t r i c a l   P o l a r i z a t i o n   a s s o c i a t e d   w i t h   t h e   e l e c t r o -  
kinetic  processes  occurs. 

2. Polar iza t ion   w i thout   cur ren t ,   de termined  by   po la r iza t ions  
o f  d i s l o c a t i o n   ( r e l a x a t i o n  and t e x t u r a l  ) (Parkhomenko, 
1965). 

The s t a t e   o f   t h e   e l e c t r o m a g n e t i c   f i e l d   i s   d e t e r m i n e d  by t h e  
physico-chemical  processes  occurring i n   t h e   m a t e r i a l s   ( F i g u r e  4 ) ,  and 
r e f l e c t s   t h e   s t a t e  o f  the  geolog ica l   sect ion  (Gennadin ik   e t   a l . ,  1976; 
Me1 I n i  kov,  1977). 

These processes  can be b a s i c a l l y   d i v i d e d   i n t o   t h e r m a l  

conduc t i v i t y ,  mass t r a n s f e r  and v a r i a t i o n  o f  bonds  between the components o f  
t h e   s y t m .  Heat t rans fer   p lays  a n   i m p o r t a n t   r o l e   i n   t h e   c o n s i d e r a t i o n   o f  
e l e c t r i c a l  phenomena. 
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Mass t r a n s f e r   c o n s i s t s   o f :  

a )  in t raphase movement o f  components, induced by hetero- 
genei ty  o f  d i s t r i b u t i o n ,   d i f f e r i n g   m o b i l i t i e s  and a l s o  
o f   t h e i r   m i g r a t i o n  due t o  t h e   a c t i o n  of ex te rna l   fo rces ;  

b )  movements across the i n t e r f a c e  o f  phases - a r e s u l t  
o f  heterogenous  reactions; 

c )  movements w i t h  phase. 

Currents  determining mass t rans fe r ,  beyond t h e   i n t e r f a c e s  o f  

phases compr ise  d i f fus ion,   migrat ion and convect ive  currents.   Ions  and 
molecules,  electrons and vacanc ies   a re   a t t rac ted   in to   the   cur ren ts ;   the  
currents   can be vo lumet r ic  and surface. The t o t a l   c u r r e n t  of charged 
p a r t i c l e s   w i t h   r e s p e c t   t o   t h e   d i s l o c a t i o n   c u r r e n t   d e t e r m i n e s   t h e   f u l l  
e l e c t r i c a l   c u r r e n t  

A change i n   t h e  bonds  between t h e  components of t h e  system can 
occur a t  d i f fe ren t   leve ls :   a tomic   (chemica l   in te rac t ion ;   fo rmat ion  and 
recombination o f  pairs;  electron-vacancy, OH- - H30+; chemisorption, 
d i ssoc ia t i on -assoc ia t i on  o f  molecules),   molecular  (phase  t ransi t ions,  
fo rmat ion  of p a i r s  L - )  D - defects; change i n   t e x t u r e  o f  the  substance: 
hydrat ion;   phys ica l   adsorpt ion)  and a t  t h e   l e v e l  of more s t ruc tu red   ma te r ia l ,  
(coagulat ion-dispersion,  sedimentation,  etc.) (Save1 lev, 1971; F le tcher ,  
1970). A change i n   t h e  bonds i s  described by equations of chemical   k inet ics  
i n  which  the  s,eed of t h e   r e a c t i o n   i s   d e t e r m i n e d   i n   a c c o r d a n c e   w i t h   t h e   l a w  
o f  moving masses and i s  dependent  on the   concent ra t ion  o f  t h e   r e a c t i n g  
components, the  energy o f  a c t i v a t i o n  and  changes of t h e   e l e c t r i c   p o t e n t i a l  o f  

components i n   t h e   r e a c t i o n .  

Equations o f   c u r r e n t s  and  equations o f  chemica l   k ine t ics   a re  
l i n k e d  by equations of continuums  which a t  the i n t e r f a c e  of phases connect 
t h e   e l e c t r i c a l   c u r r e n t s   w i t h   t h e   c u r r e n t s  of t h e   r e a c t i o n  and w i t h   t h e  change 
o f  s t r u c t u r e  of doub le   e lec t r i c   l aye rs .  
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Equations of mass transfer and changes of bonds a re  supplemented 
w i t h  equations o f  the  electromagnetic  field i n  the heterogeneous medium 
(Me1 ' n i  kov e t  a1 . 1974; Gennadini k e t  a1 . , 1976). 

Research methods a re  determined by the  character is t ics  of the 
subject o f  the  research, t h a t  i s :  

by the parameters of the  electromagnetic  field being 
studied  (cf,  Figure 3 )  (type o f  f i e ld ,  frequency 
spectrum, intensity,   orientation, limits of change 
and sens i t iv i ty   to  changes i n  conditions); 

the  processes w i t h  which the  f ie ld  i s  connected 
(mechanism, scale,  relaxation  times) ; 

texture of the  object of research  determining  the 
geometry o f  the  distribution  region o f  the   f ie ld  and 
the  occurrence of the process (structure of the 
section,  texture o f  the  materials or o f  the phase 
components of the  materials); 

influence of the  external  conditions on the  nature 
o f  the  occurrence of the physico-chemical processes 
and on the parameters of the  texture of the objec t  
on which the  processes  determining t he  f ie ld   a re  
dependent. 

I 

Experimental research  includes  laboratory  research on a r t i f i c i a l l y  
produced models, and field  research on geological  sections i n  conditions of 
natural bedding. All - electrophysical methods  can be used i n  the  laboratory 
(Savel'ev, 1971; Eizenberg, Kautsman, 1975); a l l  methods of electrometry  (a 
branch o f  geophysics  concerned w i t h  the measurement of electromagnetic f i e lds  
for the purpose of studying the  structure o f  the  geological  cross-section 
(Akimov, Klishes,  1976)) can be used i n  field  research. 

Methods for studying low frequency polarization and distribution 
o f  current  provide  the most infonnation on the  s ta te  o f  the  section. In 



- 97 - 

earth  materials, b o t h  a re  connected  primarily w i t h  electrochemical  processes, 
therefore i t  i s  natural  for the parameters  describing the bond between the 
field and the   s ta te  of the  object t o  take u p  the  electrochemical  activity o f  
the materials which unite  the  following: 

1 .  Natural  electrochemical activity  indirectly  reflecting 
the  processes  taking  place i n  the  materials and con- 
forming t o  t h e  "electrochemical  activity"  accepted i n  
geophysics (Kobranova, 1962). Under the  conditions o f  
permafrast zone, i t  must be supplemented by the  capacity 
of the  materials t o  create a f i e ld  upon freezing. In 
exploratory  geophysics i t  i s  acceptable  to  consider  that 
the natural  electrochemical  activity  reflects the state 
of  equilibrium o f  the  section or the  steady-state pro- 
cesses  occurring w i t h i n  i t ,  as  applied  to  the  active 
layer i t  varies w i t h  time i n  accordance w i t h  the  cycle 
change of the  external  conditions. 

2. The specific  conductivity o f  the  materials of the geo- 
logic  section or the  effective  conductivity of the 
section being studied when i t s  geometrization i s  made 
d i f f i cu l t  ( i n  the  active  layer). Study of i t s  spatial 
distribution  allows  the  geological  section t o  be 
broken down into objects. A change i n  conductivity 
w i t h  time ref lects   the  s ta te  o f  the  object  (Figure 5). 

3 .  The induced electrochemical  activity connected w i t h  
electrokinetic and electrode  processes  artificially 
induced i n  the  materials. I t s  occurrence i s  deter- 
mined by the  nature of excitement and registration 
of the field,   therefore,   the parameters  describing 
i t  a re  widely  divergent (Gennadnik e t   a l . ,  1976). 
The study o f  induced electrochemical  activity is 
associated w i t h  considerable  technical  difficulties, 
since secondary signals are  more than an order o f  
magnitude weaker than primary ones.  Therefore, a t  
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the  present  time, i t  1s only their l inear charac- 
t e r i s t i c s ,  as a rule,  that  reflect  the  textural 
characterist ics o f  current-carrying  channels i n  the 
earth materials being studied, 

The l imits o f  change o f  apparent  contradlctions and polarizations 
(one of the parameters o f  induced ac t iv i ty)  i n  the annual cycle i s  shown i n  
Figures 5 and 6. I t  indicates a large range and a regular change w i t h  time 
i n  the parameters under investigation. 

Figure 5 roc a 

(month)  

*' 

I 

V 

t (month)  

Temperature  change and P measured by the Vanner arrangement, 
i n  the yearly  ckcle  (base, town of Yakutsk) . 
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Figure 6 

0 A B/Z Y 

t (month) 

Change i n  apparent  polarization i n  the annual cycle 
(base, town o f  Yakutsk). 

A theoretical  description o f  the  electrochemical  activity i s  based 
on a model of the  earth  materials. Models are  selected on the  basis o f  
research  problems,  taking  into  account the characterist ics o f  the mechanism 
o f  the processes occurring i n  the  materials. The most comon a re  models for  
neutralizing a f ie ld ;  these are  based on investigation of currents and 
distribution of charges i n  the heterogeneous medium (Mel'nikov e t  al . ,   1974),  
which allow a qualitative  picture o f  the phenomenon to  be obtained. A 
quantitative  description of the  electrochemical  activity is based on the 
establishment o f  a 1 i n k  between electrochemical  polarization and the 
physicochemical  processes i n  elementary electrolyte  nuclei. In the volume of 
averaging of the electromagnetic  field, t h e  quantity of this type o f  nucleus 
i s  measured i n  millions.  Therefore,  only  the mean parameters of the nuclei 
and the limits of their change and likewise  their  relative  distribution i n  
the  presence o f  such a pattern, are o f  significance. 

When describing  electrochemical  processes which determine the 
electrochemical  activity o f  materials w i t h  ionic  conductivity,  a  capillary 
model i s  used (Gennadinik e t  a l . ,  1976). Elements o f  t h i s  model a s  applied 
t o  frozen  materials  are  presented i n  Figure 7. Their  variety  determines the 
wide range of change i n  electrochemical  activity of permafrost and changes 
occurring d u r i n g  freeze-thaw. The presence o f  unstable  elements and o f  
elements w i t h  widely  divergent  properties  (double  electric  layers o f  various 
types) requires  consideration o f  the  changeability of the model w i t h  time, 
and likewise  changes i n  membranous potentials when there i s  a flow of  current 
(the latter may lead t o  an occurrence o f  polarization of the  reverse  type). 
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Figure 7 

Component o f  earth  materials and changes experienced upon freezing 
depending upon dispersion, sorting and water saturation. 

a - ice; b - die lec t r ic ;  c - clay; d - l iquid; 
e - boundary gas-liquid  film; f - concentrated 
electrolyte  solution).  
1-11 - types o f  liquid  films  (according t o  s t ructures) ;  
AV/V relationship o f  volume o f  unfrozen film t o  volume 
of granules of the   dielectr ic  i n  unsorted and sorted 
materials. In the  capi l lar ies  (1-3)  deflection o f  the 
concentration o f  colloidal  ions and counter ions from 
equilibrium i n  the diffuse  part of the double e lec t r ic  
layer  are  represented  schematically. 

We must give the model describing  the flow o f  current i n  materials 
w i t h  basal i ce  cement separate  considerations. The capillary model i n  this 
case i s  unacceptable,  since the presence of elements of the  current  carrying 
channels having sharply  differing  conductivities  (Ice and concentrated 
solution)  requires  consideration of the i r   re la t ive  spatial dist r ibut ion,  
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i . e . ,   f i x a t i o n   o f   g r a i n s   o f   t h e   d i e l e c t r i c   t h a t  have speci f ic   d imensions and 
form, and are  perpetual ly  surrounded  by a t h i n  film o f  f i n i t e   c o n d u c t i v i t y ,  
i n  a sur face   po la r ized  medium o f  h igh  res is tance  such as ice-cement 
(Gennadini k e t  a1 . 1971 ). Surface p o l a r i z a t i o n   i s   a s s o c i a t e d   w i t h  the 
impediment o f  current   f low  through  the  sur face of t h e   i c e   c r y s t a l  - t h e  
sur face i s  surmountable  by H and OH- ions, w h i l e   i n  the concentrated  so lu t ion 
of t h e  film enveloping the g r a i n  of t he  d i e l e c t r i c   e l e c t r o l y t e   i o n s   a r e  the  
ma in   cu r ren t   ca r r i e rs ,  and i n   i c e   c r y s t a l s  L - and D - are  defects. 
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THERMAL INTERACTION OF PIPELINES WITH THE GROUND 

L.S. Garagulya, S.Yu. Parmuzin, V . V .  Spiridonov and A.S. Tsurikov 
All-Union Research Inst i tute  for Pipeline  Construction 

Moscow, U.S.S.R. 

Construction and operation o f  pipelines i n  the  permafrost region 
present many problems. To a large  extent this i s  due t o  the  fact   that  
thermal interaction of pipelines  with  the  ground, a s  well as  the effect  o f  
construction on the environmental  conditions b r i n g  about  considerable  changes 
i n  the temperature,  composition,  texture and properties  of  the ground. A 
change i n  i t s  temperature regime resul ts  n o t  only i n  an abrupt change in  the 
bearing  strength o f  the subgrade b u t  also i n  a rapid developnlent o f  various 
processes i n  the ground  which exert a mechanical effect  on the  pipe, 
Therefore the choice of  construction method, strength of the pipe and design 
solutions must  be based on correctly  estimated  changes i n  the ground 
temperature regime under given  conditions w h i c h  nlay occur d u r i n g  construction 
and operation of the pipeline. 

There are  vast  differences i n  the way perennially and  seasonally 
frozen ground i s  affected by construction and subsequent  operation  of  the 
pipeline. During construction  the  temperature regime a t   t h e  ground surface 
i s  disturbed due  t o  the removal o f  vegetation, s i t e  preparation,  construction 
of auxiliary  roads,  placing f i l l  f o r  embankments, excavation o f  cuts ,   e tc ,  
This results  in a single change in  conditions a t  the ground surface and does 
n o t  produce any additional  sources o f  heat. If this i s  not  followed by a 
progressive developnlent o f  thermokarst, thermal erosion,  etc.,  a temperature 
f ie ld ,  which will be different from the i n i t i a l   f i e ld  and will change i n  
accordance  with  the  climate,  will be established  after a certain  period o f  
time beyond the zone of the thermal effect  o f  the pipeline. 

Proceedings  Third  International Conference on Permafrost, 
Vol. 1 ,  pp. 584 - 588, 1978. 
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An es t ima te   o f   poss ib le  changes i n   t h e  temperature  regime o f   t h e  
ground resu l t i ng   f rom  cons t ruc t i on  i s  requ i red  t o  determine  the  thermal  state 
of  the  ground  to be used a s  an i n i t i a l   c o n d i t i o n  i n  t h e   c a l c u l a t i o n  o f  t h e  
i n t e r a c t i o n   o f   t h e   p i p e l i n e   w i t h   t h e  ground  dur ing  the  operat ional   per iod.  
It i s   a l s o   r e q u i r e d  t o  p red ic t   the   poss ib le   occur rence o f  var ious  f rozen 
ground phenomena a long  the   rou te .  

The subgrade will be sub jec ted   t o   t he   t he rma l   e f fec t   o f   t he  
p i p e l i n e  once t h e   l a t t e r   i s   i n   o p e r a t i o n .  I n  some cases t h e   p i p e  i s  a 

constant  source o f  heat  throughout  the  operat ional   per iod.   In  other  cases, 
i t  has h a r d l y  any e f f e c t  on the  thermal  regime of the  ground  formed  during 
the   cons t ruc t ion   per iod .  

An est imate o f  changes i n  permafrost   condi t ions  dur ing  the 
o p e r a t i o n a l   p e r i o d   i s   e s s e n t i a l   f o r   d e t e r m i n i n g   i n i t i a l   d a t a   o n   t h e   t h e r m a l  
s t a t e  of  t h e  ground, when forecast ing  permafrost   processes and phenomena; f o r  
c a l c u l a t i o n s  o f  the  depth  of  seasonal and perennial  areas o f  f reez ing  and 
thawing of  the  ground  around  the  p ipel ines,  and of t he  amount o f   i c e   f o r m i n g  
on  of fshore  p ipel ines;   for   determining  changes i n   t h e  temperature o f  heat  
c a r r i e r s ,  for t he   l eng th  o f  t he   p ipe l i ne ,  and f o r   c a l c u l a t i o n   o f   t h e   p i p e l i n e  
capaci ty .  A f o recas t  of change i n   t h e  ground  temperature  regime when 
af fected  by  the  p ipe l ine i s  ob ta ined   f o r   t he   g i ven   cons t ruc t i on  method, t h e  
des ign  so lu t ion  se lected,  and f o r   t h e   t e c h n o l o g i c a l   c o n d i t i o n s   f o r  
t ranspor t  i ng the  product , 

P ipe l ines   a re   l inear   cons t ruc t ions   wh ich   c ross   var ious   types  o f  
t e r r a i n   t h a t   a r e   c h a r a c t e r i z e d  by  one o r  more features  and  determine  the 
design and operat ional   condi t ions.   Therefore,  when planning  pipe1  ines,  i t  i s  
essen t ia l  t o  choose a method of f o recas t i ng  changes i n  permafrost  and 
geological   engineer ing  condi t ions  which  would  a l low a quan t i t a t i ve   es t ima te  
o f  changes i n  environmental  condit ions t o  be  obtained  on  the  basis of t he  
data  of  surveys  within  each  type o f  t e r ra in .   Th i s  means t h a t  a two way 
dependence  between the  env i ronmenta l   factors  and parameters o f   c o n s t r u c t i o n  
on  the one hand, and t h e   c h a r a c t e r i s t i c s   o f   t h e  ground  temperature  regime  on 
the  other,   must be es tab l i shed   quan t i t a t i ve l y .   On ly   w i th   t he   he lp  o f  such 
data i s  i t  p o s s i b l e   t o  work o u t   e f f e c t i v e  measures for  c o n t r o l l e d  
mod i f i ca t ion   o f   permaf ros t   cond i t ions .  
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The requirements of d e t a i l   i n   f o r e c a s t i n g   t h e   t h e r m a l   i n t e r a c t i o n  
o f   p i p e l i n e s   w i t h   t h e  ground d i f f e r   a t   va r ious   p lann ing   s tages .   Dur ing  
pre l   iminary  surveys,  optimum c o n t r o l  o f  r ight -of -way  route,   const ruct ion 
method,  and operat ional   technology  are  se lected.   Therefore,  when 
fo recas t ing ,   the   ma in   focus   a t   th is   s tage i s  on e s t i m a t i n g   t h e   l i k e l i h o o d   o f  
changes i n   t h e  ground  temperature  regime,  and  the  consequences f o r  work  on 
c o n s t r u c t i o n  and transformat ion o f  the  surrounding  mil ieu;  depending on t h e  
n a t u r e   o f   t e c h n o g e n i c   a c t i o n   w i t h i n   t h e   l i m i t s   o f   t h e   b a s i c  landscape  types. 
Fundamental t o   t he   f o recas t  i s  t h e  map o f  p r e l i m i n a r y   r e g i o n a l i z a t i o n  o f  
fu ture  rout ing  corr idors,   compi led  on  the  bas is  o f  reconnaissance  research, 
wi th  wide  use o f  t h e   l i t e r a t u r e  and a l loca ted   mater ia ls .   Ca lcu la t ions  o f  t h e  
temperature  regime and  thaw  areas  takes  place fo r   va r ious   t ypes  of  p i p e l i n e  
cons t ruc t ion  methods (surface,  buried,  above-ground) , and w i th   severa l  
v a r i a n t s  of the  temperature  regime o f   t h e   h e a t   c a r r i e r  (above-zero  and 
below-zero mean annual  temperature o f  the  gas).  

On the basis o f  experience i n   f o r e c a s t i n g   a t   t h e  Department o f  
Petroleum  Energy (TEO), b a s i c   i n i t i a l   d a t a  f o r  c a l c u l a t i o n  of  t h e   i n t e r a c t i o n  
between p i p e l i n e s  and the  ground are: the  given  temperature  regime o f  t h e  
hea t   ca r r i e r ;   t he   c l ima t i c   cha rac te r i s t i cs   o f   t he   reg ion ;   compos i t i on  and 
properties  of  the  ground, and i t s  mean annual  temperature  under  natural 
c o n d i t i o n s .   I n   t h i s  case, t h e   p o s s i b l e   l i m i t s   o f  changes i n  environmental 
c o n d i t i o n s   i n  each  microregion  are  selected. A f o r e c a s t   i s  produced f o r   t h e  
mean values  of t he  s e l e c t e d   c h a r a c t e r i s t i c s  and f o r  t he   l eas t   f avou rab le  
combinations of t he   l a t te r .   P re l im ina ry   f o recas t i ng   a l l ows   eva lua t i on  of  t h e  
degree o f  complexi ty of the   cond i t ions  of i n t e r a c t i o n  between p ipe1  ine and 
ground,  under  d i f ferent  construct ion methods  and operat ional  systems,  optinlum 
c o n t r o l   o f   r o u t e s ;  and s e l e c t i o n   o f   t h e  most r e l i a b l e  and  economical 
cons t ruc t ion   so lu t ions .  

The basic  problems i n   f o r e c a s t i n g   t h e   t h e r m a l   i n t e r a c t i o n  between 
p i p e l i n e s  and  ground dur ing   the   s tages   o f   techn ica l   p lann ing  and prepara t ion  
o f  working  drawings  are the c a l c u l a t i o n  o f  changes in   the   tempera ture   reg ime 
i n   t h e   c o n s t r u c t i o n   a r e a  and i n  the zone a f fec ted   by  t he  p i p e l i n e  fo r  t h e  
cons t ruc t ion  method and the  technica l   operat ing  condi t ions  se lected.  A t  t h i s  
stage, i n i t i a l   d a t a  on env i ronmenta l   condi t ions  used  for   forecast ing,   are  the 
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character is t ics   obta ined  dur ing  the  permafrost   survey  and  the  route  survey.  

When fo recas t i ng  changes i n   t h e  environmental  conditdons of t he   cons t ruc t i on  
area,  the  fo l lowing  are  taken  into  account:  

a)  mean annual  temperature o f  the  ground a t   t h e   s u r f a c e ,  deep 
w i t h i n   t h e   l a y e r  o f  seasonal  thawing  (freezing), and a t  
the  depth  of  zero  annual  amplitude; 

b) temperature amp1 i t u d e  a t  the  sur face o f  t he   ea r th   ma te r ia l s  
and  deep i n   t h e   l a y e r   o f  seasonal  thawing  (freezing); 

c )  thickness of t h e   l a y e r  o f  annual  temperature  f luctuation; 

d )  t h i ckness   o f   l aye r  o f  seasonal  and potent ia l   thawing 

( f reezing) of t h e  ground; 

e)  change i n  temperatures o f   t h e  ground a t   d i f f e ren t   dep ths ,  
w i th   t ime;  

f) t ime of f reezing of l a y e r  of seasonal  thawing, and temper- 

ature  of   the  ground a t   t h e  moment of complete  freezing; 

g )  temperature  gradients i n   f r o z e n  and  thawed mate r ia l s .  

I n   t h e  zone  of  thermal i n t e r a c t i o n  between t h e   p i p e l i n e  and t h e  
ground, for the  g iven  des ign  so lu t ions and gas temperature  regime the 
fo l low ing   a re   taken  in to   account :  

a )  temperature  regime a t   t h e  surface of t he   p ipe  and  change 
i n  temperature o f   t h e  casing, f o r   t h e   l e n g t h  o f  the  
pipe1  ine; 

b)  th ickness   o f  seasonal  and perennial  areas  of  thawing and 
freezing of the  ground  beneath  the  p ipel ine.  
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In  permafrost  regions,  depending  on  the  temperature  regime o f  t h e  
product  being  transported,  the  problem o f  format ion of areas o f  thawing  and 
f reez ing  can  inc lude:  

1. 

2. 

3 .  

4 .  

5. 

6 .  

Determination of depths o f  seasonal  thawing of  the  ground 
beneath  the  p ipe l ine i n  which  the  temperature o f  the  product  
t h e y   c o n t a i n   v a r i e s   i n  accordance w i t h  t, < OOC, A, > It,] 
( t n  - mean annual  temperature o f  the  product ;  A, - phys ica l  
ampl i tude  o f   annua l   f luc tua t ion  of the  temperature o f  
the  product )  ; 

determinat ion of  t he   dep th   o f   seasona l   f reez ing   o f   t he  
ground i n   t h e  thaw basin  forming  beneath  the  p ipel ines 
i n  which  the  temperature of  the  product   var ies i n  
accordance w i t h  t, > O°C and A, > tn; 

determinat ion o f  the   depth  o f  perennial   thawing o f  the  
ground  beneath  pipelines,  the  temperature o f  the  product  
t hey   con ta in   va r ies   pe r iod i ca l l y  when t, > O°C; 

determinat ion of the  areas o f  perennial  thawing, when 
t h e r e   i s  a constant above zero  temperature  of  the  product, 
beneath  underground  and  ground  surface  pipe1  ines; 

determinat ion o f  the  depth of  seasonal  freezing of  t h e  
ground  beneath  the  pipel ines i n  which  the  temperature  of 
the   p roduc t   per iod ica l  l y  v a r i e s   i n  accordance w i t h  

t, > O°C, A, > t, ; 

determinat ion o f  the  depth of seasonal  thawing of the  
ground i n   t h e   a r e a  where permafrost i s  forming  beneath 
t h e   p i p e l i n e s   i n  which  the  temperature o f   t h e   p r o d u c t  
p e r i o d i c a l l y   v a r i e s   i n  accordance w i t h  t, < OOC, 
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7. determinat ion o f  the  depth  o f   permafrost   under   the 
p ipe l i nes   i n   wh ich   t he   t empera tu re  o f  the  product   var ies 
when t, < O°C; 

8. de terminat ion   o f   the   a reas  o f  perennial   f reezing  of   the 
ground  under  the  pipel ines, when the  temperature of t h e  
product i s   cons tan t l y   be low  ze ro .  

Changes i n   t h e  env i ronmen ta l   cond i t i ons   du r ing   cons t ruc t i on   o f  
p i p e l i n e s   a r e   v i r t u a l l y  no d i f f e ren t   t han   t hose   d i s tu rbances   t ha t   t ake   p lace  
dur ing  o ther   types o f  c o n s t r u c t i o n :   r a i l w a y ,   i n d u s t r i a l ,   c i v i l .   T h i s  
permits  use of e x i s t i n g  methods f o r   s o l v i n g  problems  concerning  the  formation 
of   the  ground  temperature  regime,  depending  on  the  ef fect   of   such  factors as 
the  thermal   rad iat ion  ba lance  a t   the  Ear th 's   sur face,  snow and vegeta t ion  
covers, swampiness, composition and mois ture  content  of the  ground,  etc.  
(Balobaev, 1963; Melamed, 1966; Pavlov, 1975; Porxaev, 1970, 1973, e t c . ) .   I n  
our  opinion,  the  most complex a re   t he  methods  worked o u t   i n   t h e  Department of  

Permafrost  Studies o f  Moscow U n i v e r s i t y ,   u n d e r   t h e   d i r e c t i o n   o f  V . A .  
Kudryavtsev  (Dostovalov,  Kudryavtsev, 1969; Kudryavtsev e t  a1 .) 1974).  This 
method i s  based on c a l c u l a t i o n  o f  the  ground  temperature  regime  by means of 
subsequent  sumnation of t h e   e f f e c t  of i n d i v i d u a l   f a c t o r s .  The advantage of  

t h i s  method i s   i n   i t s   s i m p l i c i t y ,  and i n   t h e   f a c t   t h a t   t h e   i n i t i a l   d a t a   f o r  
the   ca lcu la t ion   can  be obta ined  eas i l y   dur ing  a permafrost  survey  (research). 
Imp lementa t ion   o f   th is  method al lows  successful   analysis o f  t h e   p a t t e r n  of 
formation o f  the  ground  temperature  regime and o f   t he   dep ths  of  seasonal 
thawing and freezing,  which i s   e s s e n t i a l   f o r   c o n t r o l  o f  the permafrost 
processes as  a whole. 

Thermal i n t e r a c t i o n  of p ipe l ines   w i th   the   sur round ing   mi l ieu   can  
be s tud ied  by long  term  f ie ld   observat ions o f  routes  or   exper imental   areas, 
w i th   t he   he lp  o f  physica l   s imulat ion  under   laboratory   condi t ions  or   on  analog 
machines  (Hydro - and e l e c t r o   i n t e g r a t o r s )  and  by mathematical  methods. 
S ince  ind i rect   observat ions and phys ica l   s imulat ion  necess i ta te a s i g n i f i c a n t  
waste  of  time and, moreover, are  not   a lways  ab le t o  cha rac te r i ze   poss ib le   o r  
proposed changes in   t he   t echno log ica l   pa ramete rs   o f   t he   p ipe l i ne  systems o r  
to   t ake   i n to   accoun t   t he   changeab i l i t y  o f  t h e   f a c t o r s  o f  the  environmental 
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cond i t i ons ,   t he  most  widely  used in   p lann ing   a re   the   mathemat ica l  methods f o r  
s tudy ing   the   thermal   in te rac t ion  of p ipe l ines   w i th   the   g round.  

As a r e s u l t  of the  complexi ty o f  the  physical  processes o f  heat 
d i s t r i b u t i o n  i n  f reez ing and thawing  ground, i t  i s  v e r y   d i f f i c u l t  t o  conduct 
a n a l y t i c a l   r e s e a r c h   i n t o   t h e  dynamics o f  t h e   t e m p e r a t u r e   f i e l d   i n   p e r e n n i a l l y  
frozen  ground  around  buried and surface  pipe1  ines.  The process  of  heat 
t r a n s f e r   i n  ground i s   n o t  steady; i t  i s  brought  about  by the phase 

t r a n s i t i o n s  of water i n  the  f reez ing  process,   by  the  a l ternat ion o f  per iods 
o f  f r e e z i n g  and  thawing  with some mobi le  surfaces a t   t h e   i n t e r f a c e   o f  phases, 
the  laws of which  were h i t h e r t o  unknown. 

The problem o f  h e a t   d i s t r i b u t i o n  around  the  p ipe l ine i s  th ree  

dimensional  and i s   f o r m a l l y   d e s c r i b e d  by a system o f  d i f f e r e n t i a l   e q u a t i o n s  
o f   t h e r m a l   c o n d u c t i v i t y   f o r   f r o z e n  and  thawed  ground, snow cover and the  heat  
car r ie r ,   w i th   the   S te fan   non l inear   boundary   cond i t ion  on the  mobile  boundary 
between the  phases. It i s   n o t   p o s s i b l e  t o  s o l v e   t h i s  type o f  problem 
a n a l y t i c a l l y :  a problem  of   d isequi l ibr ium o f  thermal exchange  between 
p i p e l i n e s  and t h e  ground, w i t h  boundary cond i t i ons   wh ich   f u l l y   co r respond   to  
the  actua l   process of heat-exchange i n  t h e  ground. A s o l u t i o n  t o  the  problem 
has o n l y  been f o u n d   f o r   i n d i v i d u a l  cases when  a s i m p l i f i c a t i o n   i n   t h e  
formulat ion  of   the  problem has  been permissible.  I f  i t  i s  accepted t h a t   t h e  
temperature  of  the  product i n  t h e   p i p e l i n e  does n o t  depend on t h e  
coordinates,  and i s   o n l y  a f u n c t i o n  o f  t ime,  then  the  problem becomes a two 
dimensional  Stefan  type  problem  for  the complex doubly  connected  region  with 
seve ra l   f r on ts  of f reezing and thawing. Use o f  a computer opens considerably  

p o s s i b i l i t i e s   f o r   s o l v i n g   t h i s   t y p e  of  problem. However, even here   the  
presence of a horizontal  upper  ground  surface and i t s   h o r i z o n t a l l y   l a y e r e d  
non-uni formity  create  special   problems i n  developing a so lu t ion ,  because o f  
t h e   i m p o s s i b i l i t y  o f  us ing  cy l indr ica l   coord inates.   Therefore,  even when 
s ign i f i can t   a l lowances   a re  made dur ing   fo rmula t ion  of the  problem,  research 
i n t o   t h e  dynamics of t he   t empera tu re   f i e ld  i n  the  ground  around  the  p ipel ine 
must be conducted i n  a rec tang le   w i th  a semic i rc le  removed. 

An analog  computer (AVM) is used fo r   research   i n to   t he   pa t te rn  o f  

fomla t ion  of  areas of thawing ;   th is   a l lows a s o l u t i o n  t o  be o b t a i n e d   f o r   t h e  
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two dimensional type o f  Stefan problem. One of the most widely used devices 
i s  the  hydrointegrator o f  V . S .  Luk'anav's system (1957)" 

When analog and digital computers were  used t o  solve  the two 
dimensional problem o f  calculating thawing  and freezing around buried 
pipelines, and beneath surface  pipelines,  the  results showed that, i n  a 
number o f  cases, the two dimensional  problems  could be reduced t o  
one dimensional and available  analytical  solutions o f  one dimensional 
problems  could be  used successfully for engineering calculations  that  are 
necessary when planning a pipeline. In particular, I.A. Charnii's well known 
equation (1940) for calculating perennial areas of thawing or freezing of 
ground beneath pipelines can  be used. Smoothing used in  the  derivation of  
the equation  leads to  exaggerated results. In order t o  obtain more accurate 
results, we have  worked o u t  a method for  determining the initial  theoretical 
values o f  temperature a t  the  pipeline  surface and period of  thawing and 
freezing o f  the ground; these values  take i n t o  consideration the 
disequilibrium o f  the process and the  periodicity o f  the change i n  
temperature of the product  being transported. Correction factors t h a t  take 
i n t o  consideration  the depth of bedding of the  pipeline  are obtained i n  a 
similar way. For speed and simplicity of  computations, nomograms are 
composed. 

For cases when i t  i s  no t  permissible t o  disregard heat losses for 
the thermal capacity o f  the ground, an analytical  solution t o  the problem 
similar t o  that of I . A .  Charnii i s  proposed. The formulas for evaluating  the 
effect of heat insulat ion on the process o f  thawing (freezing) o f  the ground 
was obtained in an analogous way. 

Analysis o f  various materials showed that for calculating seasonal 
areas of freezing o f  ground beneath pipelines (depending on the temperature 
regime o f  the product  being transported,  the temperature regime,  composition 
and moisture  content o f  the ground),  it i s  expedient t o  use the method o f  

V.A. Kudryavtsev e t  a l .  , (1973), t a k i n g  i n t o  account their recommendations 
f o r  determining calculated values o f  the temperature o f  the  pipeline  surface; 
these  are presented below. 
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A S  i n   the   permaf ros t   reg ion ,  so i t  i s   i n  the  regions  wi th  seasonal  
f r e e z i n g   o f  ground:  the  most  complex  case i s  when seasonal  areas of f r e e z i n g  
(thawing) form aga ins t  a background o f  perennial   thawing  ( f reezing).  I n  

these cases, the  seasonal  and  perennial  processes o f  thawing  and  freezing 
take  place  under  condi t ions where the  temperature  regime  of  the  ground  has 
n o t  become e s t a b l i s h e d ,   i r e r ,  as t h e   f r o n t  of  perennial  thawing (or f reez ing)  
advances a measurement o f   t h e  mean annual  temperature o f  the  ground  wi th in  
the  perennia l   area of thawing i s  taken. Ex i s t i ng  engineering  methods f o r  
c a l c u l a t i n g  seasonal  areas o f  thawing  (freezing)  of  the  ground do n o t   a l l o w  
t h e  d i s e q u i l i b r i u m  of the temperature f i e l d  o f  the  ground i n   t h e   p e r e n n i a l  
cycle t o  be taken  into  considerat ion.   Possible  combinat ions o f  t h e  
temperatures o f  ground  and p ipe l i ne   du r ing   seasona l   i n te rac t i on  o f  p i p e l i n e s  
w i t h   f r e e z i n g  and thawing  ground  can be reduced to  four  basic  cases. 

1. I n  permafrost  regions, when there  are  subzero mean annual 
temperatures a t  the  p ipe  sur face and t h e r e   a r e   p e r i o d i c   f l u c t u a t i o n s   i n  
tempera ture   o f   the   heat   car r ie r   w i th   an   ampl i tude  g rea ter   than  the   abso lu te  
va lue o f  the  mean annual  temperature o f   t h e   p i p e ,  seasonal  areas o f  thawing 

of  the  ground will form. I n  t h i s  case, dur ing  the  f i r s t  year o f  operat ion,  
t h e  maximum thickness o f  seasonal  thawing o f  ground  beneath  the  pipe will be 
observed when the  mean annual  temperature o f  t he   p ipe   su r face   i s   l ower   t han  
t h e  mean annual  temperature o f  t h e  ground. I n  subsequent  years,  the 
th ickness of t h e  seasonal  areas o f  thawing o f  the  ground  beneath  the  pipe 
will decrease. I f  the  mean annual  temperature o f  the  cas ing o f  t h e   p i p e l i n e  
exceeds t h e  mean annual  temperature of t h e  ground,  then i n   t h e  f i r s t  year o f  
operat ion  areas o f  thawing of ground will be o f  minimum thickness. As t h e  
mean annual  temperature o f  the  ground  r ises,  a s  a r e s u l t  of t h e   e f f e c t  o f  t h e  
p ipe l ine ,   the   th ickness  of t he  areas  of  thawing o f  the  ground will increase; 
i t  will a t t a i n  maximum values when  a s tab le  reg ime becomes e s t a b l i s h e d   i n   t h e  
ground: when the  temperature i s  c lose  t o  t h e  mean annual  temperature of t h e  
p ipe l   i ne .  

2 .  I n   r e g i o n s  of thawed ea r th   ma te r ia l s ,  when the re   a re  above 
zero mean annual  temperatures a t  the  sur face of t he   p ipe l i ne ,  and the re   a re  
p e r i o d i c   f l u c t u a t i o n s  in the  temperature  with  an  ampli tude  exceeding  the 
va lue   o f   t he  mean annual  temperature o f   t he   p ipe ,   eve ry   yea r ,   a t   t he   co ldes t  
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t ime Of the  year,   areas of f reez ing will form beneath the p i p e s .   I n   t h i s  
Case, t h e  maximum thickness of the areas of f r eez ing  o f  the  ground will be 
a t t a i n e d   d u r i n g   t h e   f i r s t   y e a r  o f  operat ion,  whenever the  mean annual 
temperature  o f   the  sur face o f  t h e   p i p e l i n e  exceeds the  mean annual 
t m p e r a t u r e  o f  the  ground. I n  consequent  years , as a stable  regime becomes 
es tab l i shed and the  temperature  of t h e  ground i n   t h e  zone a f fec ted   by   the  
p ipe l i ne   r i ses ,   t he   a reas  o f  seasonal  freezing will decrease. I n   t h i s  case, 
when the  mean annual  temperature o f  the   sur face  o f  t h e   p i p e l i n e   i s  below t h a t  
of t he  ground, minimum seasonal f reez ing  of the  ground  beneath  the  p ipel ine 
will be  observed  during  the f i r s t   y e a r   o f   o p e r a t i o n .  

Later,  as  the  temperature o f  the  ground becomes 1 ower  and i t  

approaches the  mean annual  temperature o f   t h e   p i p e l i n e ,  an  increase i n   t h e  
depth o f  seasonal  areas  of  freezing will be observed. 

3. I n   t h e  case  where a p ipe l ine   w i th   tempera tures  above zero i s  
l a i d   i n  permafrost,  perennial  thawing o f  the  ground will take  place. I n   t h i s  
case, i n   t h e   c o l d e s t   p a r t  of the  year ,  when the  temperature a t   t h e   s u r f a c e  o f  
t h e   p i p e l i n e   i s  below  zero,  there will be seasonal  freezing o f   t h e  ground. 
Maximum th i ckness   o f  seasonal  freezing will t a k e   p l a c e   d u r i n g   t h e   f i r s t   y e a r  
o f   operat ion when the  ground  temperatures will be c lose  t o  O°C. I n  
subsequent  years, due t o  the i n f l uence  o f  t he   p ipe l i ne ,   t he  mean annual 
tempera ture   o f   the   g round  in   the   a rea   o f   perenn ia l   thawing  will rise and 
the re  will be  a corresponding  decrease i n   t h e   a r e a s   o f   f r e e z i n g  o f  ground 
beneath  the  p ipel ines.  

4. If a p i p e l i n e   w i t h  a  subzero  temperature i s  l a i d   i n  thawed 
ground, perennial  areas o f  f r eez ing  will form  around it. When the re   a re  
p e r i o d i c   f l u c t u a t i o n s   i n   t e m p e r a t u r e   a t   t h e   s u r f a c e   o f   t h e   p i p e l i n e   w i t h  an 
ampl i tude above t h e   a b s o l u t e   v a l u e   o f   t h e  mean annual  temperature  of  the 
p ipe l i ne ,   aga ins t  a  background of   perennia l   f reez ing,   seasonal   areas of  
thawing  of  the  ground will form i n   t h e  summer months. As i n   t h e  above  case, 
t he  maximum thickness of seasonal  thawing will be recorded i n   t h e   f i r s t   y e a r  
of  operation, when the  ground  temperatures  are  c lose  to O°C. I n  subsequent 
years, the th ickness o f  the seasonal ly thawed  ground  around t h e   p i p e l i n e  will 
decrease. 
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When Planning  p ipe l ines,   the  very   worst   condi t ions o f  i n t e r a c t i n g  
of p ipe  and thawing and freezing  ground  should  be  taken  into  considerat ion.  
Therefore, it i s  expedient   to   cons ider   the maximum areas o f  f reez ing  and 
thawing of ground  beneath  pipelines. 

The processes  of  convective  heat exchange,  caused  by  heat  and 
m o i s t u r e   t r a n s f e r   i n   t h e  ground,  can s u b s t a n t i a l l y   r a i s e   t h e  mean annual 
temperature o f  the  ground  and  can  lead t o  an  increase i n  areas  of  thawing 
ground  beneath  p ipel ines.   Calculat ion  systems  taking  into  account  the 
convect ive component o f  heat exchange i n   t h e  ground  are  very complex and  can 
o n l y  be   so l ved   w i th   t he   a id   o f  a computer.  Moreover, for t h e   i n i t i a l  
parameters ,   spec ia l   observa t ions   dur ing   survey ing   a re   requ i red   fo r   the i r  
so lu t i on .  As a f i r s t  approximation,  an  increase in   the   th ickness   o f   seasona l  
areas o f  thawing  beneath  pipel ines,  due t o  t h e   e f f e c t   o f   i n f i l t r a t i n g  
atmospheric  sett lements and the  warming act ion  of   suprapermafrost   water,   can 
be  evaluated  by means of   the  in t roduct ion  o f  a c o r r e c t i o n   f a c t o r .  
Ca lcu la t ion   o f   the   th ickness  o f  the areas o f  thawing  of  the  ground i s  

m u l t i p l i e d  by the coe f f i c i en t  n, the  value  of  which depends on  the 
composi t ion,   the  proper t ies o f  the  ground,   the  t ime  the  hor izon o f  

suprapermafrost  water has  been i n  existence, and t h e   q u a n t i t y   o f  summer 
ra in fa l l   (Tab le ) .  

Thermal i n t e r a c t i o n  o f  a p i p e l i n e   w i t h   t h e   s u r r o u n d i n g   m i l i e u  
l e a d s   t o  a change i n   t h e   t e m p e r a t u r e  o f  the  product  being  t ransported. 
Determinat ion  o f   heat   loss by t h e   p i p e l i n e   i s   n e c e s s a r y   n o t   o n l y  for c o r r e c t  
fo recas t ing   o f  changes i n  permaf ros t   cond i t ions ,   bu t   a lso   fo r   de termin ing   the  
temperatures of deformation of pipes,  and  the  capacity o f  t h e  system. As 
research has shown, c a l c u l a t i o n   o f   t h e  change i n   t h e  temperature of  t h e  
product   must   take  in to   account   the  technologica l  and des ign   pecu l i a r i t i es  o f  
t h e  p ipe l i ne ,  and t h e  change w i t h   t i m e   o f   t h e   c o e f f i c i e n t   o f   h e a t   t r a n s f e r  
f rom  the   p ipe  t o  the  surrounding  mi l ieu.  The va lue   o f   t he   hea t   t rans fe r  
c o e f f i c i e n t  depends  on the   fo rmat ion  and  growth o f   t h e   a r e a s  of  thawing  and 
f reez ing  o f   the  ground  around  the  p ipe l ine,   therefore it changes 
subs tan t i a l l y   du r ing   t he   ope ra t i ona l   pe r iod .   I n   o rde r  t o  de te rm ine   t h i s  
va lue,   a long  wi th   the  numer ica l   so lu t ions  to   the  problem  obta ined  by 
computer,  approximation  equations  can  also be used. 
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I n  conclusion, it should be no ted   t ha t  the method o f  s tudy ing   the  
the rma l   i n te rac t i on  of p i p e l i n e s   w i t h  the ground  cannot be reduced t o  
thermotechnical   calculat ions  a lone. The forecast  o f  change i n  permafrost  
cond i t i ons ,   resu l t i ng   f rom  cons t ruc t i on  and operat ion  must   inc lude a 
comprehensive  study o f  t he   pa t te rns  o f  fo rmat ion  and t h e  dynamics o f  t h e  
development o f  seasonally and pe renn ia l l y   f rozen  ground. 
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PRESENT STATE OF RESEARCH ON THE  FREEZING OF ROCKS AND 
CONSTRUCTION  MATERIALS 

Jaime  Aguirre-Puente 
Laboratoire  d'A6rothermique  du  Centre  National de l a  Recherche S c i e n t i f i q u e  

1. I n t roduc t i on  

Two major  groups o f  researchers   dea l ing   w i th   p rob lems  re la ted   to  

the   f reez ing  o f  rocks  were  gathered a t   t h a t   i n t e r n a t i o n a l  conference*: 

a)  geomorphologists,  geologists and geographers, who, both a t  h i g h   l a t i t u d e s  
and i n  now temperate  regions,  must study t h e  ex is tence of f r o s t   a t   h i g h  
l a t i t u d e s ,   i n  mountainous  areas or elsewhere  formed  during past  per iods o f  
g l a c i a t i o n ;  

b )  engineers, who must   con t ro l   seasona l   f ros t   ac t ion  and i t s   e f f e c t s  on 
natura l   s tone and ceramic  and  concrete  construct ion  mater ia ls.  

I n  view o f  t h e   g r e a t   v a r i e t y  o f  elementary  physical phenomena 
i n v o l v e d   i n   t h e   f r e e z i n g  of sca t te red   mater ia ls ,   o ther   f ie lds   o f   research  were 
also  represented:  thermal  engineers,  physical  chemists,  special ists of porous 
mater ia ls ,  highway  engineers,  experts on t he   f reez ing  o f  b i o l o g i c a l  
t i ~ s u e ~ ~  , 39 ) ,  mathematicians  and  metal l u r g i   s t s  36 1 . 

-. -. 

* The s ix th   in te rna t iona l   con ference o f  the  Fondation  fransaise  d'etudes 
nordiques,  under  the theme "Problems r a i s e d  by f rost -shat ter ing.   Pure and 
app l i ed   research   ( rocks   and4gp i f i c i a l   cons t ruc t i on   ma te r ia l s )  , h e l d   i n  
Le  Havre, A p r i l  23-25, 1975 . The conference was organized i n  co-operation 
wi th   the  Laborato i re   d 'aerothermique of  the CNRS (Meudon) and the  Commission 
de  geographie  polaire  of   the  Comit6  nat ional  de ggographie  (Paris). 
Chairman:  Jaime Aguirre-Puente. 

. . . .. - - - "- - 

Proceedings  Third  Internat ional   Conference on Permafrost, 
Vol . 1 , pp. 600 - 607, 1978. 
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The subjects  dealt  w i t h  during the conference  cannot be analyzed 
w i t h i n  the scope o f  the  present paper: the  ful l   text  o f  the 45 papers 
delivered a t  the  conference  (cf.  references) may be found,  together w i t h  the 
discussions and conclusions, i n  reference 46. A more detailed  account of the 
conference may be found in  references 47 and 49. 

The following is  a survey o f  a few of the  general  conclusionss w i t h  
suggestions  as t o  some research  goals which  would increase our knowledge of 

the  freezing of rocks. 

2. General aspects 

The freezing o f  so i l s ,  rocks and ar t i f ic ia l   mater ia ls  such a s  

concrete and ceramic t i l e s  and bricks is  a matter o f  heat  transfer and mass 
transfer  in porous materials  containing some water. 

In terms o f  structure,   there  are two types of porous materials: 

a )  porous materials showing l i t t l e  or no consolidation, e.g.,  

so i l s  and certain  chalks; 

b) consolidated porous materials such a s  natural  rocks,  concrete 
and most ceramics. 

As for the   f i r s t   type ,  i t  i s  assumed t h a t  the porous matrix i s  
formed of solid  particles  that  are more or less i n  contact depending on the 
confining  pressures. W i t h  respect t o  the second type,  the porous matrix may 
be considered  as a continuous solid w i t h  a more or less regular network of  
voids and cracks  in which water and a i r  may accumulate. 

Research on the  freezing of  so i l s  d u r i n g  the   l as t  few decades  has 
led t o  solutions for  certain  urgent problems raised by highway 
eng i neer i ng 3*13917). Basic  research has  played a major role  i n  the 
acquisition o f  t h i s  knowledge, providing,  i n  par t icular ,  physical models for 
phenomena verified by experimental  research 1,34,49,53) 
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Thus, a coherent and f a i r l y  comple te   ou t l ine  i s  now a v a i l a b l e  t o  
expla in   cryogenic  phenomena, from  microscopic  pores t o  macroscopic  bodies 
encountered i n  road   cons t ruc t i on   o r   ce r ta in   a reas   o f   pe rmaf ros t .  

Th is  does n o t   h o l d   t r u e   f o r   r o c k s  and a r t i f i c i a l  stones,  the 
mechanical  behaviour  of  which i s  a ser ious   obs tac le  t o  the   es tab l i shmen t   o f  
general laws app l i cab le  t o  geomorphological  studies or cons t ruc t i on  
engineering. 

Moreover,   s ince  research  on  f rost-shatter ing i s  r e l a t i v e l y   r e c e n t ,  
t he re  has been  no s p e c i a l   e f f o r t  t o  u n i f y   t h e   b i t s   o f   i n f o r m a t i o n   a c q u i r e d   b y  
s p e c i a l i s t s   o f   t h e   v a r i o u s   d i s c i p l i n e s  concerned. 

Most  of   the  informat ion  concerning  the  f rost   resistance o f  rocks 
has  been gathered  empirically.  Geologists  and  geomorphologists  have made a 

s ign i f i can t   con t r i bu t i on   by   obse rv ing   even ts   i n   co ld   reg ions  or a t  h igh  
l a t i t u d e s ,  and by ra i s ing   ques t i ons   abou t   t he   o r i g in  o f  rock   f ragmen ts   l e f t  
behind  by  past  g laciat ions i n  now temperate  regions. The geo log ica l   t ime 
under  considerat ion  covers  thousands  or mill ions of years, and i s  a f a c t o r   i n  
t h e   f a t i g u e   o r   p r o g r e s s i v e   f r a c t u r e  o f  rock   f ragmen ts   du r ing   m i l l i ons  o f  

freeze-thaw  cycles. 

The f r o s t   a c t i o n  i n  na tu ra l  and a r t i f i c i a l   c o n s t r u c t i o n   m a t e r i a l s  
has been stud ied  by  const ruct ion  engineers  concerned  wi th   safety  and t h e  
Preservat ion  o f   St ructures and surface  coverings  (bridges, dams, bu i l d ings ,  
e tc .  1- There  the  t ime span covers  several  generations,  and may reach a few 
hundred  years i n extreme  cases. 

The meet ing  po int  between these  two  groups  of  researchers i s   t h e  
c o o l i n g   r a t e  of  rock,  which i s  t h e  same fo r   na tura l   rocks  of a given  area  and 
stones  used i n  a h i g h   b u i l d i n g   i n   t h e  same area. 

Several major parameters o f   f r o s t - s h a t t e r i n g  have been repor ted,  
b u t   p r a c t i c a l  problems are   fa r   f rom  reso lved.  
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It i s  essent ia l   tha t   geophys ic is ts  and engineers know t h e   f r o s t  
res is tance o f  rocks  dur ing  f reez ing.   Tests  have  been designed t o   c l a s s i f y  

Is according t o  t h e i r   f r o s t   s u s c e p t i b i l i t y ,   b u t   t h e s e   e f f o r t s  have  been 
out  independently  by  geographers,  concrete  engineers,  ceramics  experts 

ineers  us ing  natura l   s tone.  

Since  the methods, parameters and t e s t s  used a r e   v e r y   d i f f e r e n t ,  it 

i s   d i f f i c u l t   t o  make comparisons. It i s  there fore   essent ia l   tha t  the problem 
be tack led  on a basic   leve l .   Phys ica l   analys is  will lead more e f f i c i e n t l y   t o  
a bet ter   understanding of t he  phenomenon and t o  a more universa l   formulat ion.  

3. Observations and experiments 

3.1, Freezing of s o i l s   n o t   e n t i r e l y   c o n f i n e d  

The var ious  research  resul ts   presented a t  the  conference  on  soi l  
were  based  on  observations made i n   t h e   l a b o r a t o r y  o r  i n  

t h e   f i e l d 6 s 5 2 * 5 4 * 5 9 ) ,  The f o l l o w i n g   i s  a b r i e f   o u t l i n e   o f   t h e   f r o s t   b e h a v i o u r  
o f   s o i l s .   I n   u n c o n f i n e d   s o i l   t e s t s ,   t h e   m a t e r i a l   i n   t h e   e x p e r i m e n t a l   c e l l  i s  

open t o  ax ia l   de format ion   s ince   the   p la te  used t o  cool  one o f  t he  specimen 
faces i s   n o t   f i x e d .  

Dur ing   f reez ing   o f  a f i n e   s o i l  specimen t h a t  i s  s u f f i c i e n t l y  damp, 
p rov ided   w i th  an external   water  supply,   there i s  a s i g n i f i c a n t   i n c r e a s e   i n  

lume  of t h e   f r o z e n   t o n e   w i t h   r e s p e c t   t o   t h e   i n i t i a l  volume.  The s t r u c t u r e  
the  porous  mater ia l  i s  completely changed as See lenses  appear,  varying i n  

i ckness ,   occu r r i ng   pe r iod i ca l l y  and u s u a l l y   o r i e n t e d   p a r a l l e l  t o  the  
i s o t  herms 52 1 . 

- The heaving  observed g r e a t l y  exceeds that   which  would  resul t   f rom a 

v a r i a t i o n   i n   t h e   s p e c i f i c  volume o f   t he   wa te r   du r ing   t he  change of s ta te .  

I n   t h e  case o f  specimens suppl ied  wi th   water ,  measurements confirm 
t h a t   h e a v i n g   i s   e q u i v a l e n t   t o   t h e  amount o f  water  provided by the   ex te rna l  
source.  This  water i s  transformed i n t o  i c e  a t  t h e   f r e e z i n g   f r o n t   a f t e r  

passing  through  the  unfrozen zone of t he  specimen . 52 1 "- 
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Cryogenic suction, from w h i c h   t h i s  phenomenon o r ig ina tes ,  was 
observed d i r e c t l y  by   measur ing   t he   i n te rs t i t i a l   p ressu re  of the   water   w i th  
tensiometers  located  along  the  specimen and in f luenced by the   f reez ing  
front"*"). 

The th ickness o f  v a r i o u s   l a y e r s   o f   t h e  specimen  increases as t h e  
f r e e z i n g   f r o n t  passes  through them from  top t o  bottom. These layers   a re   then 
pushed  upward as a r e s u l t  of the  deformat ion  of   lower  layers.   Average  heaving 
pe r   un i t   l eng th   i nc reases  as t h e   r a t e   o f   t h e   f r e e z i n g   f r o n t   d e c r e a s e s .  I n  

c e r t a i n   c o n d i t i o n s ,  a stat ionary  system i s  establ ished, whereby a s i n g l e   l a y e r  
o f  i c e  swel Is,  separated  from  the  porous  material.  

3.2 Freezing o f  c o n f i n e d   s o i l s  

In   o ther   so i l   f reez ing   exper iments ,   heav ing  was prevented,  and 
s t rong  conf in ing  pressures were  measured with  sensors 58,60) 

Resis tance  to  heave i s  comnon t o   a l l   c o n s o l i d a t e d   p o r o u s   m a t e r i a l s  

where the  porous  matr ix   must   bear   the  in ternal   pressures  resul t ing  f rom  the 
t rans format ion  of w a t e r   i n t o   i c e   i n  the pores. 

3.3 Freez ing  o f   rocks 

The d e b r i s   l e f t   i n   n a t u r e  by p a s t   c o l d   c l i m a t e s   i n  a g iven  reg ion,  
o r   t h e   p r e s e n t   s t a t e   o f   d e b r i s   i n   r e g i o n s  o f  h i g h   a l t i t u d e   o r   h i g h   l a t i t u d e ,  
are very  diversif ied.  Moreover,  the  arrangement o f   v a r i o u s  types of 
f ros t -shat te red   b locks   ho lds  precious geological   informat ion.  However, t h e  
p roper   i n te rp re ta t i on  of these  morphological   features  can  obviously  not   be 
done s c i e n t i f i c a l l y   u n l e s s  some attempt i s  made to  understand the complete 
mechanism o f  f rost -shat ter ing.   Th is   problem,  repor ted  over   the  years  by 
geographers,  geomorphologists and geo log is ts ,  i s   i l l u s t r a t e d  by  the  landforms 
o f  Greenland,  where the  types o f  debr is  and t h e i r   n a t u r a l   c l a s s i f i c a t i o n  have 
been wel l   s tud ied32) ,   bear ing  wi tness  to  the passage of many c l imates  through 
t h e  ages, which  spec ia l is ts   must  now decipher. 
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High  altitude  observations in mountainous  regions  more  accessible 
than the Arctic  have made it  possible to observe  systematically the  action of 
frost  on rocks. Modern  recording  methods using photography  and  aerial 
stereophotogramnetry in the blue  and near  ultraviolet  range are providing fast 
and  efficient  results  over  considerable areas 19) .  

Experiments on  the freezing o f  rocks  have been carried  out by a 
number o f  organizations 7,8,14,15,22,26,33,35) 

A study of debris  after  tens  or  hundreds of freeze-thaw cycles 
accounts  for  the  three types o f  frost-shattered blocks: powder,  chips and 
large  fragments with their three  dimensions o f  the  same  order o f  magnitude. 

The very  large  number of experiments  has  revealed  important  aspects 
o f  frost-shattering,  and has  helped formulate .working hypotheses  about the 
frost  behaviour o f  porous  materials: the evaporation or sublimation of ice, 
the extrusion of ice, the  circulation o f  water in rock, and the  significance 
of the three-dimensional  thermal regime. Moreover,  unidimensional  experiments 
have  confirmed the importance o f  cryogenic  suction at  the surface,  producing 
water  circulation in the rock. Very  promising  measurement  techniques have 
been  used in the laboratory or in the field:  propagation o f  ultrasonic - 
waves 18,22,30,33) microscopic  observation 
analyses 25*26,27), dilatometry 7s22s33), thermal , 
analyses 14,15,26,28,33,35,43), etc, 

and physiochemical 
density and  grain-size 

On the  other hand, statistical  studies 
parameters in very specific  cases,  either in 
1 aboratory 15,23,31) 

have  uncovered  predominant 
nature ”) or in the 

Some  studies  have led t o  criteria for the  classification o f  rocks 
on the basis of their  frost  susceptibility,  others  have  suggested  important 
parameters  which  have yet to be studied. Each discipline  strives for optimal 
use of experimental data,  but methods o f  application are generally  considered 
provisional. 
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4. Analysis 

4.1.  Microscopic  process 2,531 

4.1.1.  Capillary phenomena 

The transition  layer between the  solid  substrate and the water or 
ice  i s  involved i n  the process of solidification. I t s  role  i s  more important 
as the  specific  area of the  matrix  increases. In f ac t ,  molecular  excitation 
i n  f r ee  water is  characterized by a definite  structure and a given  molecular 
order 57s vO1. l l .  Since  water  molecules are polarized,  their   excitation  is  
noticeably  modified by dissolved  ions and those a t  the boundary. This 
influence is more pronounced as  the  size  of  the  cavities  decreases and the 
curvature  of the pore  wall s increases 57, Y(P7.5)  

Water molecules i n  contact w i t h  the pore  wall l ine  u p  against i t  
according  to  the  nature of the  solid  surface. Thus, there i s  a transit ion 
zone from one order  (that of the  molecules a t  the wall)  to  another  order  (that 
of the  free  water). This transit ion zone consists o f  so-called  "adsorbed 
water" or "bound water". A t  each point i n  the  layer of adsorbed  water,  there 
i s  a s e t  of properties or characterist ics which d i f fe r  from those o f  f ree  
water and vary  continuously up to  the  solid  substrate.  Researchers who have 
studied this question  estimate the thickness of the adsorbed  water layer  to be 
1 0- 1 OOnm 56,57) 

As for  the  ice,  i t s  structure is hexagonal w i t h i n  the  temperature 
range of in te res t   to  us. The "free"  water-ice  equilibrium  temperature i s  by 
definition  zero Celsius. Experience shows that  this structure i s  
incompatible, as a rule, w i t h  that  o f  the  substrates encountered i n  scattered 
materials, which means t h a t  the  water-ice  equilibrium  temperature i n  the 
adsorbed  water layer  decreases w i t h  the distance from the  substrate 2,531 

The transit ion from substrate t o  ice  occurs through a generally 
very t h i n  layer of adsorbed  water. The ice/adsorbed  water/substrate system 
may  be considered  as a three-component interphase  that may i t s e l f  be replaced 
by a discontinuity  surface  representing an interface 5 5 Y  In this new 
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interface,  the  "water" component has superficial  mobility, and i s  
characterized by a chemical potential. The concept o f  compatibility between 
ice  structure and substrate  structure i s  very significant:  where a  substrate 
is  incompatible w i t h  the  ice,  nucleation of the   l a t te r  occurs a t  the  centre of 
the  pores away from the  substrate. 

In considering  the problem o f  freezing, two types of phenomena must 
be deal t  with:  simple  capillary phenomena and adsorption phenomena.  The 
former are  those which  can be explained and quantified on the  basis of 
thermodynamic interface  relations - superficial  surface  tension,  free  surface 
energy,  Laplace  formula, Thomson formula, Clapeyron-Clausius  equation 

The second type  corresponds t o  the  result  o f  variations i n  the 
properties of the  water as a function of distance from the  substrate w i t h i n  
the  layer of adsorbed  water. In this case,  cryoscopic  decrease,  pressure, 
mobility,  etc. , are  variables which, unfortunately,  cannot be formally 
evaluated a t  present. 

In cases where simple capillary phenomena are  predominant, there 
continues t o  be a layer o f  adsorbed  water between the  ice and substrate. The 
molecular  order imposed on the  water by the  substrate  follows a direction 
perpendicular t o  the pore wall, b u t  n o t h i n g  prevents  the  water  molecules from 
moving parall el t o  the wall (mobil i t y  of the  ttwater" component). 

4.1.2. Capillary model 

The  model proposed i n  references 1 , 2 , 47 , 48, 49, 53 makes i t 
possible t o  understand  the  physical  process  involved i n  secondary phenomena 
accompanying the  displacement o f  the  freezing front i n  a porous material. We 
will only recall here the  conclusion o f  the thermodynamic study o f  a 
microscopic  element  consisting of two pores  linked by a small channel, 
containing  water and frozen: i n  the  case where cryogenic phenomena a t  the 
pore level  are  the  result o f  the  behaviour of the  simple  ice-water  interface, 
as i n  the  case where the complex interphase  ice/adsorbed  water/substrate i s  
predominant,  the  heat transfer,  the behaviour of interphases and the mass 
transfer  represent  elementary coupled phenomena. 
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4.2. Macroscopic  analysis 2,50,51) 

The macroscopic  study of t h e   f r e e z i n g   o f   s o i l s   o r   r o c k s   r e q u i r e s  
f i r s t   o f   a l l   t h a t   t h e   c o n c l u s i o n s  o f  the  microscopic  study be transposed t o  
the   f reez ing  o f  water i n  a porous  mater ia l .  Then, f o r  rocks, i t  i s  necessary 
to  consider  the  mechanical   ef fects of stresses  due t o  t h e   i c e  when the  porous 
ma te r ia l   a l l ows  no deformation. 

4.2.1. Isothermal 

Let  us  consider a 
temperature 1 ower than O°C. 

system 

water-saturated  porous  material a t  a constant  
Apply ing  the Thomson formula and the  concepts o f  

adsorbed  water, we conclude  that   ice  must  form i n   t h e   p o r e  spaces of   the 
ma te r ia l  , b u t   t h a t  a c e r t a i n  amount of  water will remain   l iqu id .  

A t  the  macroscopic   leve l ,   the amount o f   l i q u i d   w a t e r  and i c e  

depends  on the  temperature as wel l   as on p o r e   s i t e  and d i s t r i b u t i o n .  

The concept of adsorbed  water suggests t h a t   t h e  amount o f  l i q u i d  
water and i c e   a l s o  depends on the   na tu re   o f   t he   po rous   ma t r i x  and  on t h e  
magnitude o f  t h e   l a y e r  of bound water i n   r e l a t i o n   t o   p o r e  size. 

These conclusions  have been conf i rmed  exper imental ly 21 , 61 , 62) 

4.2.2. Non-isothermal  system 

Thermal s t resses   wh ich   cause  in te rs t i t ia l   water  t o  change i n t o   i c e  
produce a thermal  gradient i n   t h e  porous body. On t h e  one hand, the  amount o f  

unfrozen  water  below O°C i s  known t o  depend on  the  temperature;   on  the  other,  
t h e   m a t e r i a l  i s  known t o  cons is t  o f  pores  having a g rea t   var ie ty   o f   fomls  and 
sizes. The f reez ing  penetrat ion  through  the  mater ia l  i s   t h e r e f o r e   d i f f e r e n t  
a t  each po in t ,  so t h a t   t h e   f r e e z i n g   f r o n t  is d i s t o r t e d  and  fo l lows a f r i n g e  o f  

t he   ma te r ia l  where temperatures  are close t o   z e r o  50a51),  Each ice-conta in ing  
pore i s  thus a system t h a t  behaves l i k e  the  microscopic model bu t   t he  
macroscopic systems a r e   t h e   r e s u l t   o f   a l l   t h e s e   e l e m e n t a r y   m i c r o s c o p i c   e f f e c t s  
t a k i n g   p l a c e   i n   t h e  phase  change zone. 
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AS the -porous material  freezes,  the phase  change zone moves, 
leaving  behind, mainly i n  the case of soils,  ice  segregation zones and a 
modified structure of the porous matrix. As i n  the  case o f  the  microscopic 
capillary model, the  significance of the  cryogenic phenomena depends on the 
coup1 i n g  of elementary phenomena: heat  transfer,  interface phenomena and mass 
transfer.  In order t o  formulate  the problem theoretically,  however, i t  i s  
necessary t o  choose  global variables and t o  establish  behaviour laws 
corresponding t o  those  three  elementary phenomena. 

4.2.2.1. The suction  created by the  presence of  ice  i n  the 
freezing zone varies from one p o i n t  t o  another; a t  the macroscopic level ,  
however, the  resulting  suction per u n i t  area  involves  the  integral of the 
elementary  forces and the  porosity of the  material. Two problems are  raised: 
evaluating  the  elementary  suction  forces and integrating them. 

The knowledge acquired  does not yet  make i t  possible t o  determine 
the  elementary  suction  forces on the  basis of  chemical potentials and 
characterist ics o f  the bound water, In some cases, however, the mean diameter 
o f  the  particles well exceeds the  thickness o f  the bound water.  This  leads t o  
the  hypothesis  that  the  water-ice meniscus i s  the predominant factor  in  the 
creation of  this  suction;  the main function o f  the adsorbed  water is  t o  
establish  circulation  channels between the  substrate and the  ice,  essential t o  
frost heaving.  This  hypothesis thus simplifies  the problem by using  the 
Laplace law for calculations of the  pressure drop i n  the   in te rs t i t i a l  water of 
a capillary element i n  the porous material, assuming t h a t  the radius of 
curvature of the meniscus equals  the radius of the pore. 

Integrating  the  suction  forces  then  requires a knowledge o f  the 
porosity and pore s ize   dis t r ibut ion of the  material. 

4.2.2.2. In considering  the  thermal  factor 16,24946) in  the study 
o f  the  freezing of a saturated so i l s  the pore water  temperature is  considered 
t o  be t h a t  o f  the porous matrix,  since  the observed  slowness of the  process 
suggests a low ra t e  o f  water circulation, As a result ,   the behaviour law used 
is  the  Fourier law for conducting solids 40,41,42,46) 
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4.2.2.3. The mass transfer involved i n  the  freezing o f  s o i l s   i s  
the  transfer of water produced by cryogenic  suction.  This  process comes under 
f l u i d  mechanics o f  porous bodies. Given the pore s ize ,   the   inters t i t ia l  
pressures invo’lved, and the low ra te  o f  f low,  Darcy’s law  can be used as a law 
o f  behaviour. 

Mathematical models  have  been established on the  basis of these 
concepts. Numerical solutions  are now providing answers t o  many problems 
raised by geothermal highway engineering13) and t o  certain  other problems 
encountered i n  practice or i n  permafrost zones 51 . 

4.2.2.4. In the  case of a  consolidated porous material,  the 
configuration of the network of pores can vary greatly depending on the  nature 
and or ig in  o f  the  substrate. In one and the same material,  cracks and pore 
spaces  vary  greatly i n  terms of  form, s ize  and pattern, and real ly  determine 
the  total  mechanical resistance to  external stresses. One particular  effect  
of even minute  cracks i s  t o  give  the rock preferential  fracture  surfaces. 

The capillary model and experiments on confined so i l s  have shown 
tha t ,  i n  materials  that  exclude the macroscopic  deformation needed f o r  ice  
segregation,  the change of s ta te  o f  the water i n  the pores  produces s t resses  
i n  the  ice,  and therefore i n  the  solid  matrix. These a re  i n  fac t  mechanical 
stresses  exerted w i t h i n  the material i t s e l f  5) . They resu l t  from the  interface 
behaviour i n  each pore, and therefore depend, a t  the microscopic  level on the 
type and s ize  of the  pores.  Their  values  are  very  different from one point t o  
another, and though  their  integration may indicate a total  effective  value 
lower than the macroscopic mechanical resistance,   there may be local values 
higher than the  cr i t ical   fa i lure   value,  as well as  variations i n  s tructure a t  
the  microscopic 1 eve1 . 

The present  state o f  our knowledge  makes i t  d i f f i cu l t  t o  use th i s  
new aspect i n  the  study of the  coupling of elementary  processes. 

On the bas is  of the phenomena  summarized above, the process was 
considered a t  a macroscopic level so as t o  determine  the  parameters t o  be 
studied and the most appropriate avenues of research. 
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4.3. Physical  process o f  frost-shattering*) 

In studying this problem i t  was found essential t o  describe  the 
porous matrix, assumed t o  be completely saturated  ini t ia l ly ,  so as  t o  apply 
the  concepts of the  basic study carried out  on a  microscopic  scale. 

The designed model  makes i t  possible t o  explain  the  occurrence of 

ice  lenses a t  the  surface, fed w i t h  water from the  rock, and the  different 
types of f racture  observed i n  the  f ield 28a32*43) and i n  the  laboratoryz6). 

The flow o f  water induced by cryogenic  suction  involves  pore s i z e  
d i s t r i b u t i o n  and permeability above and  below O°C. The pressure of the 
in t e r s t i t i a l  water and the flow pressure  losses i n  small-diameter capi l la r ies  
a re  dependent variables,  the  value of which i s  a  function mainly o f  the   ra te  
of propagation of the  freezing  front. 

A mild freezing regime will tend t o  produce ice  lenses para1 le1 t o  
the  surface o f  the block and resu l t  i n  s t resses   that  tend t o  expand the 
cavities.  In fac t ,  i n  certain  rocks, this resu l t s  i n  chipping during the 
f irst  freeze, or progressively during repeated  freezing, 

On the  other hand, the freezing process may be strong and rapid: 

- ei ther  because the  surface  temperature drops 
very low and very f a s t ;  

- or because the network of small cap i l la r ies  
has a very low permeability; 

i t  invariably  leads to  high in t e r s t i t i a l  water pressures,  directly 
proportional t o  specimen size.  Shattering is frequent i n  such cases; of 
course,  the number  and shape o f  the fragments depend on the  actual  pattern of 

cracks , which provides  preferrential  fracture  surfaces. 

Fatigue  plays  a major role  in  repeated  freeze-thaw  processes, 
e i ther  by enlarging  the  cavities  progressively and irreversibly d u r i n g  ice  
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segregation,  or  through cumulated microscopic  changes i n  the  solid  structure 
when c r i t i ca l  breaking limits a re  exceeded locally.  

5. Problems raised by frost-shattering and possible avenues for  research 

5.1. Theoretical  research and basic experiments 

The preceding qualitative  explanation i s  f a r  from complete, b u t  i t  
does point  to the basic mechanism o f  frost-shattering and  some avenues  of 
research f o r  a better understanding of the  process. 

A f i r s t  area where a  better approach is  needed is  the  description 
o f  t h e  porous matrix, which can only be done reasonably  through studies o f  
rock structure. Pore s ize  measurements are   essent ia l ,  b u t  they must be 
controlled by in-depth  studies of rock structure through modern monitoring 
techniques ( s t a t i s t i ca l  image analysis, y rays, X-rays, ultrasonics,  infrared 
radiation)  covering each moment of thermal  processes. 

Another promising area is the  experimental and theoretical  study  of 
the  water  permeability of partly  frozen  matrixes. Models will have t o  be 
designed for the study of bound water,  either i n  terns of hydrodynamics 
(micropolar f l u i d s ' ) ,  etc. ,), or o f  thermodynamics. 

In studying the thermodynamics o f  cryoscopic  lowering and coupling 
w i t h  the in t e r s t i t i a l  water  pressure, the s ize  o f  the specimen i s  an important 
parameter of frost-shattering, 

There i s  a need for  more studies o f  the   d i f f icu l t  problem o f  
determining  the  range o f  stresses produced i n  a rock by increased in t e r s t i t i a l  
pressure5). The existence of  porous  systems or  crack systems must be 
considered i n  mechanical theory38), if only  through artificial  equivalent 
networks u s i n g  geometrical models. 

The problem o f  freezing  front  propagation  (the  "Stefan problem") i s  
well known i n  the absence of secondary phenomena  and fo r  unidimensional 
thermal  regimes. In real  cases 4s12),  complex computation programs are  needed 
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t o  solve  the  Stefan problem, since  difficulties  are compounded as soon as 
multidimensional geometry i s  involved and boundary conditions reflect natural 
conditions more exactly. Moreover, the  variable temperature of the f r o n t  
should be considered i n  terns o f  the water pressure i n  the unfrozen  zone. 

Further physical and mathematical modelling5) i s  needed so tha t  the 
mechanical resistance o f  rocks may be considered on the same grounds as other 
el ementary  phenomena. 

The f l u i d  mechanics o f  porous materials must  be further developed 
in the  case of incompletely saturated bodies and those where pores partly 
fi l led with ice lead t o  variable  permeability. 

5.2. Systematic experiments 

With respect t o  the determination o f  the frost  susceptibility of 
rocks,  there i s  a need for more detailed  interpretations in the light o f  the 
physical mechanics of frost-shattering . 

Closer co-operation between geomorphologists and construction 
engineers would be very useful46) through some synthesis o f  their  results. 
Research on the  influence o f  specimen size and methods of wetting them 
throughout repeated freeze-thaw tests would  be very helpful. Unidimensional 
tests and stress and strain measurements  should continue. 

5.3. Direct field observations 

Direct field observations and measurements would allow permanent 
comparisons  with theoretical  studies. 

These observations must  be scrupulously  systematic, and programmed 
in tems of the precise  aspects under study. Particular  attention should be 
given t o  observations of rock masses conducted in  conjunction w i t h  
meteorological  observation^*^*^^) (changes i n  surface  temperat~re’~),  effects 
o f  the wind on the them1 regime and on the rate of  water evaporation and ice 
sub1 imation”)). 



- 131 - 

Finally, the effects of the cold on  the ice 
particular, the influence o f  water  solidification i n  ice 
deserve further study. 

i tself9) ,  and, i n  

cracks38), a 1 so 
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ICE R I C H  SOILS AS BASES FOR STRUCTURES 

V . V .  Dokuchaev, A.P. Artemov  and D.R. Sheinkman 

Len ingrad  Sc ien t i f i c  Research I n s t i t u t e  o f  Experimental  Design U.S.S.R. 

I NTRODUCT I ON 

The s t reng th  of i c e   r i c h   s o i l s  depends  on the i r   compos i t i on  as w e l l  
as on t he i r   t empera tu re .   Th i s   d i s t i nc t i on   i s   obse rved  when t h e   r e l a t i v e  
volume o f  i c e   w h i c h   i s   c o n t a i n e d   i n   t h e   s o i l  i n  the  form of i nc lus ions  nB does 
n o t  exceed a cer ta in   va lue,   which i s  customari ly  taken t o  be equal t o  
ng = 0.2. As the i ce   con ten t   i nc reases   t he   e f fec t  of the  composi t ion o f  t h e  
m i n e r a l   f r a c t i o n  of t h e   s o i l  on i t s  mechanical   propert ies  decreases.  For  th is 
reason  the  design  resistances t o  normal  pressure R, when 0.2 < IIg + 0.4, 
w i th in   f ounda t ion   des ign  norms were u n i f i e d .  These resistances  were  viewed a s  

t h e   l i m i t s  of t he   l ong  term s t rength  o f  s o i l s ,  i .e.* as   the   g rea tes t   s t resses  
under  which  their  deformations s t i l l   a t t e n u a t e .  For i c e   r i c h   s o i l s  (IIB > 0.4) 
t h i s  limit decreases and, as rrg -+ 1 I i t  i s  c lose  t o  zero,   for   which  reason  the 
above-mentioned  concept R l oses   p rac t i ca l  meaning w i t h   r e s p e c t  t o  such s o i l s .  
The ca l cu la ted   res i s tance   f o r   t hese   So i l s   shou ld  be estab l i shed a s  t he   h ighes t  
stress under  which  the  deformation of t h e   s o i l ,   d u r i n g   t h e   p e r i o d   f o r   w h i c h  
t h e   s t r u c t u r e   i s   d e s i g n e d  t o  be i n  serv ice,  will n o t  go beyond the bounds o f  
t h e   s t a b i l i z e d   f l o w ;   p r o g r e s s i v e   f l o w   i s  seen as an  uncontrol led  process  which 
i s  dangerous t o  a foundat ion.   Rest r ic t ion of s t r e s s e s   t o   t h i s   v a l u e  R i s  
necessary   bu t   insu f f i c ien t  inasmuch a s  the   cons tan t   se t t lement  o f  t h e  
foundat ion  can  exceed  permiss ib le   l imi ts .   For   th is   reason i t  became necessary 
t o  s tudy   t he   de fo rma t ion   o f   i ce   r i ch   so i l s   i n   t he   p resence  of creep. 

EXPERIMENTAL RESEARCH 

The research was c a r r i e d   o u t   i n  underground chambers which  have a 
constant  temperature  regime  and  which  are  located a t  a depth  such  that  

Proceedings  Third  International  Conference  on  Permafrost, 
Vol. 1, pp. 637 - 641, 1978. 
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seasonal variations i n  air  temperature have no effect, The  chambers  were kept 
a t  constant temperature of  -1 , -2 ,  -3 and -4OC, and the humidity o f  the air  
was also kept a t  a high level  in  order t o  prevent the samples from losing 
moisture, 

In order to  establish  the  effects o f  ice content and texture, which 
i s  distinguished by both  the  size o f  the  ice  inclusions and by their 
distribution i n  the ground (uniform, layered, or i n  the form o f  a network), a 
large number o f  experiments were carried out  w i t h  art if icially prepared 
samples o f  soil .  Data obtained i n  this way were  supplemented by research on 
natural sampl es. 

Silty sands, sandy  laams ( W L  = 0.25; W p  = 0.18), l o a m  (WL = 0.31; 
= 0.19) and ice were studied. The techniques for preparing samples w i t h  

natural and w i t h  man-made texture were  developed on the  basis of special 
experiments (Vyalov e t   a l .  1976). The experimental research included uniaxial 
compressive and tensile  testing of cylindrical samples ( h  = 100 m m ,  
d = 50 m m ) ,  penetration o f  non-embedded rods (d = 60 mn) , and also compression 
( h  = 30 mm, d = 70 mm). The average testing times were approximately 40 days 
for uniaxial compression, 150 days for rod penetration, 30 days for 
compression testing, and a few minutes for  tensile  testing. The experiments 
were carried o u t  b o t h  a t  constant  loads and i n  incremental stages. There  were 
no noticeable  differences i n  the  results for i c e  rich  soils w i t h i n  the range 
o f  stresses  tested. 

wP 

The f i r s t  question t o  which the experiments were t o  provide an 
answer  was t h a t  o f  the magnitude o f  deformability of soil prior t o  the 
appearance o f  stabilized  creep, and whether i t  i s  the deciding factor i n  the 
settlement of a foundation. 

The experiments revealed t h a t  the values of the arbi t rary modulus 
of deformation E are determined quite well by means of uniaxial compression, 
inasmuch as they are  quite  close t o  those  obtained by means of the  penetration 
tests;  the compression tests however, despite  the  fact t h a t  they only reflect 
compaction of  the soil ,  gave E values which  were too  low (this was especially 
noticeable for sands). High E values were obtained for a l l  three  textures 
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studied and 0.4 < % 4 0.8; even a t  a temperature o f  -1'6 they exceeded 
40 MPa. Loam w i t h  a s a l t  content of 0.2% were an exception.  Their E values 
were 21.6 MPa a t  the same temperature. I t  became evident from these 
experiments tha t  a foundation can be allowed t o  carry a load  under which soi l  
creep  has a non-attenuating  nature. 

Studies of creep were carried  out on the  basis o f  the results o f  
uniaxial  compression, i n  which f l o w  a t  a constant  rate was quite s table  i n  
time and  became established  after 3-4 days. Examples of creep  curves f o r  
samples w i t h  % = 0.4 and IIB = 0.8 a re  shown i n  Figure 1 ;  a t  % = 0.6 a l l  
curves occupy an intermediate  position. The established  rate of  deformation E 
a s  a function of the stress u was analyzed w i t h  the aid of rheological  curves, 
typical examples of which a re  given i n  Figure 2. I t  was found, for a l l  sample 
types,   that   the  init ial  segments of  these  curves  are good approximations  of 
s t ra ight  lines. Similar  conclusions fo r   i ce   r i ch   so i l s  can also be drawn  on 
the basis of the  experiments of other  researchers  (Pekarskaya, 1961 ; 
Grechishchev a 1963). These curve segments are  characterized by three 
parameters which are  called  the limit o f  attenuating  creep uJS the 1 imit o f  
1 inear  creep un9 and the  coefficient  of 1 inear  creep K = d/(~, - u3). The 
experiments confirmed t h a t  the composition of the soil does not have a 
significant  effect  on the  values  of u and on. When the  ice  content i s  t h e  
same they are not  significantly  affected by the soil   texture,   the dimensions 
of the ice  inclusions,  or the method by which the sample was prepared  (from a 
mono1 i t h  or  from a soil  paste). The control1 i n g  factors are the temperature 
and the  salt  content of the   soi l .  In order  to  confirm this, control 
experiments were carried  out a t  e = -4OC us ing  f ine  sand of basal  texture 
(rrB = 0 .4 ) ,  w i t h  a natural  ice  content of Z = 0.065%. A t  a s t ress  u = 0.05 
MPa the sand deformed a t  a constant  rate = 1.8 x lom4  l/day, and no tendency 
toward an attenuation of the   ra te  was observed d u r i n g  the  course  of t he  
experiment.  After  desalination this same sand was found t o  have a value o f  
u = 0.2 MPa. 

3 

3 

Averaged values  for  the  creep limits o f  non-salinized so i l s  when 
0.4 < IIB< 0.6 were found to be as  follows: 
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Temperature, OC -1 -2 -3 -4 

Q , MPa 
un, MPa 

3 
0.05 0.10 0.15 0.15 
0.1 5 0.25 0.30 0,40 

Figure 1 

Creep 

A t  ng = 0.8 the value o f  u i s  half o f  that-when ItB = Q.4 - 0.6,  
while a t  JIB = 1 i t  becomes practically equal t o  zero; the values o f  uII, on the  
other hand, change l i t t l e ,  being quite  significant and o f  practical interest 
when nB = 1 .  The relation on/o increases with increasing temperature and ice 

3 

3 
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Figure 2 

Rheological  curves for   loam w i t h  a layered texture. 

content of the soil i .e., when the u values  are low, and i t  i s  expedient t o  
exceed t h e m  when deciding upon the dimensions o f  the base of a foundation;  for 
example when e = - 1 O C  and nB = 0.8, > 3.  

3 

Comparison o f  the  on values w i t h  the  values o f  the  calculated 
resistances t o  the normal pressure of soils w i t h  nB = 0.2 - 0.4 makes i t  
possible t o  extend  the  latter t o  soi ls  w i t h  an i c e  content o f  up t o  nB = 1 , i f  
the  base i s  calculated on the b a s i s  o f  deformations. In this case deformation 
o f  the soi ls  will proceed a t  a r a t e  which i s  l inear ly  dependent on the s t ress .  
Calculation o f  long  term strength, w i t h  the  load acting for 50 years,  on the 
b a s i s  of experimental results a1 so shows that  conditions for the   s t ab i l i t y  o f  
a foundation  are  satisfied i f  the  stresses do not  exceed (I‘ n‘ 

In contrast t o  0 and on, the value K i s  appreciably dependent on 
the dilnensions o f  the ice  inclusions,  the  texture, and the composition of the  

3 
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So i l .  The value K increases somewhat as the  th ickness o f  t h e   i c e   i n c l u s i o n s  

decreases, which i s  i n  agreement w i t h   e a r l i e r   r e s e a r c h .   I n t e r p r e t a t i o n  of t h e  
r e s u l t s  of exper iments  wi th in  t h e  coordinates I n  1 / ~  - I n  (1 + 101)  revea ls  
tha t ,  for i c e   r i c h   s o i l s ,  the  c o e f f i c i e n t  of l i nea r   c reep  i s  adequately 
descr ibed  by  the known r e l a t i o n  

where K and q are  parameters  determined i n   t h e  experiment  and e i s   t h e  
temperature, OC. 

Textura l   features,   ice  content ,  and s a l t   c o n t e n t   a f f e c t   o n l y  
parameter K, while  parameter q depends o n l y  on the  composi t ion o f  t h e   s o i l .  

The above-mentioned p r i n c i p l e s  o f  deformat ion  are a1 so observed i n  
the  case of penetrometer  experiments; t h e  i n i t i a l  segments o f  the curves 5-P 
(F igure 3)  a r e   o f  a 1 inear   nature and show the  load  which  corresponds t o  u 

3 

Figure 3 

1Q - 

a -  

6 -  

4-  

2 -  

S t a b i l i z e d   r a t e s  of rod   penet ra t ion  5 as  a f u n c t i o n  o f  the  average  load P 
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q u i t e   w e l l .  It i s  d i f f i c u l t   t o   e s t a b l i s h   t h e  upper limit o f   l i n e a r   c r e e p   i n  
these   exper imen ts   because   v io la t i on   o f   t he   l i nea r   re la t i on  6 - u f i r s t  occurs 
i n  a t h i n   l a y e r  and has l i t t l e  effect on   the   ove ra l l   pene t ra t i on  o f  the  rod.  

T e n s i l e   t e s t i n g  was ca r r i ed   ou t   by  means o f   t h e   r a p i d   a p p l i c a t i o n  

o f  a load  and was intended t o  d i s c l o s e   t h e  weak l i n k   i n   t h e   i c e - s o i l  
conglomerate.  Despite  differences i n   t e x t u r e  and i c e   c o n t e n t   a l l  samples, 
both  those prepared  from  pastes and those  f rom  natura l  mono1 i ths ,   b roke  down 
under  the same pressure, breakdown occu r r i ng   v ia   t he   i ce .   Ea r l i e r   expe r imen ts  
(Pekarskaya,  1961) however, showed t h e  weak area t o  be  the  contact   zone 
between t h e   s o i l  and the   i ce .  

PENETRATION OF A ROD THROUGH A HOMOGENEOUS BASE 

Ca lcu la t i on  o f  t h e   p e n e t r a t i o n   o f  a rod  which i s  pushed i n t o   i c e  

r i c h   s o i l  can be carr ied  out   by  two methods. I n   t h e   f i r s t  method the e n t i r e  
process o f  deformat ion  wi th   t ime i s   a r b i t r a r i l y  viewed as developing a t  a 
decreas ing   ra te   wh ich   i s   descr ibed by a non- l inear   equat ion o f  he red i ta ry  
creep  and  which  included  four  parameters. The reader   should  sat is fy   h imsel f  
t h a t   t h e   f u n c t i o n s  of t h e  ef fect  o f  stress, temperature  and  t ime are 
independent and are  separated i n  accordance w i th   th is   equat ion .   Process ing  
t h e   r e s u l t s  o f  the  experiments  which were c a r r i e d   o u t   r e v e a l e d   t h a t   t h e  method 
used t o  determine  these  parameters i s  also app l i cab le  t o  i c e   r i c h   s o i l s .  
Another method which has  been developed  further i s  based  on t h e   f a c t   t h a t   t h e  
ex ten t  o f  penet ra t ion   i s   most   s t rong ly   a f fec ted   by   the   c reep of s o i l  a t  a 
s t a b i l i z e d   r a t e   w h i c h  i s  l i n e a r l y  dependent on t he   s t ress   w i th in   t he   range  
a < u Q on. This  makes i t  p o s s i b l e   t o   o b t a i n  an   eng inee r ing   so lu t i on   t o   t he  
problem by making  use of charac ter is t i cs   o f   the   so i l   wh ich   a re   de termined  by  
means o f  very  simple  experiments (e.g., by  uniaxial  compression). The r a t e  of 
change o f  the angle of displacement i n  a s imple  stressed  condi t ion i s  

3 

where rmax, r are   the   ' tangent ia l   s t resses  (maximum, and equal t o  t h e  limit o f  
at tenuat ing  creep) ;  TI - i s   t h e   c o e f f i c i e n t  of v i scos i t y ,   equa l   t o   t he  
rec ip roca l   va lue  IC w i t h  an accuracy  up t o  t h a t  o f  the   cons tan t   fac to r ;   fo r  
uniaxial   compression q = 1 / 3 ~ .  

3 
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In the case o f  a complex stressed  state,  the  condition o f  
Roche-Huber-Mises i s  used, which i n  t h i s  case  signifies t h a t  the l i m i t i n g  
condition a t  the base point and i n  a uniaxially compressed sample occurs a t  
the same octahedral  tangential stress value. 

The assumption o f  1 inear dependence between i and u makes i t  
possible t o  apply the  principle o f  superposition i n  the form 

where D. and Do are the deviators o f  the  rates o f  deformations and s t resses ,  
index 1 denoting  those  values o f  them  which are  the  result  o f  load  applied t o  
the boundary o f  the  half-space, and index 2 denoting  the same in an a rb i t ra ry  
s t resses   s ta te  which corresponds to  the limit o f  attenuating  creep. 

E 

The f i r s t  component, on the  basis o f  Hencky's relation, i s  

where 6 and are the  rate o f  deformation  along  the z axis and the  ra te  
of volumetric  deformation; alz and (I are  the normal t o  the z axis and the 
mean s t ress .  

l z  1 C P  

1 CP 

The  mean deformation depends on Poisson's  ratio, whose value i n  the 
stage of creep a t  a stabil ized  rate  is   close t o  0.5 (Tsytovich, 1973; Vyalov 
e t  a1 . 1967). For this reason i t  may  be assumed tha t  compaction of the soil 
i s  completed dur ing  the  stage of non-stabilized  creep,  while for the stage 
under discussion E = 0. 

CP 

With these  premises  the  rate of deformation of the  foundation is  

where R i s   the   l imi t  of attenuating  creep for the  base, whose value w i t h  an 
accuracy u p  t o  t h a t  o f  the constant  factor  is equal t o  the  analogous 1 imit 
established on the  basis of laboratory testing o f  the  soil , fo r  example by 
uniaxial compression ( i n  t h i s  case R, 3 2u3/3). 

3 
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The r a t e  o f  se t t l emen t   o f  a l a y e r  o f  foundat ion z - z1 i n  

th ickness i s  

The ord ina tes  of the  boundaries o f  the z1 and z2 l a y e r  are found  by 
v i r t u e  of the  t r inomia l   in   the  round  brackets   be ing  equal  t o  zero.  Secondary 
i n t e g r a t i o n  of t h i s   exp ress ion   w i th   respec t   t o   t ime   g i ves   t he   des i red   va lue  
fo r   t he   se t t l emen t   o f   t he  1 ayer. 

I n   t h e  case of a homogeneous foundat ion and c o n s t a n t   s o i l  
temperature  the  ra te  o f   penetrat ion o f  a r o d   o f   d i a m e t e r  b  and an  average 
pressure p a t  i t s  base i s  

where 

The values of tl  z2, w1 , w2 may be found  from  the monogram (Figure 
4 ) ,  on which  arrows  are used t o  show an  example o f  how the   va lues   a re   to   be  

determined. 

Set t lement   o f  a foundat ion i s   a f f e c t e d  by the  shape o f  i t s  base, 
and also  by  non-homogeneity. These f a c t o r s  were s tud ied  as per t h e  example of  
a non-embedded r o d  pushed i n t o   i c e   ( V y a l o v   e t   a l .  1976). It was es tab l i shed 
t h a t  when i c e  i s  deformed  under cond i t i ons  o f  l inear  creep  foundat ions  which 
are square and round i n  p l a n   e x h i b i t   p r a c t i c a l l y   t h e  same sett lement.  
Depending  on the  th ickness of the   de forming   layer ,   the   re la t ion  o f  estab l i shed 
r a t e s  o f  set t lement o f  foundat ions,   ca lcu lated on the  bas is  o f  an e l a s t i c  and 
a r i g i d   r o d  scheme, a r e   w i t h i n   t h e   l i m i t s  o f  1.4 (when fi = 0; z2 = 2)  t o  1.3 

correspondingly, 1.25 t o  

* 

(when yl = 0; f2 = 6) f o r  a round  foundation and, 
a rectangular  foundat ion.  1.15  for 

r e l a t i o n  
For  layered  foundations,  represented  by 

o f  t h e  nlodul i o f   d e f o r m a b i l i t y  Erp/ Err i s  
i c e   r i c h   s o i l s  and ice, t h e  
reduced t o  t h e   r e l a t i o n  o f  
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Figure 4 

w 0.0 a 

/ 
I 

I 
I 
I 
I Z/d 

NoWlram for determining zl’ t2  and w., , w2 for round e l a s t i c  and 
rigid (hatched 1 ine)  rods. 

their   coeff ic ients  o f  viscosi ty .   I t  was established t h a t  non-homogeneity of 
the foundation significantly  affects  the  extent of settlement. For example, 
when the  thickness o f  the  soil   layer  is  0.5b and the  thickness o f  the 
underlying  layer o f  ice  i s  5,5b the change i n  the  relation E /E from 1 t o  20 
results i n  a corresponding  decrease i n  the magnitude of the  settlement of 
viscous  flow by approximately 2 times. When E#, > 1 ,  however, there   ar ise  
i n  the soil  significant  horizontal  tensile  stresses which i t  cannot absorb, 
for  which reason  increased r ig id i ty  o f  the upper layer should no t  be taken 
in to  account  in  practical  calculations. The presence o f  a r i g i d  layer which 
underlies  the  ice  layer does not have a noticeable  effect on settlement i f  the 
thickness o f  the ice  layer exceeds the width of the rod by two-three  times. 

rP II 

Comparison of the  values of stabil ized rod penetration  rates as  
recorded i n  experiments io and as obtained through calculations $, (using 



c reep   cha rac te r i s t i cs  detem 
s a t i s f a c t o r y  agreement, as may 
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ined by un 
be  seen 

i a x i a l  compression  experiments) shows 
from t he   t ab le ,   wh ich   g i ves   t he i r  

v a l u e s   f o r   s o i l s   w i t h  an i den t i ca l   i ce   con ten t  % = 0.6, b u t   w i t h   d i f f e r e n t  
thicknesses of t he   i n te r l aye rs  6. 

Soi 1 x l o 5 ,  cm(hour P, 
MPa 

50 i 
Sand 6 = 0.5 m 0.7 2.5 2.7 

0.8 3.8 4.1 
Sand , 6 = 1.5 mm 0.7 2.1 2.6 

0.8 3.4 3.9 
Sandy  loam, 6 = 1.2 nun 0.9 6.25 6 . 3  

1.05 8.3 8.6 
Sandy loam, 6 = 4 mm 0.9 3.2 2.9 

1.05 4.1 3.9 

A PRACTICAL METHOD OF CALCULATING THE SEllLEMENT OF A FOUNDATION 

A p r a c t i c a l  method of ca lcu la t i ng   t he   se t t l emen t  o f  t he  base of a 
columnar  foundation  can be reduced t o  the  determinat ion of t h e   r a t e  of 

sett lement  per  year,  which i s  determined as the sum of the   month ly   ra tes  of  
set t lement  v To c a l c u l a t e  v j  t he  method of summing the   ra tes  o f  set t lement  
of l aye rs  of th ickness h .  1 i s  used. The base i s  subd iv ided  in to  such l a y e r s   i n  
order  t o  make it poss ib le  t o  c a l c u l a t e ,   w i t h  1 i t t l e   e r r o r ,   t h e   s o i l  
temperature  constant i n  each l a y e r   a t   t h e   g i v e n   i n s t a n t ;   t h i s   i s   e q u i v a l e n t  t o  

averaging  the  creep  parameters ni, R . over  the  th ickness o f  t h e   i - t h   l a y e r  
3' 

(F igure 5 ) .  

j* 

The month ly   ra te  o f  set t lement i n  t h i s  case i s  

n n 

where 
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Schematic diagram for computing  the base. 

The coe f f i c i en t  ai i s  obtained from a t a b l e   i n   a n o t h e r   p a p e r  
(Vyalov e t  a l .  1976), wh i le  p i s  determined as the pressure  on  the  base o f  
the  foundat ion,   t ransmi t ted by the  s t ructure,   minus  the  pressure  created by 
t h e   s o i l .  The th i ckness   o f   t he   I - t h   l aye r   can   usua l l y .be   t aken  t o  be 
hi 4 0.4. 

Instead of averaging  the  stresses oi by l a y e r s  i t  i s  poss ib le  t o  
use  the  areas  under  their  curves. I n  t h i s  case 

The coe f f i c i en ts   a re   ob ta ined  from a graph  (Flgure 6); s i m i l a r  
graphs have  been compiled fo r   loads   wh ich  are d i s t r i b u t e d   i n  a d i f f e r e n t  
manner, as well as for points   a long  the  per imeter  o f  a base. Th is  form 
becomes p a r t i c u l a r l y   c o n v e n i e n t   i n   t h e  case o f  i c e  s ince R = 0. 

31 
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F igure  6 

have 

1 2 3 4 5 z/B 
Graph for  determining the  c o e f f i c i e n t s .  

I n  order t o  determine ni and R the mean monthly  temperatures we 
3 i  

where ~1 i s  a d imens ion less   coe f f i c ien t   de termined  fo r   the  j - t h  month  and 
t h e   i - t h   l a y e r ,   t h e   m i d d l e  o f  which i s   a t  a depth h, + z from  the  upper 
surface o f  the  permafrost; K, i s  t h e  c o e f f i c i e n t  of  t he  thermal e f f e c t  o f  
t h e   s t r u c t u r e  on the  mean annual  temperature of t h e  permafrost eo, a s  

determined i n   t h e   u s u a l  manner.  The c o e f f i c i e n t  CL.. depends  on the  
thermophysical   propert ies o f  t he  soi ls ,  a l t h o u g h   f o r   i c e   r i c h   s o i l s   t h e s e  
p roper t i es  do n o t   d i f f e r  much from  the mean values,  which makes i t  poss ib le  t o  

represent   the   coe f f i c ien t  a as a f u n c t i o n  o f  on ly   the   g iven   depth  and the  
t ime o f  year. 

ji 

J 1  

3i 
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L i m i t a t i o n  of  the  pressure  on  the base i s  reduced t o  compliance 

w i t h   t h e   c o n d i t i o n  Qi ~ R , / ~ K H ,  where R, i s  establ ished on t h e   b a s i s   o f  
u n i a x i a l  compression t e s t i n g  and K~ i s  the coe f f i c i en t  of r e l i a b i l i t y ,   w h i c h  
may be assumed t o  have  a va lue of 1 . 
Figure 7 

MONTHS 

Relat ive  va lues o f  foundat ion  set t lement   ra tes i(t)/Smax and 
o f  the  th ickness o f  the deforming  layer  H/H,ax. 

Ca lcu la t ions  show t h a t   d e f o r m a t i o n s   o f   i c e   r i c h   s o i l s   a t t e n u a t e  a t  

very  shallow  depths,  inasmuch as Q rap id ly   d imin ishes   w i th   depth ,   wh i le  rl and 
o increase. The accumulation o f  set t lement   dur ing  the  course o f  a year  
(F igure 7 )  proceeds  unevenly and i t  i s  s u f f i c i e n t  i n  ca l cu la t i ons  t o  consider 
o n l y  a few months du r ing   t he  course o f  which  seasonally thawed l a y e r s   e x i s t .  
When complete  use is made o f  the   ca l cu la ted   res i s tance  o f  so i l s ,   se t t l emen t  of 
t he  base  can  approach  and  even  exceed the  set t lement  1 imit. I n   o r d e r  t o  b r i n g  
t h e  expected and l i m i t i n g   s e t t l e m e n t  i n t o  agreement i t  i s  advisable t o  i n s t a l l  
s o i l  pads  beneath  foundation bases. 

3 
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CONCLUSIONS 

Calculat ions  of  expected  deformations, as w e l l  as actual   exper ience 
w i t h   b u i l d i n g s   b u i l t  on s i t e s   h a v i n g   i c e   r i c h  soils or ground i c e   r e v e a l   t h a t  
these can serve  as  re l iable  foundat ions.   This  conclusion  can  be  extended t o  
p i l e   f ounda t ions  also,  f o r  which the method o f   c a l c u l a t i n g   s e t t l e m e n t  i s  i n  
the  development  stage.  Meanwhile, p i l e   f o u n d a t i o n s  are designed  using 
estimated  resistance  values  which  are known t o  guarantee low r a t e s  of  
deformat ion,   which  resul ts i n  se t t l emen ts   s ign i f i can t l y   be low  the   l im i t s   f o r  
b u i l d i n g s  o f  a l l  design  types. 
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PROBLEMS AND POSSIBILITIES OF STUDYING THE PROCESSES OF 
DYNAMIC RELAXATION IN FROZEN EARTH MATERIALS 

A.D. Fro lov  

Moscow Geological   Survey  Inst i tute,  U.S.S.R. 

The e x p a n d i n g   a s s i m i l a t i o n   o f   t e r r i t o r i e s   w i t h   s e v e r e   c l i m a t i c  

cond i t i ons   b r i ngs  t o  the  forei among the  most   impor tant   sc ient i f ic   problems,  
an intensive  development o f   t h e   p h y s i c s   o f   f r o z e n   e a r t h   m a t e r i a l s   a s  a bas is  
f o r   t h e   r e s o l u t i o n  of  numerous appl ied  technical   and  engineer ing-geological  
tasks in   the   p rospec t ing ,   p lann ing ,   cons t ruc t ion  and e x p l o i t a t i o n   o f   v a r i o u s  
k inds  o f  s t ruc tu res .  It i s  necessary t o  develop  such  spec ia l izat ions  dur ing 
the  development o f  which it would  be  possible t o   o b t a i n   t h e   g r e a t e s t  amount 
o f  Comprehensive i n fo rma t ion   on   t he   na tu re   o f   t he   f o rma t ion   o f   t he   phys i ca l  
p r o p e r t i e s  o f  f rozen   ea r th   ma te r ia l s  and o f  t he  mechanisms o f  the  course of 
t he   phys i ca l  and  physico-chemical  processes i n  these  mater ia ls.   Opt imal i n  
t h i s   p l a n  would be s t u d i e s   i n   v a r i o u s   p h y s i c a l   f i e l d s   i n   w h i c h   t h e   p r o c e s s e s  
o f   t h e   e x c i t a t i o n   o f   t h e   o b j e c t ,   t h e   r e c e p t i o n   o f   t h e   s i g n a l s   f r o m  i t  and t h e  
decoding of these  s ignals  would  be  uni f ied and a t   t h e  same time  would  be  most 
e f f e c t i v e   f o r   o b t a i n i n g   i n f o r m a t i o n  on  the  in ternal   processes i n  such  complex 
media as  f rozen  ear th   format ions.  

I n  view o f  t h e   f a c t   t h a t  a c h a r a c t e r i s t i c   f e a t u r e   o f   f r o z e n   e a r t h  
and many p o l y c r y s t a l l i n e   i c e   f o r m a t i o n s   i s   t h e i r   h e t e r o g e n e i t y  and 
mult iphased  nature, one of t h e   o p t i m a l   s p e c i a l i z a t i o n s   i n   t h e   p h y s i c s   o f  
these  media, i n   o u r   o p i n i o n ,   i s   t h e  comprehensive  study o f  r e l a x a t i o n  
processes.  Data  attained i n   t h e   c o u r s e   o f  such   i nves t i ga t i ons   o f   t h i s   t ype ,  
c h a r a c t e r i z i n g   t h e   k i n e t i c s   o f   t h e   i n t e r n a l  changes i n   t h e   s t u d i e d   m a t e r i a l ,  
associated  with  responses t o  e x t e r n a l   i n f l u e n c e s   o r   w i t h  a t r a n s i t i o n  i n t o  a 
quas i -equ i l lb r ium  s ta te ,   o f ten   p rov ide   un ique  in fo rmat ion   on   the   in te rna l  
s t r u c t u r e  and composition o f   t h e   s t u d i e d   m a t e r i a l  and on  the  patterns  and 
mechanisms o f  the  phys ico-chemical   t ransformat ions  occurr ing  wi th in  it. 

Proceedings  Third  Internat ional   Conference on Permafrost , 
Vol. 1 ,  pp. 649 - 654, 1978. 
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I n   t h e   p h y s i c s   o f   v a r i a u s  condensed  media ( M l k h a i l o v   e t  a1 .* 1964; 
Bartenev, 1972; Postnikov, 1974) t h e   f r u i t f u l l n e s s  and e f fec t i veness  o f  t h i s  

' d i r e c t i o n   o f   s t u d y  have  already been fa i r l y   conv inc ing ly   demonst ra ted .  

I n   o r d e r   t o   r e v e a l  some of the  prospects  for the  development o f  
the   phys ics   o f   re laxa t ion  phenomena i n   f r o z e n   e a r t h   m a t e r i a l s  and, 
espec ia l l y ,  for i nves t i ga t i ons   o f  dynamic re laxa t i on ,  we will b r i e f l y  
cons ide r   t he   cha rac te r i s t i c   f ea tu res  o f  f rozen  ear th   mater ia ls  as condensed 
media, the  fundamentals of the   phys ics   o f   re laxa t ion   p rocesses  and some 
r e s u l t s  of the   s tudy   o f   these  in   c ryogen ic   fo rmat ions .  

CHARACTERISTIC  FEATURES OF FROZEN EARTH MATERIALS AS CONDENSED MEDIA 

We will consider i n  a general ized way  some o f   t h e   c h a r a c t e r i s t i c  
f ea tu res   o f   f rozen   ea r th   ma te r ia l s   on   t he   bas i s  o f  i n f o r m a t i o n   a t t a i n e d   i n  
permafrost  studies  (Dostovalov and Kudryavtsev, 1967; Save1 lev, 1971 ; 
Tsytovich, 1973; Vyalov, 1973; Kudryavtsev e t  a l .  1974; Me1 ' n i k o v   e t   a l , ,  
1974) and physico-chemical  mechanics  (Rebinder and  Shchukin,  1972). 

Frozen  ear th   mater ia ls   and  po lycrysta l1   ine i c e  o f   v a r i o u s  
composition  are, i n   t h e  general case, heterogeneous  multiphased  and 
multicomponent macrosystems. A c h a r a c t e r i s t i c   f e a t u r e  o f  these i s  the 
format ion of. a new cryogenic   coagulat ion-crysta l  1 i z a t i o n   s p a t i a l   s t r u c t u r e  
(Votyakov, 1975; Frolov,  1976). The pr inc ipa l   e lements of t h i s   s p a t i a l  
s t ruc tu re   a re :  a )  granules  (sometimes  also  streaks) o f  ice;  b) granules o f  
the  mineral   skeleton; c )  in tergranular   boundary  tones,   inc lud ing  ce l ls  
( f i lms )   o f   un f rozen   wa te r  and gas (wi th   incomplete  water   saturat ion.of   the 
pores),  admixtures and t r a n s i t i o n a l   l a y e r s   o f  i c e  granules. The i n t e r a c t i o n  
(contacts)  between t h e   p a r t i c l e s  of t h i s   t y p e  of s t r u c t u r e  may be of two 
basic  types  (Rebinder,  1966): 

Coagulation  contacts,  dependent  on f a i r l y  long-range forces, 
genera l l y   e f fec ted   t h rough   the   t h in   equ i l i b r i um  l aye r   o f   t he   l i qu id  phase. 
These may be re -es tab l i shed   a f te r  breakdown ( th i xo t ropy ) ,   t he i r   bond ing  
energy i s  approximately  equal t o   d k T ,  w h i l e   t h e i r   b o n d i n g   f o r c e   i s  
approximately  equal  to - lom7 dynes. The conso l i ds t i on  and des icca t ion  
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A t  tempera tures   c lose   to   the   me l t ing   po in t  o f  t he   ma te r ia l  of t h e  
s o l i d  component ( i n   o u r  case - i ce )  the  processes  of  volumetric and sur face 
d i f f u s i o n   a r e   i n t e n s i f i e d ,  as  a r e s u l t  of which  the  contact  surface o f  t he  
p a r t i c l e s  may  become expanded i n t o  a  "phase  area",  cohsiderably  larger  than 
the  cross-sect ion of an  elementary c e l l   o f  a c r y s t a l .  

Phase contacts,  dependent  on  short-range  forces  within 
considerable  areas  o f   the  separat ion of t he  phases.  These are  broken down 
i r revers ib ly ;   the  bonding  energy i s  much greater  than =kT, whi le  the  bonding 
force i s  approximately  equal   to -loh4 - 1 Oh3 dynes.  Dispersed  structures 
w i t h  phase contacts  possess  considerably  greater  strength and s t a b i l i t y ,  and 
approx imate  po lycrysta ls  i n   t h e i r   p r o p e r t i e s .  The adhesion o f  p a r t i c l e s   i n  
aqueous  media  depends  on the  composi t ion and concentrat ion o f  t he  
e l e c t r o l y t e ,  and on  the  charge o f   t h e   i o n s .   I n i t i a l l y  an increase i n   t h e  
concen t ra t i on   o f   t he   e lec t ro l y te ,   w i th  a f i l l i n g  up o f   t h e   a d s o r p t i o n   l a y e r ,  
l e a d s   t o  a decrease o f  the  adhesion  forces  but,  subsequently,  as a r e s u l t  o f  

t he   deg rada t ion   o f   t he   d i f f us ion   pa r t  of the  double  layers,  adhesion 
increases. It i s  assumed t h a t   e l e c t r o l y t e s  and surface-active  substances 
(SAS) a f fec t   t he   adhes ion   o f   t he   pa r t i c l es   t o   t he   ex ten t   t ha t   t hey  change the  
d is tance between contact ing  sur faces and the  degree of order  o f  the  boundary 
l aye r .   D i so r ien t i ng  SAS al low  adhesion  to  be increased,  since  these 
subs tances   depress   the   sh ie ld ing   e f fec t   o f   the   l iqu id  boundary layer ,   wh i le  
SAS which f a c i l i t a t e   t h e   f o r m a t i o n  of ordered  boundary  layers  decrease  the 
adhesion  between s o l i d   p a r t i c l e s .  

C r y s t a l l i z a t i o n   s t r u c t u r e s .  These types of structures  are  formed 
d u r i n g   t h e   c r y s t a l l i z a t i o n   o f  a new phase i n   t h e  gaps  between the  d ispersed 
p a r t i c l e s   o f   t h e  medium. I n   f r o z e n   e a r t h   m a t e r i a l s   t h e  new phase i s  i c e  and 
c r y s t a l l i n e   h y d r a t e s  o f  s a l t s .   C r y s t a l l i z a t i o n  phase contacts  are  formed as 
a r e s u l t  o f  t he   acc re t i on  o f  c r y s t a l s   w i t h  random o r i e n t a t i o n  and a r e  
character ized  by a non-equil ibr ium  state,  i .e.,  changes i n   t h e   p r o p e r t i e s  o f  
such a s t r u c t u r e   w i t h   t i m e   a r e   p o s s i b l e .   I n   p a r t i c u l a r ,   t h e r e   i s   n o t e d  a 
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decrease i n   t h e   s t r e n g t h ,   a s s o c i a t e d   w i t h   t h e   r e c r y s t a l l   i t a t i o n  and 
d i sso lu t i on   o f  uneven  and small   formations o f  t h e  new phase. The i n t e r a c t i o n  
o f  t he   pa r t i c l es   o f   t he   d i spe rsed  phase i s  dependent also  on  the s t a t e  of 
t h e i r   s u r f a c e  and on  the  degree of t h e i r   a c t i v a t i o n ,  i .e. t h e r e   i s   p o s s i b l y  
a c o n s i d e r a b l e   r e s i d u a l   e f f e c t   o f   t h e  mechano-chemical factors   which  take 
p a r t   i n   t h e  process of t h e   f o r m a t i o n   o f   t h e   p a r t i c l e s   o f   t h e   s o i l   s k e l e t o n .  
The e f f e c t  of t he   adso rp t i on   l aye rs  o f  l i qu id   ( "un f rozen   wa te r " )  i s  twofo ld .  
On the  one  hand, these impede the  development o f  phase  contacts, i .e., they  
depress  the  cohesion of the  mater ia l ,   whi le ,   on  the  o ther  hand, a t  a c e r t a i n  
th i ckness   o f   t he   l aye rs   t he  SAS condi t ion  an  increase i n   t h e  cohesion o f   t h e  
s p a t i a l   s t r u c t u r e   o n   a c c o u n t   o f   t h e   p l a s t i c i t y  o f  the  adsorbed  layer .  

According t o  the   t ype   o f   s t ruc tu re  o f  the  heterogeneous medium t h e  
f rozen   ea r th   ma te r ia l s  may con ta in   bo th   a lmos t   i so la ted   i nc lus ions   o f  
components  and a l so  an i n t e r p e n e t r a t i n g   d i s t r i b u t i o n  o f  these, i .e., they  
t y p i c a l l y  have  camplex  combined  types o f  s t ructures  and a d i s t r i b u t i o n   o f  
bonds  between the   par t i c les   assoc ia ted   w i th   the i r   energ ies .   There fore ,   the  
t h e o r e t i c a l  models of g ranu lar  and c a p i l l a r y  media, t h a t   a r e  known i n   t h e  
l i t e ra tu re ,   a re   i nadequa te   f o r   f rozen   ea r th   ma te r ia l s   and  it i s   d i f f i c u l t   t o  
represent  these a s  a model . 

The  component composition o f  f r ozen   ea r th   ma te r ia l s  may be 

schematical ly  represented  by means of  a three-dimensional  diagram  (Figure 1 ) 
w i th   t he   f o l l ow ing   coo rd ina tes :  volume of ear th   ma te r ia l  - V, t o t a l   m o i s t u r e  
content  - Wv, and temperature - t, OC. Changes i n   t h e   c o m p o s i t i o n  may be 
character ized  by  Kedzi 's  indices:  

where Vsk, Vi, Vu, and Vg - respec t i ve l y ,   a re   t he  volumes o f  the skeleton, 
ice,  unfrozen  water  and  gas i n  a u n i t  volume o f   t h e   e a r t h   m a t e r i a l ,   w h i c h  
l a t t e r   s h o u l d  be chosen s u f f i c i e n t l y   l a r g e   t o   e n s u r e  good r e p r e s e n t a t i o n   o f  
the   ind ices ,   tak ing   in to   account   the  non-homogeneity o f  the  g iven  cryogenic  
t e x t u r e  and s t ruc tu re .  

As f o l l o w s  from the  diagram, a change i n  K e d z i ' s   i n d i c e s   f o r  
f rozen   ea r th   ma te r ia l s   w i th  a given  composi t ion o f  the   ske le ton  and a c e r t a i n  



- 153 - 

initial poroslty (in  Figure 1 t h i s  is taken to be 40%) may  occur  in two ways: 
a) with Vsk = constant # 0 - partial moisture  saturation,  constant  porosity; 
b) with Vg = 0 - complete moisture saturation,  variable porosity. 

Figure 1 

V 

t 

Schematic  diagram o f  the component  composition of 
frozen  earth  material s. 

In the  first case the frozen  earth  material i s  a four-component 
macrosystem in which, as  the ice  content  increases,  there  also  occurs  an 
increase in the content o f  unfrozen water. In the second  case  this is 
practically a three-component system in which,  with an increase in the total 
volumetric  moisture  content Wv and, consequently,  also in Vi, there  occurs a 
decrease in Vsk and Vuw, attaining  minimal  values in the limiting  state, 
corresponding to polycrystalline Sce. Variations in the composition o f  the 
frozen  earth  materials  should lead  to particular changes in its physical 
properties. A t  the same  time  there  are grounds for assuming  that a change i n  
the. phase  composition  of H20 will manifest  the greatest  effect on the 
electrical and the  mechanical  properties  and  also  on the  course of  the mixed 
mechano-electrical  phenomena. 
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It should  a lso be kept i n  mind t h a t  a change i n   t h e   v o l u m e t r i c  
content of t he  components a lso  leads t o  a , p a r t i c u l a r  change i n   t h e i r  
p roper t ies ,   espec ia l l y  o f  the  unfrozen  water and, i n   p a r t ,  of  the   i ce .  For 

example, i n  step w i t h   t h e   f r e e z i n g   o u t  of t h e   l i q u i d  phase the  concentrat ion 
o f  the   non-c rys ta l l i z ing   pore   so lu t ion   inc reases ,   i t s   s t ruc tu re  changes,  and 
the  growing  boundary  layers o f  ice,   apparent ly ,  will c o n t a i n   l a r g e r  
admixtures. The pa t te rns  o f  these changes are  still unknown  and are   no t  
eas i l y   access ib le  t o  experimental  studies,  though  there i s  no doubt   that   they 
l e a d   t o  changes i n   t h e   p h y s i c a l   p r o p e r t i e s   o f   t h e   e a r t h   m a t e r i a l s .  For  
f rozen  ear th   mater ia ls ,   there fore ,   there   a re   scarce ly   app l i cab le   the   var ious  
t ypes   o f  models  which  are based  on t h e   a d d i t i v e   p r o p e r t i e s  of the  components 
and wh ich   take   in to   cons idera t ion   on ly   the   var ia t ions   in   the   compos i t ion  o f  
the  mixture,   the  packing of t he   pa r t i c l es ,   e t c .  

Of course,  the  diagram  presented  here does n o t   r e f l e c t   t h e  
p e c u l i a r i t i e s  o f  t h e   s p a t i a l   d i s t r i b u t i o n  o f  t h e   i c e  and o f   t h e  unfrozen 
water,  nor of the  occurr ing  cryogenic  system o f  p o r e s s   c a p i l l a r i e s  and o the r  
el ements of   the  supramolecular  and supracrystal   11 t e  macrostructure.  
Meanwhile, no t   in f requent ly  i t  i s  namely  these  elements  (and  not  the  material 
composit ion o f  t h e   e a r t h ) ,   t h e i r   s t r u c t u r e ,   d i s t r i b u t i o n   i n  space, 
composit ion and in te r re la t ionsh ip   wh ich   de termine   the   fo rmat ion  and  change o f  
t h e   p h y s i c a l   ( e s p e c i a l l y   o f   t h e   e l e c t r i c a l  and o f   the   mechan ica l )   p roper t ies  
o f   t h e   f r o z e n   e a r t h   m a t e r i a l s  as composite  materials. O f  very  important 
s ign i f i cance,   there fore ,  i s  the  cons iderat ion o f  the  processes of format ion 
and spec i f i c   evo lu t i on  o f  t he   spa t ia l   c r yogen ic   s t ruc tu re  o f  c r y s t a l l i z a t i o n  
and coagulation  (Frolov,  1976a). Because of t h e   f a c t   t h a t   t h e   " a c t i v e "  
surface o f  t h e   g r a n u l e s   o f   t h e   s o l i d  phase i n  non-homogeneous, i n   t h e  
format ion o f  t h i s   s p a t i a l   s t r u c t u r e   t h e  non-compensated charges and o the r  
de fec ts   a re  not even ly   d is t r ibu ted ,   there   occurs  an i n s u l a r   c h a r a c t e r   o f  
adsorpt ion o f  water and ions o f  the  pore  solut ion,  and, consequently, a 
non-homogeneity o f   t h e   s t r u c t u r e   o f   t h e   l i q u i d  phase i n   t h e  double  layers. 
In   the   p rocess  o f  adsorp t ion   there   a lso   occur   d is to r t ions  o f  t h e   c r y s t a l 1   i n e  
l a t t i c e  of the near -su r face   l aye r   o f   t he   g ranu les   o f   t he   so l i d  phase,  which 
i n   t u r n   c r e a t e   a d d i t i o n a l  non-homogeneities i n   t h e   f i e l d  o f  the  adhesion 
fo rces  o f  the  granules.   Therefore,   there  should  occur a d i s t r i b u t i o n   o f  t h e  

i n te rgranu lar   con tac ts  and  boundary  zones o f   t he   f rozen   ea r th   ma te r ia l s  
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according t o  the s i z e  of their strength, which leads t o  concepts o f  a 
sequential (commencing  from the  least  strong)  breaking o f  the contacts i n  the 
f ie ld  o f  r.echanica1 stresses. Under certain  conditions such a mechanism may 
cause a partial  relaxation of the  stresses and,  consequently, an attenuation 
(stabil ization) o f  fracture-forciation and a certain  strengthening, which i s  
corroborated by special stud ies  on frozen  earth  materials (Vyalov, 1959, 
1973). Destruction o f  such a medium will occur  only when the  average  load 
per contact will prove t o  be equal t o  the  average  strength o f  the  undisturbed 
contacts. The e las t ic i ty  o f  frozen  earth  nlaterials i s   a l so  determined by the 
properties o f  the  spatial  cryogenic  texture and should  increase w i t h  an  
increase i n  the  r igidity of the   l a t te r ,  i .e . ,  w i t h  the hardening o f  the 
l i q u i d  phase w i t h  a drop i n  temperature.  Thus, i n  the  process o f  the 
evolution o f  the  spatial  structure and o f  the change i n  the component 
composition dur ing  t he  freezing or the thawing o f  the  frozen  earth  materials, 
there should  occur a characterist ic  interrelated change i n  the mechanical and 

electrical  properties. For example, w i t h  a drop i n  the  temperature o f  frozen 
sandy-clay earth  materials (i .e. , wi th  the  decrease of the volume o f  the 
unfrozen  water, o f  the nlobil i ty o f  the  admixtures and defects, o f  the 
dimensions o f  the mobile defects a n d ,  as  a whole, o f  the  plasticity o f  the 
boundary zones and ice granules) there should  occur an increase i n :  the 
elasticity,   the  strength,   the  relaxation  t ime,  the  electrical   resist ivity,  
e tc . ,  and there should also  occur a decrease i n :  the  dielectric  constant,  
the  polarization  capacity,  the  plasticity of  the  earth  materials,  the 
intensity o f  the  mechano-electrical and electro-kinetic phenomena, etc.  

FUNDAMENTALS OF THE PIIYSICS OF RELAXATION PROCESSES 

In a f i r s t  approximation any process o f  relaxation i n  a 
macrosystem may be represented a s  occurring i n  two stages: 1 )  t h e  
establishment o f  quasiequilibria i n  small p a r t s   o f  the system ( r a p i d  
processes) ,  and 2)  the  balancing of the  parameters of the  s ta te  i n  a l l   par ts  
of  the  system (slow processes). The la t ter   i s   associated w i t h  a large number 
o f  interactions and transformations o f  the parts o f  the macrosystem, and the 
time o f  relaxation is  proportional t o  the dimensions o f  the macrosystem. 

Mechanical, electrical  , magnetic and  thermal relaxation  are 
distinguished and i t  i s  considered  that  these  are accompanied by 
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c h a r a c t e r i s t i c  changes of   the  corresponding  phys ica l   proper t ies,   which  v iew 

i s  t o  some degree  a rb i t ra ry ,   s ince ,   s t r i c t l y   speak ing ,   w i th  any ex terna l  
e f fec t   t he re   occu rs  a r e l a x a t i o n  o f  almost a l l  o f  the  phys ica l  and 
physico-chemical  parameters o f   t h e  system. The aims o f  i n v e s t i g a t i o n s   a r e   t o  
study i n   d e t a i l   t h e   p a t t e r n s  of v a r i a t i o n  o f  the  parameters o f   t h e   p h y s i c a l  
p r o p e r t i e s  and t h e i r   i n t e g r a t i o n ,   i . e . ,   t o   e s t a b l i s h   t h e   r e l a t i o n s h i p s   w i t h  
t h e   i n t e r n a l   t r a n s f o r m a t i o n s   o c c u r r i n g   i n   t h e  macrosystem. More promising 
a r e  comprehensive s tud ies  of t h e   r e l a x a t i o n   i n  two o r  severa l   fo rce   f ie lds ,  
and a l so   s tud ies  of t h e   v a r i a t i o n s  o f  d i f f e r e n t   p h y s i c a l  and  physico-chemical 
parameters  under  the  inf luence of a f i e l d  o f  one type. 

The course o f   t h e   r e l a x a t i o n   p r o c e s s e s   e s s e n t i a l l y  depends  on t h e  
character  o f  t h e  changes o f  t h e   e f f e c t i v e   f i e l d   i n   t i m e  and i n  space.  The 
simplest  (and a t  t h e  same t ime  most   impor tant   f rom  the  pract ica l   aspect )  
cases of  change o f   t h e   f i e l d   i n   t i m e   a r e   t h e   p u l s e d   ( " s t a t i c 1 ' )  and p e r i o d i c a l  
(lldynamic") r e l a x a t i o n ,   w h i l e   i n  space the  s implest   case i s  p lane   re laxa t i on .  
W i t h   s t a t i c   r e l a x a t i o n   t h e r e   o c c u r   i n   t h e  medium processes o f   h y s t e r e s i s  and 
a r e g u l a r   r e l a x a t i o n   o f   t h e   f o r c e   c h a r a c t e r i s t i c s  o f  t h e   f i e l d   ( s t r e s s e s ,  
tension,  etc.) .   With dynamic re laxa t i on ,   genera l l y   cons ide red   i n   ha rmon ic  
f i e lds ,   t he re   occu rs  a c h a r a c t e r i s t i c   d i s p e r s i o n  o f  the  parameters o f   t h e  
p r o p e r t i e s   o f   t h e  medium and  an absorpt ion o f  the  energy o f  t h e   e f f e c t i v e  
f i e l d .  The study o f  the   pa t te rns  of the  corresponding  re laxat ion  processes 
a l lows one t o  de termine  the   p roper t ies  o f  m a t e r i a l s ,   t h a t   a r e  needed f o r  
p r a c t i c a l  purposes,  and  helps  one to   ga in   an   unders tand ing   o f   the   na ture  of  
t h e i r   f o r m a t i o n   w i t h   v a r i a t i o n s   i n   t h e   c o m p o s i t i o n   a n d   s t a t e   o f   t h e   s t u d i e d  
medium. The theory o f  var ious  k inds o f  r e l a x a t i o n   o f  macrosystems  has 
a t ta ined  cons iderab le  development  (Mikhailov e t  a1 ., 1964; Postnikov,  1974). 

I n   t h e   s t u d y  o f  t he   p roper t i es  of f rozen  ear th   mater ia ls  
i n v e s t i g a t i o n s  o f  a change i n   t h e   e f f e c t i v e   f i e l d   i n  a pulsed or pu lsed- l i ke  
regime  have become widespread.  Thus, t he   w ide l y  known s t u d i e s   o f   t h e  
mechanical (N.A. Tsytovich,  S.S. Vyalov, K.F. V o i t k o v s k i i  and others) ,  
e l e c t r i c a l  (V .P.  Mel 'n ikov,  E.S. Fr idr ikhsberg,  M.P. Sidorova  and  others)  and 
thermal ( I . N .  Votyakov, S.E. Grechishchev, E.P. Shusherina  and  others) 
hys teres is  and r e l a x a t i o n  o f  t h e   f o r c e   c h a r a c t e r i s t i c s   o f   f i e l d s  and a l so   o f  
the  corresponding  deformat ions i n   t h e  medium have  expanded our knowledge o f  



I physico-chemical transformations in frozen earth materials. However, i n  the 
studies of slow relaxation processes the obtained  values of  the parameters of 
the physical properties  represent an integral effect o f  many mechanisms  and 
are essentially  dependent on  the  scale  factor  (the volume o f  the studied 
sample, monolith, etc.), which is often not possible to take into account. 
Therefore  there arises  the question of  the  representative nature o f  the 
determined "static" characteristics as parameters of  the corresponding 
physical properties (elasticity, permeability, etc.) (Bogorodskii et al., 
1971 ; Fro1  ov, 1976b). 

Meanwhile, there exists the possibility for determining the 
parameters of the physical properties o f  frozen earth  materials in a "purer" 
form. This  consists of the measurement o f  the dynamic  properties i n  
periodically  changing fields, i.e., t h e  study of  the processes of dynamic 
relaxation. In this  case there are  extensive possibilities for varying the 
intensity  and  frequency o f  the effective  fields,  which  favours the separation 
o f  the effect o f  individual mechanisms on  the studied properties. In the 
study of dynamic  relaxation it is  easier to accomplish  comprehensive 
investigations  with the simultaneous effect o f  several different force 
fields, or of fields o f  one  type but o f  varying intensity,  frequency of 
polarization, etc. The values of  the  dynamic parameters of  the physical 
properties  obtained in situ  and for samples are found to be more comparable. 
Showing promise in the investigation of  frozen earth  materials is the 
combined study o f  dynamic electrical and mechanical relaxation,  since it is 
namely the parameters o f  the electrical and mechanical properties that are 
found  to be most sensitive to changes in the phase  composition  (Frolov, 
1976a). 

An analysis o f  the phenomological theory o f  mechanical and 
electrical relaxation  shows  that  from the aspect of the cause-effect 
relationship the  form o f  the laws, determining the reaction o f  the medium t o  

the mechanical and to the electrical effect, is completely the same. Thus, 
for "instantaneously"  responding (ideal) media these laws are represented by 
the 1 inear equations: 



These a r e  known laws   es tab l i sh ing   t he   re la t i onsh ip   be tween '   t he  
c h a r a c t e r i s t i c s   o f   t h e   e l e c t r i c a l  D, and the  mechanical, E , disturbance 
(response o f  medium) and t h e   f o r c e   c h a r a c t e r i s t i c s  o f  t h e   e f f e c t i v e   f i e l d s :  
t he   t ens ion  E and the  mechanical   stress a. The d i f f e r e n c e   c o n s i s t s   o n l y   i n  
the   rank  o f  the  tensors  of  the  parameters o f  t h e   p r o p e r t i e s :   t h e   d i e l e c t r i c  
constant E and the  coef f ic ient   o f   mechanica l   compl iance  S ik lm (or t h e  
modulus o f  e l a s t i c i t y   C i k l m ) ,   w h i c h   l e a d s   o n l y   t o  a d i f f e r e n c e   i n   t h e  number 
o f  terms i n   t h e   l i n e a r   e q u a t i o n s .  Thus, fo r   quas i - i so t rop ic   idea l   med ia  
equations ( 2  - 4)  take  on  the  form: 

M 

where K and G - moduli  o f   a l l - r o u n d  compression  and  shear, S = l / k ,  S* = l / g ,  

'i k - Kroneker's symbol. From equations ( 2 '  - 4 ' )  t h e r e   i s   e v i d e n t   t h e  
s i m i l a r   r o l e   o f   t h e  parameters o f   t h e   d i e l e c t r i c   c o n s t a n t  E and t h e  
mechanical  compliance  (shear S and vo lumetr ic  S*) are  evident.   Therefore,  
f o r  example, w i t h  a change i n   t h e   c o m p o s i t i o n   o r   s t a t e   o f   t h e   m a t e r i a l   t h e y  
should  change i n  a s im i la r   f ash ion .  The pa t te rns  of the  corresponding 
changes of  t h e   m o d u l i   o f   e l a s t i c i t y   s h o u l d ,  on t h e  whole, be reversed. I n  

most cases,  however, f rozen  ear th   mater ia ls   do  not approx imate   idea l   (e las t i c  
o r   p o l a r i z i n g )  media,   i ,e.   they  are  not   character ized by an instantaneous 
r e a c t i o n   t o  an e f f e c t .   T h i s  means t h a t   i n  a f o r c e   f i e l d   t h e r e  will occur 

p r o c e s s e s   w i t h   c e r t a i n   f i n i t e   t i m e s  o f  r e l a x a t i o n .  Then the  considered  laws 
( 2 ' )  - ( 4 ' )  should  be  presented i n   t h e   f o r m   o f   t h e   i n t e g r a l   e x p r e s s i o n s :  
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which  are  eas i ly   reduced t o  the   l i nea r   equa t ions  ( 2 '  - 4 ' )  b y   i n s e r t i n g   i n  
p lace o f  the  parameters o f  E, S and C o p e r a t o r s   o f   t h e   f o r m  1 -m t~ (t, ) d  = E 

and correspondingly  for  S and C. 

For  the  case of dynamic r e l a x a t i o n   i n  harmonic f i e l d s   t h e  
i n t e g r a t i o n  of equations ( 5  - 7)  and t h e   t r a n s i t i o n   f r o m  a time-dependent t o  
a f requency-dependent   re la t ionship  leads  to   equat ions for complex parameters 
(pemeab i l  i t y ,  moduli  o f  e l a s t i c i t y  and  compl iance) a expressed  by means o f  
d i s t r i b u t i o n   f u n c t i o n s  of t h e   p r o b a b i l i t y   d e n s i t y   o f   t h e   t i m e s  of ( e l e c t r i c a l  
o r  mechanical)  relaxation.  Moreover,  for  the  complex ?(w, o), S * ( W ,  e)  
S(W,  e)  t he re   a re   ob ta ined   qu i te   s im i l a r   exp ress ions  o f  t h e  fom: 

@ 

wh i le  for the  modul i  o f  e l a s t i c i t y  - as the reverse  values: 

The d i s t r i b u t i o n   f u n c t i o n  of t h e   p r o b a b i l i t y   d e n s i t y  F ( e )  may, i n   t h e  general 
case, be independent f o r  each o f   t h e  parameters. The r e a l   p a r t s   o f   t h e  
pa ramete rs   Charac te r i ze   t he   po la r i za t i on   capac i t y   and   e las t i c i t y  o f  t h e  
medium, wh i le   the   imag inary   par ts   charac ter ize   the   absorp t ion  of the  energy 
of t h e   f o r c e   f i e l d  because  of the  non- ideal   nature o f  t h e  medium. 

From expressions (8 - 9) i t  f o l l o w s   t h a t   i n  a non-ideal medium 
there  should be a f requency  dispersion of  the  parameters o f  i t s  mechanical 
and e lec t r i ca l   p roper t i es ,   cond i t i oned   by  the presence o f   f i n i t e   r e l a x a t i o n  
t i m e s   o f  the corresponding  processes. The cha rac te r   o f   t h i s   d i spe rs ion  will 
depend on  the  type o f  d i s t r i b u t i o n   o f   t h e   r e l a x a t i o n   t i m e s .   I n   t h e  
l i t e r a t u r e   t h e   p a t t e r n s  o f  mechanical  and e l e c t r i c a l   r e l a x a t i o n   a r e   g e n e r a l l y  
cons idered  separa te ly   on   the   bas is   o f   par t i cu la r   mode ls   o f  the mechanisms o f  

p o l a r i z a t i o n  and deformation. The considerat ion  presented  above  graphical ly 
demonst ra tes   the   s im i la r i t y  o f  these processes and the  advantage o f  s tudy ing  
them i n  combina t ion .   Fur thermore ,   there   a re   ind ica t ions   tha t   fo r   severa l  
m a t e r i a l s ,   i n   p a r t i c u l a r   f o r   i c e ,   t h e r e  has been es tab l i shed a close 
s i m i l a r i t y  of t h e   e f f e c t i v e  times of mechanical  and e l e c t r i c a l   r e l a x a t i o n ,  
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which  indicates  the  presence o f  p ro found   i n te r re la t i onsh ips  between t h e  
mechanisms of  these  processes. I n  the  s implest   cases, when the r e l a x a t i o n  
process i n  t h e  mater ia l  may be  descr ibed  by  one  relaxat ion  t ime,  equat ions 
(8) are t rans formed  in to   the   we l l -known  equat ions   o f  Debye, whi le   equat ions 
(9)  a re   t rans formed  in to   the   equat ions   ob ta ined i n   t h e   c a l c u l a t i o n   o f   t h e  
v i s c o s i t y ,   t h e   t h e r m a l   c o n d u c t i v i t y   o f   t h e  medium o r   t h e   K n e r e r   e f f e c t ,   e t c .  
I n   t h e  presence  of   several   re laxat ion mechanisms, i .e. , a d i s t r i b u t i o n   o f   t h e  
r e l a x a t i o n   t i m e ,   f o r  some t y p i c a l   p a r t i c u l a r  cases (symmetrical  and 
asynmet r ica l   d is t r ibu t ion)   there   a re   ob ta ined  equat ions  o f  t h e  
i n t e r r e l a t i o n s h i p   o f   t h e   r e a l  and i m a g i n a r y   p a r t s   o f   t h e  complex  parameters 
of the  media  and t h e   f u n c t i o n s   o f   t h e   d i s t r i b u t i o n  o f  t h e   p r o b a b i l i t y   d e n s i t y  
o r   o f  the p r o b a b i l i t y   d i s t r i b u t i o n ,   b y  means o f  which  the  corresponding 
c a l c u l a t i o n s  can  be c a r r i e d  ou t .  On the   bas i s  o f  exper imenta l l y   s tud ied  
spectra of the  parameters o f   t h e   e l e c t r i c a l  and  mechanical  properties i n  a 
s u f f i c i e n t l y   w i d e   r a n g e   o f   f r e q u e n c i e s  it i s  poss ib le  t o  determine  the 
c h a r a c t e r i s t i c s   o f  t he  r e l a x a t i o n   p r o p e r t i e s   i n  a ma te r ia l :   t ' he   e f fec t i ve  
t imes and t h e   d i s t r i b u t i o n   o f   t h e   r e l a x a t i o n   t i m e s ,  and,  thereby, i t  i s  
poss ib le  t o  o b t a i n   i n f o r m a t i o n   o n   t h e   d i s t i n c t i v e   f e a t u r e s   o f   t h e   p r o g r e s s   o f  
these  processes and, consequent ly,   a lso  on  the  structure  and  composi t ion o f  
the   s tud ied   mater ia ls .   For   expand ing   the   exper imenta l   poss ib i l i t i es   there  
a r e  employed thermal - f requency   s tud ies   o f  dynamic re laxat ion.   There has  been 
elaborated a theory and methodology o f  reduced  variables  which  permits  one, 
under c e r t a i n   c o n d i t i o n s ,   t o  supplement mutua l l y   the   f requency   re la t ionsh ips  
by means o f  t he   t he rma l   re la t i onsh ips  and v ice  versa  (Mikhai lov e t  a1 ., 
1964).  Furthermore,  from t h e  form of equations (8 )  - (9)  i t  f o l l o w s   t h a t   t h e  
argument i n  these i s   t h e   p r o d u c t  W e e f ,  i .e., i f  i n   r e l a t i o n   t o   t h e  
temperature  there  occurs a change i n   t h e   e f f e c t i v e   r e l a x a t i o n   t i m e  eef, then  
there  i s  poss ib ly  a "pa ramet r i c "   d i spe rs ion   o f   t he   e lec t r i ca l  and  mechanical 
p r o p e r t i e s   o f  heterogeneous  media,  conditioned  by a change i n   t h e i r  
composit ion or structure,   which i s   e s p e c i a l l y   p r o m i s i n g   i n   t h e   s t u d i e s   o f  
f rozen  ear th   mater ia ls   (F ro lov ,  1976a). 

Thus, the   theory  of dynamic re laxat ion  processes  permi ts  one t o  

carry o u t  a complex ana lys is  and in te rp re ta t i on   o f   expe r imen ta l   da ta   on   t he  
f requency-thermal  d ispersion o f  the  parameters o f   t h e   e l e c t r i c a l  and 
mechanical   propert ies o f  f r o z e n   e a r t h   m a t e r i a l s   i n   o r d e r   t o  expand  and  deepen 
our  knowledge o f  t h e   i n t e r n a l  processes  occurr ing  wi th in  these  mater ia ls.  
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STATE OF EXPERIMENTAL STUDIES OF DYNAMIC RELATIONS 
IN FROZEN EARTH MATERIALS 

Up t o  the  present   t ime some experimental  data have  been 
accumulated on the  study  of   the  f requency-temperature  d ispersion o f  t h e  
mechanical and e lec t r i ca l   p roper t i es ,   wh ich  may be  generalized, t o  a 
considerable  degree,  for  polycrystalline ice  (Bogorodsk i i ,  1970; Bogorodski i  
e t   a l .  , 1971 ; Pounder,  1967)  and f o r   f r o t e n   e a r t h   m a t e r i a l s   ( F r o l o v ,  1976a). 
I n  these and o ther   s tud ies   there  have been descr ibed  the  pat terns of t he  
frequency  and  temperature dependency of the  parameters o f  t h e   e l e c t r i c a l  
p roper t i es  o f  f rozen  sandy-c lay  ear th   mater ia ls  and ice ;   there  have  been 
considered some mechanisms of t h e   p o l a r i z a t i o n   c a p a c i t y  and e l e c t r i c a l  
conduc t i v i t y ,  and there  have been ob ta ined  va lues   fo r  t he  a c t i v a t i o n  energy, 
as  wel l   as  data on t h e   r e l a x a t i o n   c h a r a c t e r i s t i c s  of f rozen  ear th   mater ia ls .  
I n  these  s tud ies  there have a l so  been presented  the  temperature  dependencies 
o f  the  modul i  o f  e l a s t i c i t y  of f rozen  ear th   mater ia ls  of various  composit ion 
and, i n   i n d i v i d u a l  cases, o f   t h e  parameters o f  t h e   v i s c o s i t y  and energy 
absorp t ion   o f   e las t i c  waves. The f requency  re la t ionships of t h e   v i s c o e l a s t i c  
p roper t i es   f o r   f rozen   ea r th  and s a l i n e   i c e  have n o t   y e t  been obtained, It i s  
v e r y   i m p o r t a n t   t o   e s t a b l i s h   t h e   r e l a t i o n s h i p s  between t h e   d i f f e r e n t  
mechanical   propert ies and a l s o  between the  dynamic  parameters of t h e  
e l e c t r i c a l  and the  mechanical   propert ies,   s ince  these  provide  the  basis  for  
the development o f  the  corresponding  phys ica l  methods f o r   m o n i t o r i n g   t h e  
s t a t e  o f  f rozen  ear th   mater ia ls .   In   F igure  2 there  are  presented some 
examples of such i n t e r r e l a t i o n s h i p s .  I t  should be noted t h a t  the  combined 
i n t e r p r e t a t i o n   o f   t h e   d a t a  on  mechanical and e l e c t r i c a l   r e l a x a t i o n  has 
al lowed us (Frolov, 1976a) t o  show tha t   t he   e f fec t i ve   t imes  o f  e l e c t r i c a l  and 
mechanical dynamic r e l a x a t i o n  of f rozen  ear th   mater ia ls   a re   approx imate ly   the  
same and c o n s i s t e n t   i n   t h e i r  changes w i th   tempera ture .   In   F igure  3 the re   a re  
presented  the  coef f ic ients  o f  dynamic v i s c o s i t y ,  n41 and decay of e l a s t i c  
waves, a, f o r   i c e  and cer ta in   f rozen  ear th   mater ia ls ,   ca lcu la ted  on the   bas i s  
o f   t h e   v a l u e s   o f   t h e   e f f e c t i v e   t i m e s   o f   t h e   e l e c t r i c a l   r e l a x a t i o n  and t h e  
m o d u l i   o f   e l a s t i c i t y   a t   c e r t a i n   t e m p e r a t u r e s .  The values  obtained by these 
means a r e   i n  good agreement w i t h   d i s c r e t e   d a t a  from special  measurements, 
t h a t   a r e   a v a i l a b l e   i n   t h e   l i t e r a t u r e .  These resu l ts   cor robora te   the  
hypothesis  concerning  the  comon  nature of the  format ion and  change o f   t h e  
e l e c t r i c a l  and the mechanical  properties of  f r ozen   ea r th   ma te r ia l s .  
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Fiqure 2 

Figure 3 

Interrelationship of the  electrical character is t ics  E and e 
and the moduli o f  elasticity E and G. 

I - sand; I1 - kaolin 

Temperature dependency o f  the  c o e f f i c i e n t s  of t he  dynamic effective' 
v i s c o s i t y  (I) and the decay o f  elastic waves (11) o f  frozen earth materials. 

1 - sand (q = 0.5 - 1.0); 2 - kaolin ( W  = 25 - 125%); 
3 - suglinok (q = 0.35 - 0.92); 4 - ice. 
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The study of the interrelationships of the mechanical properties 
has allowed US t o  predict some distinctive features of the thermal 
relationship Of the  tensile strength o f  frozen earth materials, which should 
have its maximal Value a t  a particular  content of  the 1 iquid phase (Frolov, 
1976a). 

In Figure 4 there i s  shown  the interrelationship o f  Young's 
modulus and the  tensile strength of some frozen earth materials (based on the 
results o f  studies by several authors), which illustrates the possible 
experimental character  of a change in the latter. 

Figure 4 

40 

20 

2 

Interrelationship o f  Young's modulus and the limit, of  the 
tensile strength of frozen earth materials: 

1 - sand; 2 - sugl inok; 3 - saline ice; 
4 - sea ice; 5 - fresh-water ice. 

The presence o f  extreme  values of the temperature  dependency of 
t h e  tensile strength for frozen sandy  clay soils has been corroborated 
experimentally (E.P. Shusherina,  Moscow State University). On the basis o f  
the established patterns, obtained during the  course o f  studies of dynamic 
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re laxat ion  processes i n   f r o z e n   e a r t h   m a t e r i a l s ,   t h e r e  have been worked o u t  
t he   phys i ca l   p r i nc ip les  o f  several new e lec t romet r i c  and acous t ica l  methods 
for eva lua t i ng   t he  phase  composit ion  and  the  kinetics  of i t s  change i n  f rozen 
ea r th   ma te r ia l s ,  and a l so  methods for e v a l u a t i n g   t h e i r   s t r e n g t h   p r o p e r t i e s .  
Dur ing  the  course o f  these  s tud ies   there  have  been revealed many 
c h a r a c t e r i s t i c   f e a t u r e s  of t h e   d i s t r i b u t i o n  o f  e l a s t i c  and  electromagnetic 

waves, which  are o f  impor tance  f rom  the   p rac t ica l   aspec t .   F ina l l y ,   c lose ly  
r e l a t e d   t o  the s tud ies  o f  dynamic r e l a x a t i o n  are t h e   s t u d i e s   o f   v a r i o u s   k i n d s  
o f  mechano-electr ical phenomena and, espec ia l l y ,  of the   con tac t ,  
se i s rnoe lec t r i ca l   and   p iezoe lec t r i ca l   e f fec ts   i n   f rozen   ea r th   ma te r ia l s .  
These s t u d i e s   a r e   o n l y   j u s t   s t a r t i n g   b u t   t h e   i n i t i a l   d a t a   i n d i c a t e   t h a t   t h e y  
have in te res t ing   p rospec ts  i n  geocryology,  s ince  they  provide a source of  
i n fo rma t ion  on the  processes o f   t h e   e n e r g y   t r a n s f o r m a t i o n   i n   f r o z e n   e a r t h  
ma te r ia l s  and, consequent ly ,   they   a l low  us   to   ob ta in   in fomat ion   on   the  
composi t ion,   s t ructure and  mechanisms o f   t rans fo rma t ion   occu r r i ng  i n  these 
f rozen  ear th   mater ia ls .  

CONCLUSION 

Thus, a t  the  present  t ime  there  has  taken shape a promising 
s p e c i a l i z a t i o n   i n   t h e   p h y s i c s   o f   f r o z e n   e a r t h   m a t e r i a l s ,  and  dynamic 
spectroscopy i n   v a r i o u s   f o r c e   f i e l d s ,   w h i c h   p e r m i t s  us t o  ob ta in   un ique 
in fo rmat ion   on   the  mechanisms o f  the  internal  processes,  composit ion, 
s t r u c t u r e  and p roper t i es  o f  f r o z e n   s o i l  and i c e .  The development o f  study 
methods,  based on t h e   a p p l i c a t i o n  o f  the  descr ibed phenomena and t h e  
cons idera t ion  o f  t he   ob ta ined   pa t te rns   o f   f o rma t ion  and  change o f  p roper t ies ,  
a l low  us t o  i n c r e a s e   t h e   e f f i c i e n c y  o f  engineering-geocryological surveys 
r i g h t  up t o   t h e   c r e a t i o n  o f  automated  remote  systems f o r   m o n i t o r i n g  changes 
i n   t h e   s t a t e  o f  f r o z e n   e a r t h   m a t e r i a l s   i n   d e t a i l e d   s t u d i e s   o f   c r y o l o g i c a l  
phenomena fo r   t he   p lann ing ,   cons t ruc t i on  and e x p l o i t a t i o n  o f  various  works, 
for carry ing  out   technica l   procedures  for   land  rec lamat ion,  for  r e s o l v i n g  
problems o f  env i ronmenta l   protect ion¶  e tc .  

Studies o f  the  processes o f  dynamic r e l a x a t i o n   p e r m i t  us t o  

evaluate  the  parameters  determining t h e  cond i t ions  and p a t t e r n s   o f  
d i s t r i b u t i o n   o f  waves i n  f rozen   ea r th   ma te r ia l s  and a l s o  have d e f i n i t e  
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prospects i n   t h e   e l a b o r a t i o n  o f  methods f o r  a d i r e c t e d   a c t i o n  aimed a t  
shaping  predetermined  propert ies. However, t h e r e   o f t e n  a r i s e  p r a c t i c a l  
quest ions  associated  wi th  the  evaluat ion o f  slow changes i n  f rozen   ea r th  
ma te r ia l s  when these  are  suppor t ing  foundat ions  or   e lements  o f   var ious  k inds 
o f  s t ruc tu res ,  aerodromes,  roads,  p ipel ines,   etc.   For  the  resolut ion o f  

questions of t h i s   t y p e   o f  knowledge o f  t h e  dynamic  parameters,  determining 
the   co r respond ing   phys i ca l   p roper t i es   (e las t i c i t y ,   po la r i za t i on   capac i t y ,  
e l e c t r i c a l   c o n d u c t i v i t y ,   v i s c o s i t y ,   e t c . ) ,  i s  necessary  though  not  always 
s u f f i c i e n t ,   s i n c e   o f t e n  we do n o t  know t h e  mechanisms, i n t e r r e l a t i o n s h i p  of  
sequence of many of the t ransformat ions i n  f rozen so i l  and ice.   There i s  no 
doubt,   therefore,   that  i t  i s  impor tan t   t o   con t i nue  and f u r t h e r   p e r f e c t   t h e  
s t u d i e s   o n   s t a t i c   r e l a x a t i o n   i n   f r o z e n   e a r t h   m a t e r i a l s   ( u n d e r   l a b o r a t o r y   a n d  

n a t u r a l   c o n d i t i o n s )   i n   o r d e r   t o   o b t a i n   t h e   p a r a m e t e r s   w h i c h   i n t e g r a l l y  
r e f l e c t   t h e  many slow  relaxat ion  processes of  cryogenic  t ransformat ions. A 

new l e v e l  o f  such  studies  would be the  combination o f  t hese   w i th  the 
described methods of  re laxa t ion   spec t roscopy ,   s ince   th is   wou ld   a l low  us   to  
subs tan t i a l l y   i nc rease   t he   l eve l  o f  the   ex t rac t ion   o f   use fu l   in fo rmat io r i  i n  
t h e   c a r r y i n g   o u t  o f  prolonged  and  laborious  experiments i n   t h e   s t u d y   o f  
v a r i o u s   f r o z e n   e a r t h   m a t e r i a l s   i n  a wide  range of   negat ive  temperatures.  It 

i s  especia l ly   impor tant   to   accompl ish  such a combination i n  the case of 
d e t a i l e d   i n v e s t i g a t i o n s  of  the cryogenic  t ransformat ions i n   t h e  range  from 
O°C t o  t he  temperatures of t he   d i scon t inua t ion  of i n t e n s i v e  phase t r a n s i t i o n s  
i n   f r o z e n   e a r t h   m a t e r i a l s   o f  a par t i cu la r   compos i t ion ,  and a lso  o f  t h e  
t rans format ions   occur r ing   w i th  t h e  a c t i o n   o f   s t a t i o n a r y   f i e l d s  o f  mechanical 
s t ress  on the   f rozen   ea r th   ma te r ia l s .  The e labo ra t i lm  of cclnlplex apparatus 
i s  needed t o  p r o v i d e   f o r  such inves t i ga t i ons .  

The f u r t h e r  development of methods of dynamic and s t a t i c  

re laxat ion  spect roscopy i s  one o f  the  most  important ways fo r  expanding  our 
knowledge o f  these  complicated  subjects,  which  would  al low us t c  ob ta in   t he  
in format ion needed t o  p r o c e e d   w i t h   t h e   s o l u t i o n   o f  many pract ical   problems. 
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ON THE  ROLE OF THE COMPONENTS OF FROZEN  CLAY SOILS I N  
THE DEVELOPMENT OF STRENGTH  AT  DIFFERENT  TEMPERATURES 

R.V. Maksimyak, E.P. Shusherina, V.V. Rogov and M . I .  Zabolotskaya 
Research I n s t i t u t e  of Foundations and  Underground S t rc tu res  , 

Moscow Sta te   Un ive rs i t y ,  U.S.S.R.  

It i s   w e l l  known t h a t   t h e   s t r e n g t h  of the  ground i s  determined  by 
t h e   s t r e n g t h   o f   i t s   i n d i v i d u a l  components  and by the s t reng th  o f  t h e  bonds 
between the  structural   e lements.   In  non-uni form  ground, i ncl   ud ing  f rozen 
s o i l s ,   t h e   s t r e n g t h   i s  also governed i n   l a r g e  measure by   t he  number and s i z e  
o f   t h e   i n d i v i d u a l  components, t h e  p r o p o r t i o n a l   r e l a t i o n  between them and 
t h e i r   r e l a t i v e   p o s i t i o n i n g ,   i . e . ,   b y   t h e   t e x t u r a l  and s t r u c t u r a l  
c h a r a c t e r i s t i c s  of t h e  system. 

The rup tu re   s t reng th  o f  f r o z e n   s o i l s  will vary   accord ing   to   the  
s p e c i f i c   c o n d i t i o n s   o b t a i n i n g   ( t h e   d u r a t i o n  o f  loading,   the temperature, 
etc . ) .  The e f f e c t  of the  temperature e on t h e   s t r e n g t h   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  has been s t u d i e d   f o r   t h e   m o s t   p a r t   w i t h i n  a r e l a t i v e l y   n a r r o w  
range o f  temperatures  (to -20'~). 

The f a c t  t h a t   t h e   u s e   o f   f r o z e n   s o i l s   i n   e n g i n e e r i n g   p r a c t i c e  
extends  over a wider  range of   negat ive  temperatures has r e s u l t e d   i n   r e s e a r c h  
being done on the   mechan ica l   p roper t i es   o f   t hese   so i l s  t o  temperatures o f  

-6OOC and  below  (Shusherina,  1968;  Zykov, 1969; Shusherina e t  a1 , 1974 and 
o thers ) .   Th is  has made i t  p o s s i b l e   t o   i d e n t i f y  a number o f  new and 
i n t e r e s t i n g  mechanisms. 

U n t i l   r e c e n t l y  i t  was assumed t h a t   i n   t h e   b a s t   m a j o r i t y   o f  cases 

f rozen   c lay   so i l s  have an a p p r e c i a b l y   l o w e r   s t r e n g t h   ( i n   p a r t i c u l a r ,   t h e  
compressive  strength)  than  does  young  ice.  Indeed,  within  the  temperature 

Proceedings  Third  Internat ional   Conference on Permafrost, 
Vol . 1 , pp, 688 - 692, ? 978. 
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range  tha t  has  been most  studied ( t o  -2OoC) ,  t h i s  dependence was noted  by  the 
m a j o r i t y  of the  authors  (Pekarskaya, 1961; Tsytovich, 1957, 1973 and  others).  
L a t t e r l y  a number of s tud ies  have  been pub l i shed   wh ich   a t tes t   t o   t he  f a c t  
t h a t   t h i s   p r i n c i p l e  does n o t   a t   a l l   t i m e s   h o l d   t r u e  (Zykov,  1969;  Pekarskaya 
and Shloido, 1970; Shusherina, 1974; Shusherina e t   a l ,  1968, 1976  and 
o thers ) .  

Data  obtained by the  Department of Permafrost  Studies a t  Moscow 
State  Un ive rs i t y   w i th   respec t   t o   t he   t empera tu re  dependence of the   shor t - te rm 
compressive  strength of f r o z e n   s o i l s   i n d i c a t e   t h a t   t h e   n a t u r e  of  the   inc rease 
i n   s t r e n g t h   w h i c h   o c c u r s   i n   v a r i o u s   s o i l s   w i t h  a l ower ing  o f  e has i t s  own 
c h a r a c t e r i s t i c s  and under   ce r ta in   cond i t i ons   f rozen   c lay   so i l s  can become 
stronger  than  ice.   For example, (F igure l)s t o  e = -35OC, c l a y  (Kiev)  i s  
much weaker t h a n   i c e  and  sand. I n  comparison  wi th  ice  and sand, c l a y  
e x h i b i t s  a h i g h e r   r a t e  o f  increase i n   i t s   s t r e n g t h   w i t h   c o o l i n g  and t h i s  
r e l a t i o n s h i p   h o l d s   t r u e  even below -35OC. The in f l ec t i on   wh ich  i s  observed 
i n  a l l  of  t h e  0 - e c u r v e s   i n d i c a t e s   t h a t   w i t h  a decrease i n  e t h e   r a t e  o f  
increase i n   t h e   s t r e n g t h  i s  i n i t i a l l y   a t t e n u a t i n g  and subsequently 
accelerat ing.   This  tendency i s  most  pronounced i n   t h e  case o f  the   c lays .  
Accord ing ly ,   ca ly  becomes st ronger   than  ice  (be low -35OC) and  sand (below 
-5OOC). 

Figure 1 

-0, c 0 

Dependence of t he   s t reng th  o f  f r o z e n   s o i l s  and 
ice  on  compression  due t o  the  temperature.  

1 - sand, 2 - ice ,  3 - clay  (Shusherina e t   a l .  1974) 
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The mechanism of change i n   t h e   s t r e n g t h  o f  f r o z e n   s o i l s  as t h e  
temperature  decreases i s   e v i d e n t l y  due t o  the  physical-chemical  processes 
t h a t   t a k e   p l a c e   i n   f r o z e n   s o i l s   w i t h  a v a r i a t i o n   i n   t h e   t e m p e r a t u r e .  

The present  study is o f  t h e   r o l e   o f   t h e   i n d i v i d u a l  components o f  a 

f r o z e n   c l a y   s o i l  and also  o f   t h e i r  bonds i n   t h e  development  and  change i n  i t s  
s t reng th   i n   re la t i on   t o   t he   t empera tu re .   Fo r   t h i s   pu rpose ,   da ta   on   t he  
m ic ros t ruc tu re   a re  used.  The p a p e r   p e r t a i n s   o n l y   t o   t h e   e f f e c t  o f  t h e  
temperature 8 on t h e   r u p t u r e   s t r e n g t h  o f  a l ready  f rozen soil , t h a t   i s ,  one 
and t h e  same v a r i e t y  of s o i l   i s   s t u d i e d   a t   d i f f e r e n t   v a l u e s  of 0 .  Quest ions 
p e r t a i n i n g   t o  changes i n   t h e   s t r e n g t h   o c c u r r i n g   d u r i n g   t r a n s i t i o n  from t h e  
unfrozen t o  the   f rozen  s ta te   a re   no t   touched upon. A dominant r o l e   i n   t h e  
development o f   t h e   s t r e n g t h  o f  un f rozen   so i l s  i s  p layed  by  the bonds between 
t h e   p a r t i c l e s  which, as i s   w e l l  known, are  several   orders weaker than  the  
s k e l e t a l   p a r t i c l e s  and rupture  occurs  as a ru le   a long   t he   con tac ts  o f  t h e  
microaggregates o r   o t h e r   s t r u c t u r a l   e l e m e n t s   o f   t h e   s o i l .   I n   f r o z e n   s o i l ,  
besides  the  structural   e lements  and bonds t h a t   a r e   t y p i c a l  of the  unf rozen 
s ta te ,   s t ruc tu ra l - tex tu ra l   charac ter is t i cs   ex is ts   wh ich   a re   caused  by   the  
wa te r   c rys ta l1   i za t i on   p rocesses .   I n   pa r t i cu la r ,  a new component , namely  ice, 
develops  and i t  i s   t h i s   t h a t   i n   l a r g e  measure determines  the  strength  of  a 
f r o z e n   s o i l  (Pekarskaya,  1961;  Tsytovich,  1973). The r o l e  o f  i c e   i n c l u s i o n s  
i n   t h e  development o f  a s o i l ' s   r e s i s t a n c e   t o   l o a d i n g  has n o t  been 
conclusively  establ ished.  There  are,  however, data  (Veselov, 1963; 
Shusherina  and Bobkov, 1968; Savel'ev, 1971 and o t h e r s )   i n d i c a t i v e  o f  an 
ambiguous  dependence o f   t h e   s t r e n g t h  of f r o z e n   s o i l s   o n  i c e  content  and 
temperature. 

The  emergence o f   i c e   c r y s t a l s   d u r i n g   f r e e z i n g   o f  a so i l   inc reases  
t h e  number o f  add i t iona l   con tac ts ,  and t h i s   l e a d s   t o   i t s   s t r e n g t h e n i n g .  
Morever, a number of processes  take  p lace  that   lead t o  the   f o rma t ion   no t   on l y  
of new st ructura l   e lements  but   a lso o f  new cryogen ic   s t ruc tu ra l  bonds ( i n t r a -  
and  interaggregate bonds between t h e   i c e  and t h e   s k e l e t a l   p a r t i c l e s ,   i n t e r -  
and i n t r a c r y s t a l l i n e  bonds i n   t h e  case o f  i ce   i nc lus ions ,   e t c . )   wh ich   a re  
e s s e n t i a l l y   d i f f e r e n t   f r o m  bonds i n  the unfrozen  s ta te.  

I n   o r d e r  t o  e v a l u a t e   t h e   r o l e  o f  t h e   i n d i v i d u a l  components  and t h e  
bonds  between them i n   t h e  development o f   t h e   s t r e n g t h  o f  a f r o z e n   s o i l   a t  
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various  negative  temperatures i t  i s  necessary t o  asce r ta in   t he   spec i f i c  
c h a r a c t e r   o f   t h e   v a r i a t i o n   i n   r e l a t i o n   t o   t h e   t e m p e r a t u r e ,   s t r u c t u r e  and 
t e x t u r e  of t h i s   s o i l  a and t h e   s t r e n g t h s   o f   t h e   I n d i v i d u a l  components ( i n  
p a r t i c u l a r   t h e   i c e )  and t h e  bonds between them. 

We will cons ide r   t he   s t ruc tu ra l   and   t ex tu ra l   cha rac te r i s t i cs  o f  
f r o z e n   c l a y   s o i l s  a t  d i f fe ren t   tempera tures   on   the   bas is   o f   e lec t ron  
microscope  invest igat ions o f  c l a y s   ( k a o l i n )  and f ine-gra ined  c lay   sug l inoks ,  
conducted i n  samples o f  f rozen  pastes o f  mass ive   s t ruc tu re   (a t  9 o f  about 
-4OOC). 

Exist ing  data  (Vyalov  and Maksimyak,  1970;  Maksimyak,  1970; 
Shusherina e t  a1 9 1975  and o t h e r s )   i n d i c a t e   t h a t   t h e   m i c r o s t r u c t u r e  of f rozen 
c l a y   s o i l s  changes s i g n i f i c a n t l y   w i t h  the temperature, i t  b e i n g   p o s s i b l e   t o  
d iscern  a number of common features  and mechanisms i n   t h e   v a r i o u s   s o i l s .   I n  
a l l  cases  the  main  structural   e lements  are  the  microaggregates o f   t h e  
s k e l e t a l   p a r t i c l e s  and t h e   i c e  cement, represented  by  in ter -   and 
in t raaggregate   inc lus ions ,   cons is t ing  of  severa l   c rys ta ls  o f  d i f f e r i n g  
o r i e n t a t i o n .  The in teraggregate  inc lus ions,   which are c h i e f l y   c o n f i n e d   t o  
the  in teraggregate  pores  and  cracks  and  conta in   the  greater   par t  o f  t h e   i c e ,  
are  character ized  by  d i f fer ing  d imensions.  The la rges  of them (10 - 1 5  
microns)  are  comnensurate  with  the  dimensions o f  the  microaggregates. A t  
e levated  temperatures,   f i lms o f  unfrozen  water  are a l so  recorded. I n  a l l  
cases,  comparison of t h e   c l a y   p a r t i c l e s   w i t h   t h e   i c e   i n c l u s i o n s  a t t e s t s  t o  
the l a r g e r   s i z e  of  t h e   l a t t e r .  

The  dependence o f   t he   m ic ros t ruc tu re   and   m ic ro tex tu re  o f  f rozen 
so i l s  on the  temperature shows up i n   t h e   s p e c i f i c   c h a r a c t e r   o f   t h e  
microaggregates and i c e   i n c l u s i o n s  and i n   t h e  development o f  a film o f  
unfrozen  water and cracks (Figures 2 9 3 3 4 5). 

The microaggreages o f   t he   ske le ton   a re   f o rmed   by  clay - and 
f i n e - g r a i n e d   p a r t i c l e s   t i g h t l y   a d j o i n i n g  one another as a r e s u l t  o f  t h e  
format ion of s t rong  in t raaggregate  bonds. The dimensions of  t h e  
microaggregates  vary  with  the  temperature: i n   t h e  -0.5 t o  -5OC range  they  are 
2 t o  10 microns, a t  temperatures of -15 t o  -2OOC t hey   i nc rease   t o  100 

microns,  thereafter  (below -2OOC) they  again  decrease  to   10 t o  20 microns. 
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Figure 2 

Figure 3 

Figure 4 

Microstructure o f  frozen kaolin a t  a temperature of -3OC. 

Microstructure of frozen kaolin a t  a temperature o f  -1OOC. 

Microstructure o f  frozen kaolin a t  a temperature of -35OC. 
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Fiqure 5 

Microcracks i n  ice  inclusions. 

The shape and dimensions o f  the  ice  inclusions and a l s o  the number 
o f  crystals i n  t h e m ,  vary w i t h  the  temperature. A t  8 = -0.5 t o  -5OC the  ice 
inclusions  consist of several   indistinctly  defined  crystals  of  fairly  large 
dimensions (10 t o  100 microns). With a  decrease i n  e t o  -1OOC the  ice  
inclusions assume sharper  out1  ines and become  somewhat small e r  On the 
surface of some o f  the  inclusions curved  cracks  appear as a rule  i ssuing from 
separate  points. Cracks are  not  recorded i n  the -1 5 t o  -25OC temperature 
range. W i t h  a further lowering of  the temperature t o  -30 t o  -35OC the  ice  
inclusions  consist o f  crystals  ranging from one to  several microns i n  s i t e .  
Cracks are  again seen on their  surface b u t  i n  this case  they  are  straight or 
s l ight ly  curved and are  confined  to  the  boundaries of the  microaggregates 
(Figure 5). A t  lower temperatures the  cracks become narrower and fewer i n  
number. 

Unfrozen water was observed  only i n  the -0.5 t o  -1OOC temperature 
range i n  the form o f  films  surrounding  the  fine-grained and clay  particles. 
The thickness of the films decreased as   the temperature became lower. 

The typical  structural and textural  characteristics o f  frozen  clay 
soils a t   d i f f e r e n t  values o f  e which were ascertained from the  electron 
microscope investigations must determine i n  large measure the  variation i n  
the  strength  properties o f  these  soi ls  w i t h  the  temperature. 



- 175 - 

In order t o  estimate  the  role o f  the  individual components i n  the 
development of the mechanical properties  of a frozen  clay  soil I we wi l l  
consider  the  variation i n  i t s  structural  elements and i n  the bonds between 
t h e m .  As already  noted, a s  compared w i t h  the  frozen  soil as a whole, the 
skel eta1  particles  are much (several  orders)  stronger.  Therefore,  the 
dependence o f  the strength o f  these  particles on the  temperature can be 
ignored. 

The results o f  numerous mechanical t e s t s  (compression,  shearing 
and rupture)  of  rapidly d i s i n t e g r a t i n g  fine crystal   ice  indicate  that  d u r i n g  
cooling i n  the temperature  range above -1OOC (involving the  0' t o  -5' t o  -7% 
interval of  rapid  phase transit ions o f  the  water i n  frozen  clay  soils), an 
appreciable  strengthening o f  the ice  occurs. With  a further decrease i n  6 
the  increase i n  i t s  strength i s  insignificant (see Figure 1 ) .  ' I t  must also 
be pointed  out  that  data  exist which indicate a decrease i n  the  strength o f  
t h e  ice  when e drops below -20°C (Zykov, 1969; Shusherina e t  a1 , 1976). 

The t e s t s  using fine  crystal   ice do not  fully  reproduce  the 
characterist ics o f  ground ice.  I t  can be assumed, however, that   the 
principal mechanisms o f  temperature  dependant  changes i n  the  strength o f  both 
types o f  ice  are  similar,  

Accordlngly, the   ro le  of the  mechanical properties o f  i c e  i n  the  
strengthening of frozen  clay  soils i n  t he  course of t he i r  cooling i s  only 
appreciable i n  the  temperature  range  higher  than -1O'C. A t  lower e the  ice 
i s  no longer a determining fac to r .  

We will consider t he  effect  of the temperature on the  strength o f  
the structural bonds extending across a film o f  unfrozen  water. According t o  
a paper by Pekarskaya  (1961) which discusses questions  relating t o  the 
strength o f  frozen  soils i n  the  temperature  range  higher  than -10' t o  -2OoC, 
the  important  role played by unfrozen  water i n  the development o f  the  
mechanical properties o f  these soils is limited t o  the zone o f  rapid  phase 
transit ions  (after N.A.  Tsykovich, 1973) higher  than -5' t o  -7OC. 

As the  data of Shusherina e t  a1 (1974) indicate,  a lowering of 

the e of frozen  clay f rom -22' to -35OC causes a decrease in the  quantity of  
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unfrozen  water (Mu) amounting t o  1.3% i n  a l l ,   w h i l e   t h e   s t r e n g t h  of t h e   s o i l  
i n   t h i s  e range  increases  from 80 t o  160 kg/cm2. With a 1  owering of e from 
-7' t o  -11OC the   va lue  of Nu decreases  by 2%, w h i l e   t h e   s t r e n g t h  changes  from 
30 t o  48 kg/cm2. The most  rapid  increase i n   s t r e n g t h   b e g i n s   a t  a e o f  
approximately -3OoC, when the q u a n t i t y  o f  unfrozen  water  approximates t o  4% 
f o r   t h e   s o i l   i n   q u e s t i o n .  

S t u d i e s   w i t h   t h i s   c l a y   i n   t h e   u n f r o z e n   s t a t e  have shown t h a t  when 
the   mo is tu re   con ten t  of  the   so i l   g radua l ly   decreases  due t o   d r y i n g   o u t   t h e  
s t rength  increases a t  d i f f e r i n g   r a t e s .  When the   mo is tu re   con ten t  o f  unfrozen 

c l a y  reaches  values  corresponding t o  t h e   q u a n t i t y  o f  un f rozen  water   o f   th is  
s o i l  a t  e = -35OC (about 5%), a pronounced  increase i n   t h e   s t r e n g t h  i s  
i n i t i a t e d   ( F i g u r e  6).  

F igure 6 rup tu re  

stren!th kg/qm 

Dependence of  t he   s t reng th  o f  a c l a y   s o i l  on the  moisture  content.  

A one percent  change i n   t h e   m o i s t u r e   c o n t e n t   i n   t h i s   i n t e r v a l  
causes a t w o f o l d   i n c r e a s e   i n   t h e   s t r e n g t h  of t h e  so i l ,  t h a t   i s ,   t h e   p i c t u r e  
i s   t h e  same as t h a t  observed  wi th a lower ing  of the  temperature  below -35OC. 
The typ ica l   mois ture  content   be low  which  the  s t rength  increases  apprec iab ly  
is probably   c lose t o  t he   mo is tu re   con ten t   a t   wh ich   t he  e f f e c t  o f  molecular  
fo rces  of  short-range  order  begins t o  be f e l t .   F r e e z i n g   o r   e v a p o r a t i o n  o f  
t he  film of water  leads t o  i n t e n s i v e   b i n d i n g  of  the  p a r t i c l e s  and t o  a marked 
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increase i n  the bonds  between them. An important  role i n  this i s  evidently 
also played by the increase i n  the  ion  concentration of the pore solution, 
the  precipitation of s a l t s  and the  formation of crystall ization bonds. I t  i s  
interesting t o  note  that a t  a  temperature o f  -3OOC the strengths Q o f  frozen 
clay and ice  equal  108 and 126 kg/cm2 respectively  (Shusherina e t  a l ,  1974), 
while for  the same clay i n  the  unfrozen state  and w i t h  a moisture  content 
corresponding t o  the quantity o f  unfrozen  water a t  e = -3OoC, 0 = 100 kg/cm . 
T h i s  may indicate  that  the  strength o f  the  frozen  soil a t  this temperature i s  
mainly  determined by the bonds  between the  structural  elements o f  the 
skeleton. Although the ice  also fu l f i l l s  a strengthening  role,  the 
importance of i t s  strength  characteristics i f .  f u l l y  commensurate w i t h  the 
strength of the interaggregate  structural bonds. W i t h  a  further  lowering of 
0 the strength o f  the structural bonds begins  to exceed the rupture strength 
o f  the  ice  inclusions. T h u s ,  the  data  (Shusherina e t   a l ,  1974) indicate  that  
a t  6 = -4OoC, i n  frozen  clay u = 160 kg/cm and in i c e  0 = 138 kg/cm2, i .e . ,  
the bonds between the individual  structural  elements are important i n  the 
development of the strength  characteristics of frozen  soil a t  this 
temperature. 

2 

2 

Also at tes t ing t o  the  role of the bonds  and the  individual 
components of the  frozen  soil  are  the  electron microscope studies o f  t h e  
rupture d u r i n g  compression o f  frozen  kaolin a t  the  temperature  values  being 
investigated. 

The microstructural  analysis o f  t he  rupture surface a t  various 
temperatures showed t h a t   a t  a temperature o f  -3OC the  fracturing o f  the 
specimen occurred  mainly  along  the films o f  unfrozen  water. A cleavage  plane 
w i t h  poorly  defined  boundaries l i e s  between the  structural  elements o f  the 
r e l i e f .  Sometimes there i s  crumpling and displacement o f  the film i n  the 
direction o f  shearing. The rupture  tone extended mainly  along the  contacts 
between t h e  microblocks and microaggregates o f  clay  particles,  and sometimes 
along  the  contact between the  soil  aggregate and t he  ice. Almost no crack 
formation was noted i n  the  ice. Sometimes, individual  soil  particles can be 
seen  in  the  ice  crystals  (Savel'ev,  1971).  This  indicates  that  the  strength 
of the bonds  between the  soil   particles and the ice  crystals exceeds tha t  of 
the bonds between the  soil  aggregates, which i s  also confirmed by the data i n  
Figure 7 .  
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Figure,  7 

Rupture  surface of f r o z e n   k a o l i n  a t  a temperature of -3OC. 

A t  a temperature  of -1OOC t h e   r u p t u r e   s u r f a c e   i s   v e r y   d i s t i n c t ,  
w i th   we l l   de f i ned   re l i e f   e lemen ts .  Breakage  occurs  mainly  along  the  contacts 
o f  the  microaggregates  of  the  soi 1 (F igure 8).  A1 so t o  be seen i s   t h e  
format ion  of   cracks,   developing  both  a long  the  contact   between  the clay 
p a r t i c l e s   i n   a r e a s  where ice  format ions  are  absent ,   and  cut t ing  across 
i n d i v i d u a l   i c e   i n c l u s i o n s ,  In cases  where t h e  r u p t u r e  zone  extends i n t o  
reg ions   con ta in ing   i ce   inc lus ions ,   rup tur ing   occurs   a long t h e  contac t  between 
the par t i c l es ,   as   i nd i ca ted  by the  presence o f  m ine ra l   pa r t i c l es   on   t he  
sur face of t h e   i c e   g r a i n s .  

F igure 8 

Rupture  surface o f  f rozen   kao l i n  a t  a temperature o f  -1OOC. 
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A t  a temperature of -35OC a t y p i c a l   f e a t u r e   o f   t h e   r u p t u r e   s u r f a c e  
i s   i t s   l o c a l i z a t i o n   w i t h i n  zones c o n t a i n i n g   i c e   i n c l u s i o n s  and e s p e c i a l l y  
w i t h i n  zones conta in ing  minute  s t reaks o f  p o l y c r y s t a l l i n e   i c e   f o r m a t i o n s .  
That i s   t o  say, i t  i s  p r i m a r i l y   i n  t h e  ice  inc lus ions,   be ing  the  weakest  
p o i n t   i n   t h e  system, t h a t   s o i l   r u p t u r e   b e g i n s .  The format ion o f  microcracks 
i s  noted i n   c e r t a i n  of what are e v i d e n t l y  more s t r e s s e d   i c e   c r y s t a l s .  At 
t h i s   t empera tu re   t he   rup tu re  zone i s  character ised  by a concho ida l   f rac tu re  
o f   t h e  ice c rys ta l s   (F igu re  9) .  

F igure 9 

Rupture  surface o f  f rozen   kao l i n  a t  a temperature of -35OC. 

Both t h e   i c e   i n c l u s i o n s  and the   mic roaggregates   con t r ibu te   to   the  
development of  t h e   r u p t u r e  t o n e .  Frac tur ing  also occurs   a long   t he i r  
b o u n d a r i e s .   I n   t h i s  case the   in te raggregate  bonds a r e   e v i d e n t l y   t h e  
s t rengthen ing   fac to r ,   s ince   w i th   subs tan t ia l   i ce   fo rmat ion   rup ture   occurs  
a long   t he   i ce   i nc lus ions .  As t he   mo is tu re   con ten t   ( i c i ness )  of the f rozen 
s o i l   i n c r e a s e s   i t s   s t r e n g t h   i s  seen t o  decrease  (Veselov, 1963; Shusherina 
and Bobkov, 1968). That t h e   i c e  i s  weaker than  the  contacts  between t h e  
ske le ta l   pa r t i c l es   on   t he  one  hand  and the   con tac ts  between t h e   p a r t i c l e s  and 
t h e   i c e   o n   t h e   o t h e r ,   i s   i n d i c a t e d  by t h e   i c e   e t c h i n g  and the  absence o f  s o i l  
p a r t i c l e s  on the   sur face  o f  t h e   i c e   c r y s t a l s .  

I n  summing up   t he   resu l t s   o f   t he   i nves t i ga t i ons ,   t he  
c h a r a c t e r i s t i c s  of development o f  t he   s t reng th  o f  f r o z e n   c l a y   s o i l s   a t  
d i f ferent  temperatures can be descr ibed  as   fo l lows.   Dur ing   t rans i t ion  o f  t h e  
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so i l   f r om the unfrozen t o  t h e   f r o z e n   s t a t e  an i n t e n s i v e   i n c r e a s e   i n   t h e  
s t rength  occurs.   Th is  i s  due t o   t h e   i n c r e a s e   i n   t h e  number o f   c o n t a c t s   i n  
t h e   s o i l   w i t h   c r y s t a l l i s a t i o n   o f   t h e   i c e  and a l s o  because o f  t h e  augmented 
s t r e n g t h   o f   t h e   i n t r a -  and in teraggregate bonds as a r e s u l t   o f  the decrease 
i n   t h e   t h i c k n e s s  o f  the  water film. The more i n t e n s i v e   r i s e   i n   t h e   s t r e n g t h  
o f   t h e   i c e  as compared t o   t h e   f r o z e n   s o i l   d u r i n g   l o w e r i n g  o f  e f rom -3' t o  

-lO°C can be explained, on t h e  one hand, by  the  growth of c r y s t a l l i s a t i o n  
bonds  and t h e   s t r e n g t h e n i n g   o f   t h e   c r y s t a l l i n e   i c e  framework,  and  on t h e  
other,  by  the  presence o f  a s u f f i c i e n t l y   t h i c k  film o f  water i n   t h e   f r o z e n  
s o i l ,   i n h i b i t i n g   t h e   i n t e r a c t i o n  between t h e   s k e l e t a l   p a r t i c l e s .   I n   t h i s  
range o f  temperatures  the  decrease o f  several   percent i n   t h e   q u a n t i t y  o f  
bound water does n o t  cause t h e   s k e l e t a l   p a r t i c l e s  t o  c l i n g   t o g e t h e r  
s u f f i c i e n t l y   f o r   t h e   a c t i o n   o f   m o l e c u l a r   f o r c e s  between them. But i t  does 
increase t o  some ex ten t   t he   s t reng th  o f  t h e  bonds. T h i s   i s   a l s o   r e f l e c t e d   i n  
t h e   g r a d u a l   r i s e   i n   t h e   s t r e n g t h  o f  t h e   f r o z e n   s o i l  The de termin ing   fac to r  
here i s  t he   s t reng th  of t h e   s t r u c t u r a l  bonds extending across t h e  film o f  
unfrozen  water, as ind icated  by  the  a l ready  descr ibed  rupture  data.  The i c e  
i n   t h i s  case emerges as   t he   f ac to r   s t reng then ing   t he   so i l .   Beg inn ing   a t  a 
temperature o f  approximately - lO°C,  when t h e   c r y s t a l  1 i s a t i o n   o f   t h e   i c e  and 
t h e  development o f  microaggregates i s  f o r   t h e  most  accomplished,  the film of 
unfrozen  water becomes  much th inne r ,   subs tan t i a l l y   i nc reas ing   t he   s t reng th  o f  
t h e  bonds between t h e   p a r t i c l e s .   T h i s   i s   r e f l e c t e d   i n   t h e   i n c r e a s e d  
i n t e n s i t y   o f   t h e   s t r e n g h t e n i n g  o f  the f rozen  so i l   as  the  temperature 
decreases, Here, the  strengthening o f  t h e   i c e   i s   r e l a t i v e l y   s l i g h t .  
P a r t i c i p a t i n g   i n  t h e  rupture  process are the   con tac ts  between the  aggregates 
o f  t h e   s k e l e t a l   p a r t i c l e s  and also t he   mos t   s t ressed   i ce   c rys ta l s  and t h e  
i n t e r c r y s t a l l i n e  bonds of t he   i ce .  

Ev iden t l y  i t  can  be assumed t h a t  i n  the  temperature  range  from 
-10' t o  -3OOC t he   s t reng th  o f  t h e   i n d i v i d u a l   c r y s t a l s  and i n t e r c r y s t a l l i n e  
bonds o f  t h e   i c e   i s  commensurate w i t h   t h e   s t r e n g t h  of  t h e  bonds  between t h e  
s o i l   p a r t i c l e s .  The bond  between t h e   i c e   c r y s t a l s  and t h e   s k e l e t a l   p a r t i c l e s  
proves t o  be t h e   s t r o n g e s t   l i n k .   W i t h  a f u r t h e r   l o w e r i n g  of  the  temperature 
t h e   s l i g h t  change i n  the   th ickness  o f  t h e  film of unfrozen  water  leads t o  a 
marked r i s e   i n   t h e   s t r e n g t h  o f  t h e   i n t r a -  and in teraggregate bonds o f  t h e  
s k e l e t a l   p a r t i c l e s ,  whereas t h e   i n t e n s i t y  o f  t h e   r i s e  i n  the   s t reng th  of t h e  
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i c e  i s  r e l a t i v e l y   s l i g h t .  As a r e s u l t ,   t h e   i c e   i n c l u s i o n s   p r o v e   t o   b e   t h e  

weakest p o i n t   i n   t h e   s t r u c t u r a l  framework o f  t h e   f r o z e n   c l a y  soil, and t h e  
s t rength  o f   the  f rozen clay begins t o  surpass  that  of  t h e  i ce .  The contac ts  
between t h e   s o i l   p a r t i c l e s  emerge as  t he   s t reng then ing   f ac to r ,  as  i nd i ca ted  
by the  data  on  the  decrease i n   t h e   s t r e n g t h  o f  c l a y   s o i l s  as t h e  i c i n e s s  
increases  (Veselov, 1963; Shusherina and  Bobkov, 1968). 

Thus, we can  conclude t h a t   t h e   r o l e   o f   t h e   i n d i v i d u a l  components 
o f  f r o z e n   s o i l s   i n   t h e  development o f  t h e i r   s t r e n g t h   i s   n o t   a l w a y s  
single-valued  and may change  depending  on the   cond i t ions .  Thus, a change i n  
the  temperature may l e a d   t o  the i ce  be ing  t ransformed  f rom a s t r e n g t h e n i n g   t o  
a weakening f a c t o r ,  whereas the   d isengag ing   par t i c les  of  t h e  film of unfrozen 
water become the   s t ren then ing   fac to r  as the   tempera ture   fa l l s .  

I n   a n a l y s i n g   t h e   r o l e  o f  t h e  components o f  t h e   f r o z e n   s o i l  , i t  i s  
also  necessary t o   a l l o w  for the opera t i ng   cond i t i on  o f  t h e   f r o z e n   s o i l .   I n  
t h i s  paper we have d i s c u s s e d   t h e   e f f e c t   o f   i n d i v i d u a l   f a c t o r s  on t h e  
a r b i t r a r i l y   i n s t a n t a n e o u s   s t r e n g t h   o f  soils during  compression. As t h e  
studies  indicate  (Pekarskaya  and  Shloido, 1970; Shusherina, 1974; Shusherina 
and  Vryachev e t  a1 , 1974) the r o l e   o f   t h e  components  of a f rozen   so i l  i n  i t s  
r e s i s t a n c e   t o   r u p t u r e  and compression  can  be  highly  variable. The r o l e  o f  
t h e   d i f f e r e n t  components i n   t h e  development o f   l ong - te rm  s t reng th  will a l s o  
vary,  depending  on  the  temperature,  the  duration  of  the  loading,  etc. 
(Vyalov and  Maksimyak,  1970; Shusherian e t  a1 1975 and others) .  

The foregoing  in format ion makes i t  poss ib le  t o  assess t h e  
complex i ty  and ambigui ty  of the  processes  occurr ing i n  f rozen  so i ls   under  
d i f f e r e n t   c o n d i t i o n s  and i n   p a r t i c u l a r ,  when t h e r e  i s  a change i n  t h e  
temperature.  There i s   c u r r e n t l y  a v a s t  body of data  both  agreeing  with  and 
c o n t r a d i c t i n g  one another. The questions examined i n   t h i s  paper a r e   i n  many 
ways problemat ical   and  are not put  forward as a f i n a l   s o l u t i o n   t o   t h e  
problem. The l a r g e   q u a n t i t y  of f ind ings  and i n v e s t i g a t i o n s   r e l a t i n g  t o  t h e  
s t reng th  and d e f o r m a b i l i t y  of f rozen  soi ls  depending  on  var ious  factors,  
i n c l u d i n g   m i c r o s t r u c t u r e ,   a r e   i n d i c a t i v e  o f  the immense i n t e r e s t   i n   t h e s e  
ques t ions ,   wh ich   requ i re   fu r ther   e labora t ion  and so lu t i on .  
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KINETIC THEORY OF DEFORMATION OF FROZEN SOILS 

S . S .  Vyal  ov 
Research Inst i tute  of  Foundations and  Underground Structures 

Moscow, U.S.S.R. 

Deformation i s  a thermodynamic process by virtue o f  i t s  relation 
t o  the  energy exchange between a given body and the surrounding medium. This 
should be allowed for,  especially i n  the mechanics o f  frozen soi ls ,   s ince 
mechanical and thermal processes i n  these so i l s  are closely  interrelated. 
However, the  course o f  development of  engineering  geocryology was such tha t  
the  aforementioned  processes and the equations  describing them were treated 
separately.   I t  i s  evident,  that i t  would be  more correct t o  describe thermal 
and mechanical processes by a single system o f  equations which  would include 
b o t h  the  external  forces which vary w i t h  time and the  temperature. The 
thermodynamic equations make this possible. A t  the same time, these 
equations are,  i n  a general case, phenomenological equations, since they 
include laws derived from the study of macroprocesses. To ensure t h a t  the 
equations o f  state  would reflect  the  physical  nature of a process, i t  i s  

essential t o  proceed from the  study o f  microprocesses and apply methods of  
molecular  physics. 

Without claiming t o  have solved the problem as  a whole, we shall 
show tha t  deformation o f  frozen s o i l s   i s  well  described  with  the  help o f  the 
kinetic  theory o f  deformation. According t o  this theory,  the  deformation and 
fa i lure  o f  soil  can be regarded  as a .thennoactivated  process  caused by the 
displacement o f  soil   particles as a resul t  of energy of activation imparted 
t o  them. 

The kinetic theory o f  long-term fa i lure  o f  frozen so i l s  was 

discussed by us i n  a previous  comunication (Vyalov, 1973). The present 

Proceedings T h i r d  International Conference on Permafrost, 
Vol. 1, pp. 751 - 755, 1978. 
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paper   const i tu tes an at tempt t o  d e f i n e   t h e   g e n e r a l   p r i n c i p l e s   o f   t h e   k i n e t i c  
theory   o f   de format ion   o f   f rozen  so i l s .  We sha l l   a l so   de r i ve   t he   equa t ion  o f  
s t a t e  of these  so i l s   wh ich   re la tes  the deformation rate t o   t h e   e x t e r n a l  
force,  temperature and phys i ca l   p roper t i es  o f  t h e   s o i l .  

I t  i s  known f rom  exper iments   tha t   the   na ture   o f   de format ion  of 
f r o z e n   s o i l s  may d i f f e r  depending  on t h e   l o a d  and the  temperature  (Figure 1 ) .  
I n  some cases  deformation  attenuates, i n   o t h e r  cases i t  increases 
i n d e f i n i t e l y   b u t   a t  a decreasing  rate.   Deformat ion may also  develop a t  a 

c o n s t a n t   r a t e   s i m i l a r l y   t o  a f low of v iscous  media.   Final ly,  it may develop 
a t  an i n c r e a s i n g   r a t e   t e r m i n a t i n g   i n   f a i l u r e .  The e x i s t i n g   e m p i r i c a l  
equations can descr ibe   on ly  one o f  these  processes. We s h a l l  show t h a t  on 
the  bas is  o f  t h e   k i n e t i c   t h e o r y  i t  i s   p o s s i b l e  t o  o b t a i n  a genera l ized 
equat ion  descr ib ing  a1 1 aforementioned  types o f  deformation. 

F igure 1 

t 
Creep o f  frozen s o i l  . 

1 - progress ive   f low a t  an i nc reas ing   ra te ;  
2 - s t a b i l i z e d   f l o w  a t  a cons tan t   ra te ;  

3 - non-at tenuat ing  f low a t  a decreasing  rate;  
4 - at tenuat ing  creep. 

I n   t h e   l i g h t  o f  t h e  proposed k i n e t i c   t h e o r y  we r e g a r d   t h e   s o i l  as  

a random combination o f  m i c r o s t r u c t u r a l  elements, i .e. m ine ra l   pa r t i c l es ,  
t h e i r  aggregates and ice,   surrounded  by  f i lms of  unfrozen  water and  bonded 
together  by  forces o f  i n t e r p a r t i c l e   i n t e r a c t i o n .  The presence o f  these bonds 
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s t a b i l i z e s   t h e   p o s i t i o n  of the  microst ructura l   e lements  and  the  equi l ibr ium 
s t a t e   o f   t h e  elements  corresponds t o   t h e  minimum o f  the  potent ia l   energy.  I t  
i s  as i f  t h e   p a r t i c l e s  were d iv ided  by  an  energy  barrier  which  keeps them i n  

a s t a t e   o f   e q u i l i b r i u m .  In t h i s   p o s i t i o n   t h e   p a r t i c l e s   a r e   s u b j e c t e d  t o  
the rma l   osc i l l a t i ons  a t  a frequency l/to. To move, t h e   p a r t i c l e   m u s t  
overcome the   energy   bar r ie r  and en ter  a new s t a t e  of equ i l i b r i um.   Fo r   t h i s ,  
act ivat ion  energy  must  be imparted t o  a p a r t i c l e ,   w h i c h   i s   e q u a l   t o   o r  
g rea ter   than  the  bond energy  between  the  part icles, i .e. equal t o   t h e   h e i g h t  
o f  the  energy  barr ier .   Consider ing  the random arrangement o f  a l l   s t r u c t u r a l  
elements and the i r   smal l   d imens ions   re la t i ve  t o  any  given volume o f  s o i l  we 
can  use  the  s ta t is t ica l   approach and a p p l y   t o   t h e   s o i l   t h e  Boltzmann 
d i s t r i b u t i o n  law,  assuming t h a t   t h e  number o f  ac t i va ted   pa r t i c l es   hav ing   t he  
ac t iva t ion   energy  U i s  equal t o  N = N0e -'Ike. Let   us assume f u r t h e r   t h a t   t h e  
average  t ime t dur ing  which a structural   e lement  remains i n   t h e   p o s i t i o n  of  
e q u i l i b r i u m  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   t h e  number o f  act ivated  elements,  
i .e .  i t  i s  equal  to: 

where to = h/ke i s   t h e   p e r i o d  of t he rma l   osc i l l a t i ons  of e lementary   par t i c les  
about   the   equ i l ib r ium  pos i t ion ,  sec; h i s   t h e  Planck  constant,  joule/KO; k i s  
the  Boltrmann  constant,  joule/KO; and e i s   t he   abso lu te   t empera tu re ,  K. 

If t h e   a c t i v a t i o n   e n e r g y   a c t s   f o r  a l o n g   t i m e ,   t h e   p a r t i c l e  moves 
cont inuously  f rom one equ i l i b r i um  pos i t i on   t o   ano the r ,  as if jumping  over  the 

energy  barr iers .  The number o f  such  "jumps" J i n   u n i t   t i m e   i s   p r o p o r t i o n a l  
t o  l/t; i n   t u r n  j def ines   the   de format ion   ra te   dy /d t  = i. Accord ing   to   the  
Newtonian law, t h e   f l o w   r a t e   i s  equal t o  = r/q and  therefore,  according t o  
Frenke l -Eyr ing ,   the   v iscos i ty   coe f f i c ien t  can be expressed  as: 

where A = 6ket0/V, V being  the  molar  volume,  This  expression  holds  for   an 
idea l l y   v iscous   Newton ian   f lu id ,  whose f l o w   r a t e   i s   d i r e c t l y   p r o p o r t i o n a l   t o  
stress.  For  an  nonl inear  viscous medium, Eyr ing  obta ined  the  express ion  for  
v a r i a b l e   v i s c o s i t y :  
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Figure 2 

in. 

b 

minutes  hours days 

Comparison of experimental results with the 
data calculated from equaiion ( 1  2)  

a - creep curves o f  frozen supes ( e  = -5  C )  subjected t o  uniaxial 
compression under the following loads r : 1 - 8.7;  2 - 1 3 . 1 ;  

3 - 14.5; 4 - 17.4 x 10 Q Pa. 
b - creep curves of unfrozen clay s o i l  (kaolin, W = 38%) subjected t o  

shear under the following loads r: 1 - 83; 2 - 90; 3 - 100; 4 - 135; 
5 - 165 x 10 2 Pa; and curves iilustrating deformftion rate vs time: 

r:  6 - 60 x 10 Pa; 7 - 180 x 10 Pa 



This  expression was  used t o  describe creep of unfrozen soi l  
(Mitchell a.o. ,  1968), ice (Dillon a.o., 1967) and frozen soil (Andersland 
a . o . ,  1967).  However, both expressions ( 2 )  and ( 2 ' )  describe only stabilized 
flow a t  a constant rate (curve 2 ,  Figure 2 ) .  This i s  due t o  the f a c t  t h a t  
the  formulae were derived for an idealized medium  whose properties do n o t  
change dur ing  deformation. In real soils, on the  other hand,  deformation i s  
accompanied by a change i n  their microstructure and as a result o f  this  the 
act ivat ion energy varies. Indeed, if a t  a certain moment o f  time tl the 
energy required t o  displace a particle  is  U1,  then a t  a subsequent moment t2 
a different energy U p  will be required because of changes i n  the 
microstructure o f  the  soil , and hence i n  structural bonds, resulting from the 
preceding particle displacement. U2 may be lower or higher than U1 depending 
on the changes i n  structural bonds. 

Hence, the  activation energy of soil i s  a variable which depends 
on the  applied stress r and i t s  dura t ion  t ,  i.e. U = U(r,t). 

Generally speaking, i n  the  kinetic theory processes are  treated a t  
a molecular or an atomic level and U refers t o  the bonds  between molecules o r  
atoms. Deformation o f  soil  results no t  from a displacement of molecules in a 
f l u i d  component and not  from a displacement o f  atoms in mineral particles b u t  
from a displacement of particles themselves (or their aggregates) along films 
o f  unfrozen water. Therefore, when we apply the term "activation energy" t o  
soils, we do so conditionally and imply t h a t  this term stands for the energy 
which must  be imparted t o  a particle i n  order t o  disturb i ts  bonds w i t h  
neighbouring particles. Since the  structure o f  frozen soil  represents a 
combination of mineral particles ( o f  vastly  different  sizes, shapes and 
arrangements), their aggregates and ice, i t  i s  best t o  refer  activation 
energy t o  a certain u n i t  microvolume of  soil and treat the latter  as a 
structural element. 

Let us now examine the changes i n  the  microstructure o f  frozen 
soi 1 due t o  an external load. 

Applied stresses b r i n g  about  a rupture of bonds, displacement of  
particles and their  reorientation and rearrangement a t  the weakest points o f  
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the  structure. The ice-cement melts in the  places of  stress concentration 
and replenishes  the film water. I t   i s  then  squeezed o u t  together w i t h  this 
water and refreezes i n  places of low pressure h a v i n g  attained a state of 
equilibrium a t  given temperature and pressure. A t  the  same time, stress 
application  results i n  a viscous f low of i c e  inclusions. The displacement o f  
particles  is accompanied by the appearance o f  structural  defects,  i.e. 
microcracks, microvoids, etc. When the  density o f  the defects W ,  i .e. the 
degree of damage i n  a u n i t  area o f  the  cross  section, reaches a certain 
critical value W = Wr, the  soil f a i l s .  

The fact  t h a t  there i s  crack formation, as well a s  melting, 
squeezing out  and refreezing o f  ice i n  the soil was confirmed by us earlier 
i n  a series of penetration tests on frozen soils (Vyalov, 1959). Distinct 
cracks formed a t  the  points o f  maximum tangential  stresses ( a t  an angle t o  
the edge of the  plate) could be seen i n  the cross sections of soil  slabs 
subjected t o  penetration tests. The cracks were fi l led w i t h  i c e  which melted 
and was then  squeezed o u t  from under the  plate. In a series o f  
microstructural  investigations, R . V .  Maksimyak (1970) showed i n  exactly  the 
same way t h a t  deformation o f  frozen soil under conditions o f  pure shear i s  
accompanied by displacement and reorientation o f  particles,  ice melting and 
formation of microcracks. 

Disturbance of interparticle bonds, ice melting and development o f  
defects lead t o  weakening of structural bonds. B u t  simultaneously w i t h  this 
the bonds are also strengthened a s  a result o f  rearrangement and better 
compaction o f  particles, par t ia l  restoration of disturbed and formation o f  
new bonds, and refreezing  (regelation) o f  melted and squeezed o u t  i c e .  If 
strengthening predominates  over  weakening,  deformation attenuates. If 
strengthening and weakening are mutually compensated, there i s  a flow a t  
constant rate  (similar t o  viscous flow). However, if weakening i s  the 
predominant process, there will be a nonattenuating,  progressive flow 
terminating i n  failure. 

Based on this, we can express the activation energy a t  any moment 
o f  time as follows: 
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where = U/ke i s  the   re la t ive value of U, ro i s   t h e   i n i t i a l  (prior t o  
deformation)  activation  energy, $ and r2 are the  relative  activation 
energies  required t o  weaken (5) or strengthen (r2) the  structure. The ra t io  
o f  5 t o  r2 determines  the  direction o f  the  deformation process. 

We can  assume tha t  

where W i s  the weakening index  corresponding t o  the degree of structural  
damage due t o  defects,  while $I is the  strengthening  index. 

The pattern of changes of these  indices w i t h  time was shown for 
unfrozen so i l s  by R . V .  Maksimyak (Vyalov e t   a l . ,  1970). Assuming similar 
patterns f o r  frozen  soils, we write: 

1 - w = (1 - WO) (t + . l ) ' K l ? ;  

where r = - ro- r i s  the  stress  level,  ro is   the   s t rength o f  
* 

loading  (instantaneous  strength),:Wo and a. are  t h e  i n i t i a l  
and a, and kl and k2 are parameters. 

Substituting these ra t ios  i n t o  equation (4) and 
l a t t e r  we obtain: 

I tr - dt - t d t  U,= ~1,f r - *  U , = X ~ J - - - -  
0 t + l '  0 t + , l '  

soil under rapid 

( t  = 0)  indices W 

i ntegrati ng the  

whers A, = q k , ,  h2 - - p2k2. I t  follows from th is  (r = const) t h a t :  
- 

I 

U, = +?ln( t  +. 1); U2 = A* In( t  +: 1). ( 7 )  

Accordingly  equation (3 )  will assume the  following form: 

iJ =I 00  + : [ ~ 2  - A ~ T J  l n ( t  +.l). (8) 

This is  the  variable  value o f  activation energy and must be 
included i n  formula (2 ) .  Then: 
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Formula (10) i s  the  equation of the  kinetic  theory o f  deformation 
based on the  aforementioned  physical  processes which occur i n  the 
microstructure o f  so i l .  The respective  parameters of this equation have 

definite  physical meanings: no = e i s  the  ini t ia l   v iscosi ty  o f  

soil  ( a t  r = 0, t = 0); hl  = is  a structural  parameter which 

describes  the tendency o f  soi l  towards weakening o f  structural bonds and 
which depends on the  ra t io  o f  the damaged area a t  t h e  moment of fa i lure  

(1 - wr) = const t o  t he  undamaged area i n  the initiaI:.-state;, a2 = ko , *r 
i s  a structural parameter which characterizes  the tendency o f  soil  tcwards 
strengthening of structural bonds. 

6ket0 Uo/ke 

1 1-wr 

k2 (1 -Q) dU2 

Equations (10) and (11) refer t o  the  case o f  pure shear. For a 
complex stressed  state we have: 

Here 

where r i s  the instanteneous  strength  (the  yield limit) a t  pure shear, Ho 
and A3 are the  parameters o f  bonding ( i n  many cases h3 = 1 so that  
Ho = rs(o)/tg$ where $ i s  the  angle o f  in te rna l   f r ic t ion   a t  an octahedral 
s i t e ;  

s ( 0 )  

ri p &J(o, ,- 0212 +.(02 - 0312 + . ( 0 3  - q ~ ' ;  
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a r e   t h e   i n t e n s i t y  o f  tangent ia l   s t resses and t h e  
r a t e  o f  shear; and (5 = 1/3 (ul + u2 + u3) i s   t h e  rn 

i n tens i ty   o f   the   de format ion  
average  normal  stress. 

Equation (12) de f i nes   t he  dependence o f  the   de format ion   ra te   on  

stress and  describes changes i n   t h i s   r a t e   w i t h   t i m e .  The parameters o f  these 
equat ions   inc lude  the   charac ter is t i cs  o f  s t reng th  (ro, Ho, $). 

From equation (12) we can easily obta in   the   equat ion  o f  creep: 

where Yi (o) i s   t he   cond i t i ona l l y   i ns tan taneous   de fo rma t ion ,  A t  r = const  and 

As we can see, the   na ture  o f  deformation changes i n   r e l a t i o n  t o  t h e  
n ( r ) ,   i . e .   i n   r e l a t i o n   t o   t h e   s t r e s s  level 

X2 "n 
7 = r / ( q  - r )  = 7' 

increases 
acce l   e ra t  
(n > - 1 )  

value  of  

i o n  rate 
i n d e f i n i t e l y :  i. + m (curve 1, F igure 1). This  increase may be 

i n g  (n  < - 1 ), may be constant   (n  = - 1 ) 9 or may be  decreasing 

A t  n = 0, which  corresponds t o  F = A*/+, f = const  and  there i s  
s t a b i l i z e d   f l o w   ( c u r v e  2). 

A t  n > 0, which  corresponds t o  r < $ / A l ,  t h e  deformat ion  ra te 

decreases: 9 -t 0, b u t   d e f o r m a t i o n   i t s e l f   i n c r e a s e s   i n d e f i n i t e l y .  I f  n < 1, 
deformation  increases i n  accordance wi th   the  exponent ia l   law (14) and i f  
n = 1 9 i n  accordance w i t h   t h e  1 ogari  thmic  law: 

Both  these  cases  (curve 3)  are sometimes c a l l  ed "accelerat ing  creep",  
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A t  

Comparison  of  data  calculated  from  the  aforementioned  equations 
w i t h   t h e   r e s u l t s  of creep  tests   on  f rozen  so i ls   under   un iax ia l   compress ion i s  
shown i n  F igure 2 .  The same Figure shows a comparison o f   c a l c u l a t e d   d a t a  
w i th   the   resu l ts   o f   pure   shear   tes ts   on   un f rozen  c lay   (dur ing   to rs ion) .  

Thus equat ion  (12)  descr ibes  d i f ferent  processes o f  deformation of 
f r o z e n   s o i l s ;   t h e   t r a n s i t i o n  from  one  process t o  another depends on   the  
s t r e s s   l e v e l .  It i s   p o s s i b l e   t o   s i n g l e   o u t  two c r i t i c a l   v a l u e s   o f   t h i s  
1 eve1 : 

A t  stresses less than F , creep i s   a t t e n u a t i n g  and the s t ress  rs(l) can  be 
regarded  as  the  creep 1 imit. A t  s t resses Fs(l F < r s ( 2 ) '   t h e r e   i s  
"accelerat ing  creep",  which i s  developing a t  a decreas ing   ra te ,   bu t  
deformation i s   i n c r e a s i n g   i n d e f i n i t e l y .  A t  F &Fs(2), t h e r e   i s  f low a t  a 
constant or an i n c r e a s i n g   r a t e   t e r m i n a t i n g   i n   f a i l u r e .  The s t ress  F 
be regarded  as  the limit o f  long- term  s t rength F 

s ( 2 )  can 
I - 

s ( 2 )  - r-* 

The p a t t e r n  
s t rength  t o  the  du ra t  
(5) having  transformed 

of l ong - te rm  fa i l u re   and   t he   re la t i on   o f   l ong - te rm 
i o n  of loading  can be o b t a i n e d   f r o m   t h e   f i r s t   e q u a t i o n  

So lv ing   th is   equat ion  we o b t a i n  
r V B 

M n M  r =  
ro - r ='  1- ('2".ir' 

In - 
8 

where 

This  equat ion was examined i n   d e t a i l   i n  a previous  communication  (Vyalov, 
1973). 
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With in  a small  range of s t ress  changes, the  parameter n i n  
equation (12) can be cond i t i ona l l y   t aken  as  constant ,   whi le   any  addi t ional  
e f f e c t  of  t he   s t ress  can  be  allowed f o r  by i n t roduc ing  a power r e l a t i o n s h i p  
between  and r .  Equation (12) will then assume the   fo l low ing  form: 

y =  - 1 ,Vm p ,  ( 19) 
70 

which  corresponds t o  the  well-known  empir ical  formula. 

I n   c o n c l u s i o n   l e t  us examine the  deformation  process as a f u n c t i o n  
o f  the temperature of f r o z e n   s o i l .  

According t o  formula (123, the  temperature e(K) i s  inc luded i n   t h e  
f o l l  owing  parameters : 

and 

where 

- 
Q Ke(l - a )  duo 

X 2 = k e =  ke dR 
L e t  us first examine t h e  dependence o f  the   v iscos  

on the  temperature  as  given by equation (20). 
i t y  c o e f f i c i e n t  

Since  the f ’  t fac to r ,  A ,  i s   l i n e a r l y  dependent  on e, whereas i n  

the second fac to r ,  e e appears i n  the  exponent, i .e.  t h e   e f f e c t  o f  e on 
e i s  considerably  stronger  than  on A ,  we can assume t h a t  A = const, as  i t  was 
done i n   t h e   F r e n k e l   t h e o r y   o f   v i s c o s i t y .   F u r t h e r ,   t o  allow f o r   t h e  
experimental l y  determined dependence of  on the temperature, D i  1 l o n  and 
Andersland  (1967)  expressed U w i t h   t h e   h e l p  of  the  fo l lowing  equat ion:  

u , m  

U = H ,  -eS,  (22) 
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where S is entropy,  while H i s  enthalpy ( the  heat of activation).  From this 
we obtain 

I t  is obvious that  equation (23) holds  only a t  0 8 where Bo i s  t h e  

temperature o f  thawing o f  frozen soi l ,   s ince a t  8 = eo the  energy  related t o  
the phase transit ions o f  ice should be allowed for. Therefore, % should be 
referred t o  the  temperature o f  thawing,  denoting a t  8 + 8 0 by %*: 

0' 

We can set 

Then 
.1 H, 

q o / ~ o *  '= exp [- (- - S Wexp I- 1 H 3  - - SI, k e  k e  

From t h i s  
~e 

ke0 8 
70 L qO*txp [ 3 (2 - 111. (25) 

The dependence of viscosity on the  temperature i n  accordance w i t h  
equation (25) i s  shown i n  Figure 3 .  Let us note  that a t  8 = eo there   are  
spasmodic changes i n  viscosity, 

Figure  3 
l o  

12." ' " 
0 ("C) + e (OC) 

oo vs. temperature 
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L e t  US now examine t h e   e f f e c t  o f  the  temperature on the  exponent 
n. According t o  (21), n i s  i nve rse l y   p ropor t i ona l  t o  8. But  a t  t he  same 
t ime,  the  instantaneous  strength ro inc luded i n  equation  (21) i s  a l s o  
dependent  on 8 and i t  can be shown (Vyalov,  1973) t h a t   t h i s  dependence  has 
t h e   f o l l o w i n g  form: 

t* kg 
Sh 

20 - CI (Hs +:BS)/kB In - . (26) 

As the  temperature  increases ( 0  + eo), t he  v a l u e   o f  ro decreases Hence t h e  
exponent n decreases  also  and  depending  on  the r a t i o   o f  terms 6 and i$* i n  

equat ion (21) t h i s  exponent may vary  f rom n < 0 t o  n > 0. The deformat ion 
curves will change i n  accordance wi th   the  temperature (see Figure   1 ) .   Le t   us  
no te   tha t   the   va lue   o f  n should  re fer  t o  the  temperature o f  thawing eo, as i n  
the case of no. 

Thus, the  general ized  deformat ion  equat ion (12 )  makes i t  poss ib le  
t o  descr ibe  var ious forms o f  creep o f  frozen s o i l s  - f rom  a t tenuat ing  t o  
progress ive  creep  terminat ing i n   f a i l u r e .  The na ture  o f  creep will depend on 
the   app l i ed   s t ress  and the  temperature o f  soil. Furthermore,  equation (12) 
makes i t  poss ib le  t o  a l l ow   fo r   s t ress   wh ich   va r ies   w i th   t ime   and   f o r   va r iab le  
temperature,  This i s  done by i n t roduc ing  r = r ( t )  and 0 = e ( t ) ,  Changes i n  

r and e may l ead  t o  changes i n   t h e   n a t u r e  of deformation.  For example, w i t h  
inc reas ing  r and e, a t tenuat ing  creep may be transformed t o  progress ive 
creep, and v i c e  versa, as has been confirmed  by  experiments. 
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PERMAFROST INVESTIGATIONS I N  PIPELINE CONSTRUCTION 

v . V .  Baul  in, G . I .  Oubi  kov, Yu .T. Uvarkin 
I n d u s t r i a l  and S c i e n t i f i c  Research I n s t i t u t e   f o r  

Engineering  Surveys i n  Construction, MOSCOW, U .S .S .R. 
and 

L .S. Garagulya, V .V. Spir idonov 
A l l - U n i o n   S c i e n t i f i c  Research I n s t i t u t e  o f  t h e  

Construct ion  of   Trunk Pi pel  ines, Moscow, U .S .S  .R. 

The development  of o i l  and  gas  deposits i n   t h e   N o r t h  has  brought 
about a sharp  increase i n   t h e  volume o f  special   permafrost   research.  This 
research i s based  on  standard  permafrost  surveys  but  includes  special  features 
d i c t a t e d   b y  the spec i f i cs  o f  t h e   s t r u c t u r e  t o  be b u i l t   ( i t s   d e s i g n  and 
operat ing  reg ime) .   Trunk  p ipe1  ines,   which  o f ten  cross  d i f ferent   permafrost  
zones  and  have various  temperature  regimes i n   d i f f e r e n t   s e c t i o n s ,   i n t e r a c t  
w i t h   t h e   s o i l s   o f   t h e   s e a s o n a l l y   f r e e z i n g   o r   t h a w i n g   l a y e r   a n d   t h e i r   e f f e c t  i s  
l i m i t e d   b y   t h e   p o r t i o n   o f   t h e   p e r m a f r o s t  whose temperatures  f lEctuate 
annua l ly .   Th is  range of depths i s  character ized  by a var iable  hydrothermal 
s o i l  regime,  which a l t e r s   t h e i r  mechanical  and  thermophysical  properties,  as 
w e l l  as act ivat ing  permafrost   processes.   In   connect ion  wi th   th is ,   the  des ign 
o f  p i p e l i n e s   i n   r e g i o n s  o f  widespread  permafrost takes i n t o   a c c o u n t   n o t   o n l y  
t h e   c h a r a c t e r i s t i c s  o f  the  permafrost   which  were  obtained  dur ing the survey 
bu t   a l so   t he   poss ib le  changes i n  permafrost   condi t ions  dur ing  construct ion  and 
operat ion.  Such changes occur   very   rap id ly ,   dur ing  t h e  course o f  i n t e r v a l s  o f  
t ime  which  are commensurate w i th   t he   pe r iods  o f  o p e r a t i o n   o f   t h e   s t r u c t u r e s ,  
and  can r e s u l t  i n   i r r e v e r s i b l e  changes a long  the   p ipe l ine   rou tes   and  ad jacent  
areas. These changes o f t e n  have  an unfavorable  e f fect   on  the  s t ructure  and 
eco log ica l   cond i t ions  of la rge   a reas .   Mu l t ip le   p ipe l ine   cons t ruc t ion   and 
operat ing  exper ience show t h a t  changes i n   n a t u r a l   c o n d i t i a n s   o c c u r  i n  a s t r i p  
whose w id th  i s  comparable t o  t h a t  of r i v e r   v a l l e y s .  Measures l i m i t i n g   t h e  

Proceedings  Third  Internat ional   Conference on Permafrost, 
Vol. 1, pp. 773 - 778, 1978. 
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e f f e c t   o f   p i p e l i n e   c o n s t r u c t i o n   o n   t h e   e n v i r o n m e n t ,   o r  measures wh ich   con t ro l  
such  e f fects ,   are  an  impor tant   task  for   the  nat ional  economy inasmuch a s  t h i s  
makes use  of   the  possible systems  and  ensures t h e  necessary  ecological 
cond i t ions .  Such measures i nc lude :   se lec t i on  of t h e  best p i p e l i n e   r o u t e ,  
opt imum  design  solut ions,   and  construct ion  techniques,  taking  into  account  the 
na tura l   cond i t ions ,  development  and  implementation o f   p r o t e c t i v e  measures,  and 
l a n d  improvement. I n  o r d e r   t o   c a r r y   o u t   t h e  above  measures, s tud ies   a re  
c a r r i e d   o u t  of t he   ma in   p r i nc ip les  o f  permafrost   format ion and of t h e  
engineer ing and geo log ica l   cond i t i ons ,   and   a l so   t he   i nd i v idua l  and  combined 
e f f e c t s  o f  var ious  natura l   factors   on  the above; f o recas ts   a re  made o f   t h e  
changes i n   n a t u r a l   c o n d i t i o n s   a l o n g   t h e   p i p e l i n e s   d u r i n g   t h e   p e r i o d   o f  
cons t ruc t ion  and th roughout   the   per iod   o f   opera t ion .  Such in fo rmat ion  i s   t h e  
basic  content  of   the  permafrost ,   engineer ing and geological   surveys  which  are 
c a r r i e d   o u t  a t  a l l  stages i n   t h e   d e s i g n  o f  t r u n k   p i p e l i n e s .  

P u b l i c a t i o n s   o f   t h e  All Union S c i e n t i f i c  Research I n s t i t u t e  for t h e  
Construct ion of Trunk  Pipel ines,   the All Union   Sc ien t i f i c  Research I n s t i t u t e  
o f  Hydrology  and  Engineer ing  Geology,  the  Industr ia l  and S c i e n t i f i c  Research 
I n s t i t u t e  for Engineering  Surveys and C o n s t r u c t i o n ,   t h e   S t a t e   I n s t i t u t e   f o r  
the   P lann ing  of  Foundations and  Underground Structures,  Moscow S t a t e  
Un ivers i ty ,  and the  exper ience of design and  survey  organizat ions  of   the 
M i n i s t r y  o f  the  Gas Indust ry ,  U.S.S.R., were a l l  used i n   t h e   p r e p a r a t i o n  o f  
t h i s  report. 

PERMAFROST RESEARCH FOR TECHNICAL AND ECONOMIC VALIDATION 
OF TRUNK PIPELINE CONSTRUCTION 

There i s  no consensus  on t h e  need t o  car ry   ou t   permaf ros t   s tud ies  
on  which t o  base the   cons t ruc t ion  of  t r u n k   p i p e l i n e s   i n   t h e   n o r t h e r n   p a r t  o f  
the  Soviet  Union. The s i t u a t i o n   i s   s i m i l a r   w i t h  respect  t o   t he   requ i remen ts  
for   basic  informat ion,   which  must be known i n  order  t o  s e l e c t   t h e   b e s t  
p i p e l i n e   r o u t e s .  Recent   des ign  survey  and  sc ient i f ic   research  pract ice,  
however, show t h a t   t h e   s e l e c t i o n  of the best p i p e l i n e   r o u t e s  and cons t ruc t ion  
methods for l a y i n g   t r u n k   p i p e l i n e s  must  be t e c h n i c a l l y  and economical ly 
val idated  on the bas is   o f   permafrost   surveys ( a t  a s c a l e   o f  
1 : 100,000 - 1 : 200,000) c a r r i e d  o u t  a long  poss ib le   routes.  A c h a r t  o f  t h e  
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operat ions  requi red t o  accompl ish  th is  i n  unsurveyed  areas  with  complex 
permafrost   condi t ions i s  shown i n  Table I .  

I n  the  f i r s t  stage o f  t he   pe rmaf ros t   s tud ies   t he   ava i l ab le   ae r ia l  
survey  data are used t o  eva lua te   the   permaf ros t   cond i t ions   over   the   en t i re  
c o n s t r u c t i o n   t e r r i t o r y   ( T a b l e  I I ) ,  and i n i t i a l l y   f a v o r a b l e  and  unfavorable 
sections  are  determined. The f o l l o w i n g   a r e   a l s o   e v a l u a t e d :   a )   s e n s i t i v i t y  of 
var ious  types of  t e r r a i n   t o  removal of the  ground  cover, t o   t h e  mechanical 
e f f e c t s   o f   v e h i c u l a r   t r a f f i c ,   t o   l e v e l l i n g   o f   t h e   l a n d ,   t o   e a r t h  moving 
operations,  and t o  the  thermal  ef fects o f  t he   p ipe l i nes ;   b )   poss ib le   reg iona l  
changes in   the  ter ra in ,   geobotanica l ,   hydro log ica l   and  hydrogeologica l  
cond i t ions   dur ing   cons t ruc t ion  and opera t ion  o f  t he   p ipe l i nes ;  c )  t h e   s i n e   o f  
t h e  t e r r i t o r y   o v e r   w h i c h  changes will occur i n   t h e   n a t u r a l   c o n d i t i o n s   a s  a 
r e s u l t   o f   t h e   c o n s t r u c t i o n  and opera t ion  o f  t he   p ipe l i nes .  

The most  promising  routes  are  chosen  on  the  basis o f  these 

evaluations,  which  ensure, i n   g r e a t  measure, the d u r a b i l i t y  o f  t h e   p i p e l i n e  
and t h e   s a f e t y  o f  the  environment. 

The  second s tage  inc ludes   work   on   the   bes t   rou te   var ian ts  i n  o rder  

t o   s e l e c t   t h e   b e s t   d i r e c t i o n ,   t h e   b e s t   d e s i g n   s o l u t i o n s ,   t o   d e v e l o p   t h e  
technical  regimes for pumping the  product,  and t o  s e l e c t   t h e   b e s t  measures f o r  
control l ing  the  permafrost ,   engineer ing,   and  geological   processes. The most 
impor tan t   pa r t  o f  t h i s   s t a g e   i s  mapping the  permafrost   a long  the  poss ib le  
routes,   as  wel l   as  monitor ing the  permafrost  processes  and  temperature  regime 
o f  the  permafrost i n   o r d e r   t o   e s t a b l i s h  and quan t i t a t i ve l y   eva lua te  the  r o l e  
o f  i nd i v idua l   na tu ra l   f ac to rs  i n  the   f o rma t ion  o f  permafrost. These da ta   a re  
also  used i n  subsequent  stages o f   p l a n n i n g  and  preparat ion of the  work ing 
drawings i n  o r d e r   t o  draw  up the  permaf ros t   f o recas t   f o r   t he   pe r iod  of 
cons t ruc t i on  and  operation o f  t he  p i p e l i n e .  The cartographic  permafrost   data 
which  are needed for knowledgeable  select ion o f  t h e   b e s t   t r u n k   p i p e l i n e   r o u t e  
o v e r   t h e   t e r r i t o r y ,  and i n  o r d e r   t o   s u b s t a n t i a t e   d e s i g n   s o l u t i o n s   d u r i n g   t h i s  
s tage,   a re   a lso   co l lec ted  and p a r t i a l l y   c h a r t e d ,   i n   a d d i t i o n   t o   d a t a  on 
meteoro log ica l   condi t ions,   ter ra in ,   vegetat ion,  and hydrology. Such data  
include:  a)  physico-mechanical  propert ies o f  t h e   s o i l s ;   b )   l i t h o l o g i c a l  
composition of the  seasonal ly   f reez ing  layer  and of  the u n d e r l y i n g   r o c k s   t o  a 
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depth o f  10 - 1 5  m ;  c )   d a t a   o n   t h e   d i s t r i b u t i o n  o f  f rozen and  unfrozen  soi ls,  
t h e i r  mean annual  temperature,  depth of seasonal  freezing  and  thawing, 
th ickness  o f  the f r ozen   l aye r ,  and th ickness o f  t he   l aye r   w i th   annua l  
temperature changes; d )   da ta   on   f rozen  g round  fea tures ,   and  the   ra te   a t   wh ich  
the  processes  involved  proceed;  e)   data  on  the  strat igraphic  and  genet ic 
a f f i l i a t i o n  o f  the   depos i ts  and  geomorphological  elements o f   t h e   t e r r a i n ;  f) 
data on groundwater   ( leve l   depth,   quant i ty ,   corros ive  proper t ies) .  

These da ta   a re   used   t o  do the   f o l l ow ing :  a )  c a l c u l a t e   t h e   p o s s i b l e  
changes i n   t h e   t e m p e r a t u r e   r e g i m e   o f   t h e   s o i l  of  the  main  types of t e r r a i n  
traversed  by  the  route,  depending  on  the  methods  used t o  l a y   t h e   p i p e l i n e  
( a l t e r n a t i v e   v a r i a n t s   a r e  examined),  ?and  various  parameters for the  regime o f  

pumping the   p roduc t ;   b )   the  rate of development o f  permafrost,  engineering, 
and  geological  processes  are  evaluated,  as i s   t h e i r   d u r a t i o n   i n   v a r i o u s   t y p e s  
o f  t e r r a i n  depending on t h e  method of cons t ruc t i on  and the   p ipe l ine   reg imes;  
c )  changes are  evaluated i n  the   reg iona l   na t i ona l   cond i t i ons   a long   t he   rou te ,  
as  caused  by t h e   i n t e r r e l a t i o n   o f   t e r r a i n   t y p e s   w i t h   v a r i o u s   t e c h n o l o g i e s  
du r ing   cons t ruc t i on ;   d )   t he   e f fec t i veness   o f  measures for c o n t r o l l i n g  
processes of change i n   t h e   n a t u r a l   f a c t o r s ,   i n   o r d e r   t o   e n s u r e  the s t a b i l i t y  
and safety  o f  the  environment, i s  determined. 

PERMAFROST RESEARCH FOR ENGINEERING DESIGN AND 
PREPARATION OF WORKING DRAWINGS 

The type and extent   o f   s tud ies o f  t h e  chosen r o u t e   a r e   d e t e m i n e d  
depending  on  the  complexity o f  the  permafrost  condit ions,  the  planned  method 
for l a y i n g   t h e   p i p e l i n e ,  and i t s  design. The permafrost  survey i s  planned  on 
the   bas i s  of t h e  above. Complete l a b o r a t o r y   i n t e r p r e t a t i o n  o f  l a rge   sca le  
aer ia l   photographs,   inc lud ing  detect ion of natura l   s igns o f  permafrost, i s  
ca r r i ed   ou t   du r ing   t he   eng inee r ing   des ign   s tage   p r i o r  t o  f i e l d   i n v e s t i g a t i o n  
of t h e  chosen route.  Analyses o f  r e p o r t s  and o t h e r   a v a i l a b l e   m a t e r i a l s  are 
used to   compi le  a pre l im ina ry  map of the   na tura l   m ic roreg ions  and a schematic 
permafrost map.  An approximate  descr ipt ion o f  t he   ex ten t  o f  permafrost, i t s  

composition,  temperature and engineering and geological  processes and 
phenomena, a re   g i ven   f o r  each  microregion. 
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F ie ld   s tud ies   wh ich   a re   ca r r i ed   ou t   du r ing   t he   eng inee r ing   des ign  
stage of  a p i p e l i n e   p r o j e c t   f o l l o w   t h e   " k e y "  method  which i s  based  on 
rn ic ro reg iona l i za t ion  o f  t h e   t e r r a i n  and c o n s i s t s   i n   d e t a i l e d   s t u d y   o f   t h e  
permafrost i n   t h e   c h a r a c t e r i s t i c  (base)  sections o f  the   rou te ,   wh ich   a re  
c a l l e d  ''key" sect ions.  Less d e t a i l e d   s t u d i e s   a r e   c a r r i e d   o u t   o v e r   t h e   r e s t  o f  
the  route  (ground,   aer ia l   e tc . ) .  The number and  area  of  key  sections i s  
determined  on  the  basis of the   complex i ty  of permafrost   condi t ions.  In zones 
of  epigenetic  permafrost 3 t o  8 key  sect ions  per  100 km o f   t he   rou te   a re  
recommended. I n  zones of  syngene t i c   pe rmaf ros t ,   w i th   t he i r   cha rac te r i s t i c  
sheet  and  vein  ice,   the number of key  sect ions may i n c r e a s e   s i g n i f i c a n t l y ,  
w i t h  a simultaneous  increase i n  the  d e t a i l  o f  the  survey. Thus, i n   t h e  f o r e s t  
tundra and no r the rn   t a iga   reg ions  of West Siber ia ,  where the  most   impor tant  
petroleum and gas deposi ts   are  located,   the  widths o f  t h e  mapped zone i n  key 
sect ions changes from 2 t o  4 km, w i t h  a l eng th  o f  10 km.  When c ross ing   l a rge  
water  courses  the zone wid th  may reach  10 - 20 km i n   o r d e r   t o   e v a l u a t e   v a r i o u s  
areas 

The permafrost  survey  scale  must not  be  smal ler   than 1 : 25,000 i n  
key  sect ions.  The type and approximate volume o f  work i nvo lved i n  surveys 
dur ing  the  engineer ing  des ign and  work  drawing  stage  are shown i n  Table 111. 

The basic  requirement of  key  sect ions i s   t h a t   t h e y   c o n t a i n   a l l  of  
the  microregion  types  which are encountered  along  the  route. The permafrost 
studies  must  cover a l l   o f   t h e   g e o l o g i c a l  and genet ic  omplexes  and a l l  o f  t h e  
types of  seasonal ly   and  perennia l ly   f rozen  so i ls   which  are  typ ica l  of  t h e  
reg ion .  The mechanisms of  change o f  the  permafrost   condi t ions  which  are 
observed i n   t h e  key   sec t i ons   a re   ex t rapo la ted   t o   t he   en t i re   p ro jec ted   t runk  
p i p e l i n e   r o u t e .  A spec i f ic   permafrost  map o f   t h e   p i p e l i n e   c o n s t r u c t i o n   b e l t  
i s  compiled  on t h i s   b a s i s .  The p o s i t i o n  o f  t h e   p i p e l i n e   a x i s   i s   e s t a b l i s h e d  
on the   bas is   o f   the   permaf ros t   research   dur ing   th is   s tage.   Dur ing   the  
engineer ing  design stage a f o r e c a s t   i s  made o f   t h e  changes i n   t h e   n a t u r a l  
cond i t ions ,  and c a l c u l a t i o n s   a r e   c a r r i e d   o u t  of the thermal  and  mechanical 
i n t e r a c t i o n  o f  t h e   p i p e l i n e   w i t h   t h e   f o u n d a t i o n   s o i l s   i n   o r d e r   t o   r e f i n e   t h e  
design  solut ions  and t i e  them i n  t o  t h e  ac tua l   cond i t ions   a long  the   rou te ,  t o  
es tab l i sh   the   requ i red   s t rength   o f   cons t ruc t ion ,   to   de termine   the   necessary  
land improvement measures a s  necess i ta ted   by   the   cond i t ions   a long  the   rou te ,  
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and t o  work ou t   t he   ope ra t i ona l  procedures:   Forecast ing  dur ing  th is   s tage 

inc ludes:  a )  eva lua t ion  of changes i n  t h e  soi l   temperature  regime  and 
format ion of seasonal or  long-term  areas of thawing  ( f reez ing)  of t h e   s o i l s  o f  

a l l  of the  types o f  ter ra in   crossed  by  the  p ipe l ine,   depending  on  the 
cons t ruc t i on  methods  and the  engineering  parameters; b )  c a l c u l a t i o n   o f   t h e  
change i n   t h e   t e m p e r a t u r e  o f  t he   wa l l  o f  t he   p ipe  and o f   t he   p roduc t   a long   t he  
l eng th  o f  t he   p ipe l i ne ;   c )   eva lua t i on  o f  changes i n   t h e   p h y s i c a l   a n d  
mechanical   propert ies of t h e   s o i l s   a l o n g   t h e   r o u t e   i n   c o n n e c t i o n   w i t h  changes 
i n  the i r   tempera ture  and moisture  regimes; d )  f o recas t i ng  o f  the  development 
o f  permafrost,  engineering and geological   processes,  and  calculat ion of t h e i r  
e f f e c t s  on t h e   p i p e l i n e s  and suppor t   s t ructures;   e)   determinat ion of  t h e   s e t  
of measures f o r   e n s u r i n g   r e l i a b l e   p i p e l i n e   o p e r a t i o n  and p r o t e c t i o n  of  t h e  
environment  a long  speci f ic   sect ions o f  t he   rou te .  

Pe rmaf ros t   s tud ies   f o r  the working  drawings  are  carr ied  out  a long 

t h e   p i p e l i n e   a x i s  and a re  1 i m i t e d  t o  a 0.5 km-wide b e l t   a l o n g  t h e  e n t i r e  
p i p e l i n e   r o u t e .  A wide  range o f  ground  level   operat ions i s   c a r r i e d   o u t   d u r i n g  
t h i s  stage, predominant ly  a long  the  axis o f   t h e  proposed  pipel ine.  The 
working  scale for these  surveys i s  1 : 5,000. I n   a d d i t i o n   t o   t h e   s p e c i a l  
permafrost map, a permafrost   cross  sect ion i s  compi led  a long  the  route  ax is ,  
showing the  main  permafrost   character ist ics  (structure,   composi t ion,   moisture 
content,  thaw  sett lement  temperature, etc.),  as  wel l   as a tab le   wh ich  
summarizes the   cons t ruc t i on   p roper t i es .  

One of the  forecast ing  tasks  dur ing  the  work ing  drawing  s tage i s  
v e r i f i c a t i o n  and c o r r e c t i o n  o f  the  thermophysical and thermal  engineer ing 
ca lcu la t ions   per fo rmed  ear l ie r ,  i n  connect ion  wi th  changes i n   t h e   p o s i t i o n   o f  
t he   rou te   ax i s ,  changes i n   t h e   d e s i g n   s o l u t i o n s ,   o r  changes i n   t h e   o p e r a t i o n a l  
parameters of t h e   p i p e l i n e .  

FORECASTING METHODS 

Forecast ing  dur ing  the  design o f  t r u n k   p i p e l i n e s  may be  performed 

us ing   t he   we l l  known methods o f  model l ing,   analogy,   genet ic   c lass i f icat ion 
ex t rapo la t i on ,   i n te rpo la t i on ,  and exper t   eva luat ion.  
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Model l ing of permafrost  and  geological  processes  and  situations,  as 
wel l   as the i n t e r a c t i o n  o f  p ipe l ines  wi th   the  env i ronment   can  be  log ica l ,  
mathematical   and  physical   ( f ie ld and labo ra to ry ) .  

1,   Logical   models  are  the first stage i n  model l ing of any  type. 
They use  geological  concepts and genera l i za t ions  t o  express  the  researcher 's 
ideas  on  the  format ion of the  permafrost,  engineering and geo log ica l  
cond i t ions ,  and  on t h e   i n t e r a c t i o n  of  t h e   p i p e l i n e s   w i t h  the  environment. The 
p o s s i b i l i t y  of us ing   ex is t ing   fo rmula t ions   fo r   ac tua l   cons t ruc t ion  i s  
determined,  depending  on  the  logical  models  which  are  used,  and new problems 
wh ich   requ i re   add i t iona l   research   a re   fo rmula ted .   For   th is   reason  log ica l  
model s a r e   c o n s t r u c t e d   i n   t h e   e a r l y   s t a g e s   o f   r e s e a r c h .  

2 .  Mathematical  modell ing has become widely  used i n  fo recas t ing  
processes o f  i n t e r a c t i o n  between p i p e l i n e s  and the  environment a t   a l l  stages 
o f  research. The mathemat ica l   models   are  c lass i f ied  in to   the  determinate  and 
t h e   s t a t i s t i c a l   t y p e s .  The former  include  various  equations,  graphs,  and 
nomograms exp ress ing   t he   f unc t i ona l   re la t i on  between the c h a r a c t e r i s t i c s   o f  
t h e   s o i l s  and  processes  occurr ing  wi th in them, and the   na tu ra l   f ac to rs  and 
parameters of the  structure.   Determinate model research i s   c a r r i e d   o u t   u s i n g  
a n a l y t i c a l  methods  and  computers. An example o f   t h e  use of such  models f o r  
f o recas t i ng  changes i n   t h e  permafrost ,   engineer ing  and  geological   condi t ions 
a t   a l l  stages o f  pipel ine  des ign,  i s   t h e  method  developed a t  the  Permafrost  
Department, Moscow S ta te   Un ive rs i t y   under   t he   d i rec t i on  of V .A. Kudryavtsev. 
Th is  was found t o  be a v e r y   f r u i t f u l  method f o r   s t u d y i n g   t h e   p r i n c i p l e s   o f   t h e  
format ion and  dynamics of seasonal  and  long term permafrost,  and  attendant 
processes and phenomena.  The spec ia l i zed  methods  developed a t   t h e  All Union 
S c i e n t i f i c  Research Ins t i t u te   f o r   t he   Cons t ruc t i on   o f   T runk   P ipe l i nes   f o r  
fo recas t ing   the   thermal   in te rac t ion  of p ipe l ines   w i th   permaf ros t   use   so lu t ions  
to  Stefan's  problem  for  determinate  models t o  es tab l i sh   t he   dep th  o f  thaw o r  
f reez ing  under   the  p ipe a t  any  given moment. Determinate methods are   inc luded 
among the  methods for  forecasting  permafrost  processes  developed a t   t h e  All 
Union  Sc ien t i f i c  Research I n s t i t u t e  of Hydrology  and  Engineering  Geology. 

An advantage of t h e  above method i s   t h e   p o s s i b i l i t y  o f  study ing a 
par t i cu la r   p rocess  i n  r e l a t i o n   t o  a l a r g e  number o f  v a r i a b l e  and i n t e r r e l a t e d  
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f a c t o r s   i n  a r e l a t i v e l y   s h o r t   p e r i o d  o f  t ime and w i t h  minimum manpower 
requirements. However, inasmuch  as  ,determinate  models  are  simpli f ied, t h e  
results depend  on the  accuracy of  determinat ion  and  choice of  t h e   i n i t i a l   d a t a  
ob ta ined  dur ing   the  permanent  survey.  These  problems  have been d e a l t   w i t h  i n 
papers of  t h e  All U n i o n   S c i e n t i f i c  Research I n s t i t u t e   f o r   t h e   C o n s t r u c t i o n   o f  
Trunk  P ipe l ines,   the All  Un ion   Sc ien t i f i c   Research   I ns t i t u te  of  Hydrology  and 
Engineering  Geology,  and  the  Industr ial and S c i e n t i f i c  Research I n s t i t u t e   f o r  
Engineering  Surveys i n  Construction. 

S t a t i s t i c a l   ( p r o b a b i l i t y )  models  are  equations i n  which  independent 
var iab le   va lues   a re   g iven  as random v a r i a b l e s .   S t a t i s t i c a l l  models  are  more 
complete  than  determinate  models  and  correspond  more  closely t o   r e a l  
processes. The d i f f i c u l t y   i n   u s i n g   s t a t i s t i c a l  models f o r   f o r e c a s t i n g  changes 
i n  permafrost,  engineering and geo log ica l   cond i t i ons   a long   p ipe l i ne   rou tes  
p r e s e n t l y   l i e s   i n   t h e  absence o f   t he   necessa ry   da ta   f o r   desc r ib ing   t he  
p r o b a b i l i t y   o f   e v e n t s  and proper t ies  which  determine  the  s i tuat ion  be ing 
forecasted.  Work on  the  use of such schemes i s  be ing  carr ied  out   by  the  State 
I n s t i t u t e   f o r   t h e   P l a n n i n g  of Foundations  and  Substructures  and  by Moscow 
S ta te   Un ive rs i t y .  

3. Physical   (natural  ) model1 ing  can  include  exper imental   research 
a t   t e s t   s e c t i o n s  and i n  operat ional   areas. The advantage o f  t h i s  method l i e s  
i n   t h e  f a c t  that  permafrost,  engineering  and  geological  processes  and 
phenomena  whose ac t i on   i s   expec ted   a long   t he   rou te   a re   rep roduced   i n   an  
undis tor ted  form i n  such  models. The long  experimentation  t ime  and  the  need 
t o  dev ise a 1 arge number of models i n   o r d e r   t o   s t u d y   t h e   e f f e c t  o f  var ious  
n a t u r a l   f a c t o r s   i n d i v i d u a l l y  and i n   s p e c i f i c  combinations on t he   ope ra t i on  o f  
t h e   p i p e l i n e s  limits the  use o f  t h i s  method, e s p e c i a l l y   i n   s o l v i n g   p r o b l e m s  
which  already  have  developed and researched  mathematical  models.  Natural 
model l ing i s  of s i g n i f i c a n c e   i n   s o l v i n g   s p e c i a l  problems o f  t h e   i n t e r a c t i o n   o f  
p ipe1  ines  wi th  the  environment and f o r   v e r i f y i n g   t h e   v a l i d i t y  of fo recas ts   o f  
chang ing   cond i t i ons   a r r i ved   a t  by o ther  methods. Natural  models  should  be 
s t u d i e d   a t   a l l   s t a g e s  of research. 

Re l iab le   resu l ts   can   a lso  be  obta ined  by  s tudy ing  laboratory  
models. Labora tory   tes t ing  o f  s o i l s   i s   i r r e p l a c e a b l e  f o r  f o recas t i ng  changes 
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in  their  properties. When dealing w i t h  certain problems o f  the  interaction 
between pipelines and soils under laboratory  conditions i t  i s  d i f f i c u l t  t o  
ensure a similari ty between the model and the  actual  site. In such cases f u l l  
scale models must be created and tested. 

Laboratory modelling can also  include  the  modelling  of  processes 
w i t h  the  aid of analog machines. ' In this case  the  process under study i s  
replaced by any other  (for example, hydraulic,  or  electrical), which has  an 
analogous  mathematical  expression. Analog modelling i s ,  to  a significant 
extent, an abstraction  of  the  actual s i t e  inasmuch as  analog ins ta l la t ions  
essentially s o l v e  mathematical  equations. 

Installations based on the system devised by V.S. L u  k'yanov a re  
widely used for  studying the mechanisms o f  permafrost  formation  along  pipeline 
routes, and changes i n  t h e m  as  the pipelines  are b u i l t .  Analog modelling o f  
these  processes i s  carried o u t  mainly dur ing  the engineering design and 
working drawing stage i n  order t o  solve complex, non-standard  problems, t o  
study  the dynamics o f  thermal  process, and t o  check results  obtained by 
approximation. 

The next method o f  forecasting  the  interaction o f  pipelines w i t h  
the i r  environment, used a t   a l l  s t a g e s  o f  research, i s  the method o f  analogies. 
Using this method changes i n  the  natural  conditions  of  future b u i l d i n g  s i t e s  
are  forecast on the  basis o f  study of  similar  structures which have been b u i l t  
i n  similar  areas, having  comparable permafrost,  engineering and geological 
conditions  prior  to  construction. Study of  past b u i l d i n g  experience  can be 
conducted ei ther  d u r i n g  routine  field  investigations o f  existing  pipeline 
routes  or by aerial  surveys. The method o f  analogies i s  of a predominantly 
qualitative  nature. The quantitative  evaluations which are  obtained by means 
o f  i t  are  approximations. This method does, however, have certain  advantages 
over model 1 i ng . 

The resul ts  of forecasting changes i n  natural  ccnditions by means 
of  modelling methods pertain t o  a specific  area;-they  apply t o  a particular 
type of terrain and to  a specific  pipeline  cross  section. Such forecasting 
ref lects   the  interrelat ion of factors and processes w i t h i n  the  confines o f  a 
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p a r t i c u l a r   t y p e  of t e r r a i n ,  and eve ry   t e r ra in   t ype  bears a p a r t i c u l a r   r e l a t i o n  
t o  the  types of ter ra in   which  surround i t . For t h i s  reason, changes i n  t h e  
n a t u r a l   c o n d i t i o n s   a l o n g   i n d i v i d u a l   s e c t i o n s   o f   t h e   r o u t e   c a n   r e s u l t   n o t   o n l y  
f r o m   t h e   d i r e c t   e f f e c t  of cons t ruc t ion   work ,   bu t   a lso   by  changes i n   t h e  
condi t ion  of   adjoining  sect ions.   Surface  and  groundwater,   for   example,  
e x h i b i t  a reg iona l   cha rac te r .   I n  areas o f  excess  ground  moisture  the  p ipel ine 
rou tes   beg in   t o   ac t  as  dra ins ,   channe l l ing   sur face  and  groundwater. Change i n  
the   so i l   mo is tu re   reg ime and t h e  appearance o f  a seasonal o r  constant  ground 
f l o w   g i v e s   r i s e   t o   a c t i v e   e r o s i o n  and  undermining, and t o   a l t e r a t i o n  of t h e  
r e l i e f  of t h e   p i p e l i n e   r o u t e .   F l o o d i n g   a l o n g   t h e   r o u t e   r e s u l t s   i n  changes i n  
the   p lan t   comnun i t i es ,   a l t e ra t i on  o f  t h e   s a l t   c o n t e n t  of  t h e   s o i l ,   e t c .  
S im i la r   reg iona l  changes  can be f o recas t   on l y   by   s tudy ing   t he   i n te r re la t i ons  
o f   v a r i o u s   t e r r a i n  types and  changes i n  them which  are caused by  the  
c o n s t r u c t i o n   o f   p i p e l i n e s .  

Using  bui ld ing  exper ience  and  repeated  aer ia l   photographic  surveys, 
t he  method of analogies  can  successfully  be  used t o   f o r e c a s t  such  regional  
changes i n   t h e   n a t u r a l   c o n d i t i o n s .  

Forecast ing  of   the  extent  and  nature o f  permafrost  processes, 
t a l i k s ,  and wedge i c e   i s  per fo rmed,   us ing   genet ic   c lass i f i ca t ion ,  on the   bas i s  
o f  t h e i r  cause  and  effect  nature.  This i s  poss ib le  because  they   re f lec t   the  
necessary  conditions  for  the  appearance  and  development o f  the  process.  This 
i s  a good method  and i s  used p r i m a r i l y  durSng the   ear ly   s tages  o f  research t o  
evaluate  condi t ions  a long a1 te rna te   rou tes .  

Ex t rapo la t i on  and i n t e r p o l a t i o n   a r e  used  dur ing a l l  stages o f  
research  both t o  forecast  changes i n   t h e   n a t u r a l   c o n d i t i o n s   d u r i n g   t h e   p e r i o d  
of cons t ruc t i on  and f o r   s p a t i a l  changes.  Spatiotemporal  extrapolat ion i s  
often  used. A n e c e s s a r y   c o n d i t i o n   f o r   e x t r a p o l a t i o n   i s  a demonstrat ion  that  
the  tendencies  toward change i n  the process,  which were establ   ished i n   t h e  
t e s t e d   i n t e r v a l   a r e   p r e s e r v e d   i n   t h e   i n t e r v a l   ( t e m p o r a l   o r   s p a t i a l )   o v e r  
wh ich   ex t rapo la t ion  i s  be ing  carr ied  out .  For long   fu tu re   t ime  per iods   and 
fo r   reg ions   (a reas)   wh ich   a re   inaccess ib le  t o  t e s t i n g  i t  i s  extremely 
d i f f i c u l t   t o  demonstrate  that   the  tendencies  remain unchanged. For  t h i s  
reason  the method of  e x t r a p o l a t i o n   i s   o f   l i m i t e d   u s e   i n   g e o l o g y .   I n   t h e   s t u d y  
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o f  permafrost and i n  engineering  geology, however, forecast ing  o f  many 
transient  processes  would  not   be  possible a t   a l l  i f  i t  were n o t   f o r   t h i s  
method. The ex t rapo la t i on  method i s  used w i t h   p a r t i c u l a r  success when t h e  
f u n c t i o n a l  dependence o f  parameters  on  t ime,  as  expressed  mathematically, i s  
s tud ied.  

Extrapolat ion  accuracy,   as  appl ied t o  e v a l u a t i o n   o f  changes i n  
p ipe l ine   opera t ing   cond i t ions ,  i s  made p o s s i b l e   b y   t h e   f a c t   t h a t   t h e   a r e a  o f  
research i s  access ib le  t o  observat ions  and  because  the  forecast  per iod does 
n o t  exceed 30 - 40 years. The p o s s i   b i  1 i t y  o f  making  observat ions  dur ing  the 
pe r iod  o f  opera t ion   permi ts   cor rec t ions  t o  be   i n t roduced   i n to   t he   f o recas t .  

The p e c u l i a r i t i e s   o f   t h e   i n t e r p o l a t i o n  method  are  the same as those 
o f  t he   ex t rapo la t i on  method. 

The method  of  expert  evaluations i s  based  on  using  the  professional  
experience,  knowledge, and i n t u i t i o n   o f   h i g h l y   q u a l i f i e d   p e r m a f r o s t   e x p e r t s ,  
geological  engineers  and  designers  working i n   t h i s   f i e l d .   T h i s  method i s  
used t o   f o r e c a s t  changes i n   t h e   n a t u r a l   c o n d i t i o n s   a l o n g   p i p e l i n e   r o u t e s ,   i n  
the same way as i s   t h e   l o g i c a l   m o d e l l i n g  method, dur ing  t h e  i n t i a l  stages o f  
research i n  o r d e r   t o   e s t a b l i s h   a l l   a s p e c t s  o f  t he  o p e r a t i o n a l   r e l i a b i l i t y  o f  
t h e   o i l   o r  gas t r anspor t  system,  which i s  s imul taneously   a f fected  by many 
factors.  The exper t   eva lua t ion  method i s  used for h igh-ca l   ib re   s tudy  o f  
general  problems  which  often  arise i n   f i r s t - t i m e   c o n s t r u c t i o n .   E x p e r t  
evaluat ions  are  used  to  select   the  techniques, methods,  and  equipment f o r  
studying and p r e d i c t i n g  the permafrost ,   engineer ing  and  geological   condi t ions 
du r ing   l a te r   s tages   o f   research .  

In   conc lus ion ,  i t  shou 
methods l i s t e d  above should be used 

I d  be  mentioned t h a t  a combinat 
t o  s o l v e   a l l  o f  t he   i nd i ca ted  

i o n  o f  t h e  
problems  of 

f o recas t i ng  changes i n   t h e   n a t u r a l   c o n d i t i o n s   a l o n g   p i p e l i n e   r o u t e s  a t  a l l  
stages of research. The p lace  and s i g n i f i c a n c e  of each  method,  however,  and 
the  work  enta i led i n  using  one o r   a n o t h e r   o f   t h e  methods, a r e   d i f f e r e n t .  The 
Organizat ion of the   tes t   sec t ions ,   the   conduct  o f  experimental  work i n   t h e  
ear ly   s tages o f  research, and organ iza t ion  of the  permafrost   serv ice  a long 
opera t iona l   p ipe l ines ,  a1 7 have an   impor tan t   e f fec t   on   fo recas t ing .  
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CHARACTERISTICS OF THE CONSTRUCTION OF FRQZEN DAMS IN WESTERN YAKUTIYA 

G.F. Biyanov 
A1 1 -Union P1 anning , Surveying and Research Inst i tute ,  Moscow 

V .  I .  Makarov 
Permafrost Inst i tute ,  Yakutsk, U.S.S.R. 

The development of the min ing  industry i n  Western Yakutiya has 
necssitated the construction of hydraulic  structures i n  order t o  supply  water 
t o  settlements and industrial  enterprises. The hydraulic regime of  the  water 
courses i n  this region i s  highly  irregular, w i t h  most of the f l o w  occurring i n  
spring and summer and w i t h  practically no f l o w  i n  winter. Year round supply 
o f  water  requires the creation o f  reservoirs whose volume i s  based on both 
current  requirements and long term development of the  region. Frozen dams, 
30 m h i g h ,  were found t o  be the most sui table   for  this region from both t h e  
economic  and engineering po in t s  of view. Certain  features  of  the  construction 
o f  such dams, based on practical  experience  gained d u r i n g  the b u i l d i n g  of 
water  engineering  systems on the  Irelyakh and Sytykan Rivers and on 
Oiuur-Yurege Creek, a re  examined  below. 

Western Yakutiya has a continental  climate w i t h  a mean annual 
temperature of -8 t o  -12OC,  and widespread  bouldery and stony so i l s  which are 
highly  weathered to  a great  depth and  which exhibit  significant  settlement 
upon thawing.  Talus  deposits  along  valley  slopes  usually  consist of loam w i t h  
a significant  content o f  rock debris and bedrock grus,  the  thickness o f  the 
deposits  usually being correlated w i t h  t h e  seasonal d e p t h  of  thaw. A1 luvial 
deposits i n  the  floodplains of rivers  contain  sand, sandy loanl, rock  debris 
and shingle, and mud. Their  ice  content may be as  h i g h  as  60%. 

I The water  engineering system includes  the frozen dam, spillway, 
road across  the dam, and pumping s ta t ion,  which i s  usually  located i n  the  
headwater a t  a considerable  distance from the dam. 

I Proceedings Third International Conference on Permafrost, 
Vol . 1 pp. 780 - 784, 1978. 
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All three of the above  mentioned  water engineering systems have the 
same layout ,  w i t h  the spillway located on the valley  slope and the bridge 
across t h e  spillway channel located near the spillway gate.  Detailed 
descriptions o f  these  structures  are  available i n  the  literature (Biyanov, 
1975) so only such data will be  examined  below w h i c h  a re  o f  interest from the 
poin t  o f  view of correlating experience i n  the  design,  construction, and 
operation of such  water engineering structures. 

DAMS OF THE FROZEN TYPE 

The dams o f  the  three water engineering systems which will be 
examined are  of different geometrical dimensions, b u t  they are  sufficiently 
similar i n  design t o  make i t  possible t o  present them as a single generalized 
design scheme (Figure 1 ) .  These dams  have a broad profile,  the lower slope 
being 1 :2 and the upper slope being from 1 :3 t o  1 :4. Berms are b u i l t  on the  
slope of the upstream f i l l  t o  make provision for thaw settlement of  the  base. 
The crest w i d t h  of the dam i s  determined on the basis o f  t he  locations of the 
permafrost face and the road across the dam. 

Fiqure 1 

Generalized profile of  the dam constructed i n  Western  Yakutiya 
1 )  - rocky loam core; 2 )  - gravel-sand f i l l ;  3)  - rock facing; 
4 )  - rock f i l l ;  5 )  - coaxial column o f  refrigeration system; 
6 )  - frozen a l luv ia l  deposits; 7 )  - weathered  bedrock; 
8) - talik boundary beneath the  riverbed. 
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A c h a r a c t e r i s t i c   f e a t u r e  of the  des ign o f  t h e  dams which  have  been 
b u i l t   i s  a loamy core,   wi th  a cutof f   which  cuts   through  the  f rozen  a l luv ium o f  
the  base down t o  bedrock. The core is cons t ruc t ion   o f   s tony   loam  wh ich  i s  
compacted i n   l a y e r s .  The core i s  weighted down on  the  headwater  s ide  wi th a 

Sand facing,  which  prevents  piping of  t he   co re   ma te r ia l  when the  headwater 
l e v e l   f l u c t u a t e s .  The  sand f a c i n g  of t he   co re   on   t he   t a i lwa te r   s ide   ac ts  a s  a 
f i l t e r   m a t e r i a l   i n   t h e   v e n t  of seepage through  the  support ing mass. 

The cutof f   of   the  stony  loam  core,   which  cuts  through  the  f rozen 
a l l uv ium down t o   t h e  bedrock, i s  intended t o  prevent   ca tas t roph ic   se t t lement  
o f   t h e   c e n t r a l   p o r t i o n  o f  t he  dam i n   t h e   e v e n t  of water seepage through  the 
dam's suppor t ing mass and base. 

Thus, a l though  the dams which  have been b u i l t  were designed a s  
f rozen dams, t h e i r   c o n s t r u c t i o n   p e r m i t s  them t o  operate i n   t h e  thawed sta te .  
This  approach  ensures  high r e l i a b i l i t y  o f  t h e  dams, b u t   n o t  o f  the  water  
supply. If water  begins t o  seep through  the  suppor t ing mass t h e r e  will be 
unavoidable  thawing of t h e  base, which i n  our  case c o n s i s t s   o f   f r a c t u r e d  
bedrock whose coe f f i c i en t  of p e r c o l a t i o n   i n   t h e  thawed s t a t e  may reach 
hundreds of meters  per day.  Inasmuch as t h e   r e s e r v o i r  volume is estab l i shed 
wi thout   tak ing  water  1 o s t  by seepage i n t o  account,  thawing o f  t h e  base may 
r e s u l t   i n  premature  exhaustion of the  water  supply i n   w i n t e r ,  when the re  is no 
i n f l o w   o f   w a t e r   t o   t h e   r e s e r v o i r .  The p r i n c i p a l  method o f  p r e v e n t i n g   t h i s  
s i t u a t i o n   i s   t h e   t i m e l y   c r e a t i o n   o f  a r e 1   i a b l e   f r o z e n   c u r t a i n ,  

I n  those  cases when t h e  dam i s  designed t o  b e   s t a b l e   i n   t h e  
presence o f  seepage, t h e   f r o z e n   c u r t a i n  become a secondary  element  which 
provides t h e  dam w i t h   a d d i t i o n a l   s t a b i l i t y .  The techniques o f   f r o z e n  dam 
c o n s t r u c t i o n   a r e   i n  accordance w i t h   t h e  above s i t u a t i o n .  

TECHNOLOGY OF FROZEN DAM CONSTRUCTION 

The c o n s t r u c t i o n   o p e r a t i o n s   i n v o l v e d   i n   e r e c t i n g   t h e  dams under 
d iscuss ion were c a r r i e d   o u t   i n  a d e f i n i t e  sequence: 1 . -   excavat ion  o f  a 

t r ench  and  placement o f  loam i n t o   t h e   c u t o f f  o f  the  core;  2 - e r e c t i o n   o f   t h e  
bank sect ions o f  t he  dam wh i le   ma in ta in ing  a gap f o r   f l o o d   d i s c h a r g e   i n   t h e  
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r i verbed  sec t ion ;  3 - assembly o f  t h e   r e f r i g e r a t i o n  systems and c r e a t i o n  o f  
f rozen c u r t a i n s   i n   t h e  bank sect ions of  t h e  dam p r i o r   t o   f i l l i n g   o f   t h e  gap; 4 
- completion of t h e   r i v e r b e d   s e c t i o n   o f   t h e  dam, w i t h  subsequent  freezing o f  

t h e   t a l i k  beneath  the  r iverbed  and  of  the  loam  core i n   t h i s  most v i t a l   s e c t i o n  
o f  t he  dam. 

This   last ,   hydrometeoro log ica l ly   most   impor tant ,   operat ion i s  
intended t o  be c a r r i e d   o u t   i n  a s i n g l e   w i n t e r .  Thus, a de lay  i n   t h e  
completion of t h e   e a r t h   m o v i n g   o p e r a t i o n s   r e s u l t s   i n   i n s u f f i c i e n t   t i m e   b e i n g  
a v a i l a b l e  for t he   c rea t i on  of a r e l i a b l e   f r o z e n   c u r t a i n .   T h i s  was, i n   f a c t ,  
t he   s i t ua t i on   wh ich   occu r red   du r ing   t he   cons t ruc t i on   o f   t he   I re l yakh   and  
Oiuur-Yurege darns. I n   t h e   f i r s t  case through seepage r e s u l t i n g   i n   t h a w i n g   d i d  
not  occur  thanks t o  t h e   h i g h   q u a l i t y  of the  work and the  high  imperviousness 
o f  t h e   t h i c k  loam  core. I n  the second case  there was no through seepage 
r e s u l t i n g   i n   t h a w i n g   t h a n k s  t o  the  low negative  temperatures o f   t h e   b r o a d  
r e t a i n i n g  fill of t h e  darn, which was placed i n   w i n t e r .   F i g u r e  2 shows t h e  
tempera ture   d is t r ibu t ion   across   the  bed p r o f i l e  of Oiuur-Yurege  Creek. By t h e  
end o f  cons t ruc t i on  the e n t i r e  dam was f r o z e n   w i t h   t h e   e x c e p t i o n   o f   p a r t  of 
the  loam  core and a narrow  layer  a long the bottom o f  the  upstream fill. There 
was no cont inuous  f rozen  curtain i n   t h e  loam core of t h e  dam a s  t h e   r e s e r v o i r  
f i l l e d .  

F igure 2 

normal water  l eve l  W 

Temperature f i e l d   i n   t h e  bed p r o f i l e  of  t h e  dam on Oiuur-Yurege Creek 
a t  completion o f  cons t ruc t ion   (Apr i l   1972) .  
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The source of groundwater  which was found i n   t h e   c o r e   c u t o f f s  o f  
a l l   t h r e e  dams i s  of  i n t e r e s t   f r o m   t h e   p o i n t   o f   v i e w  o f  t he   cons t ruc t i on  
operat ions and i n   o r d e r  t o  e n s u r e   p e r c o l a t i o n   s t a b i l i t y  o f  dams. The 
appearance of groundwater i n   t h e   c o r e   c u t o f f  o f  the  Oiuur-Yurege dam, and 
t h e i r  emergence a t   t h e   f o o t  of the  upstream fill, were a cause o f  concern   w i th  
r e s p e c t   t o   t h e   p e r c o l a t i o n   s t a b i l i t y  of t h e  dam. I n   o r d e r   t o   e s t a b l i s h   t h e  
source of the   g roundwater   the   Ins t i tu te  o f  Geocryology  conducted a spec ia l  
geophysical   survey.  This  survey  revealed  that   there  were  no  external   sources 
o f  the  groundwater  which was found i n   t h e   c o r e   c u t o f f .   A n a l y s i s   o f   t h e  d a t a ,  
co l l ec ted   by   t he   l abo ra to ry  a t  t h e   c o n s t r u c t i o n   s i t e   t o   m o n i t o r   t h e   q u a l i t y   o f  
the  loam  used  for  the  core, made poss ib le  a p re l im ina ry   exp lana t ion  o f  t h e  
o r i g i n  of the groundwater i n   t h e   c o r e  o f  t h e  dam. The l o c a l  1 oam i s  
supersaturated  and  contains a l a r g e   q u a n t i t y  of stony  mater ia l .  When t h e  
mois tu re  content o f  such ma te r ia l  i s  determined  without  removal of t he   s tony  
f r a c t i o n   t h e   r e s u l t   o b t a i n e d  i s  l ower   than  the   ac tua l   mo is tu re   con ten t   o f   the  
loam  used f o r   t h e   c o r e .  A rough  ca lcu la t ion  o f  t h e   a c t u a l   s i t u a t i o n  showed 
t h a t  each cubic meter o f  loam  used in   the   core   con ta ins   approx imate ly   100 
1 i te rs   o f   g rav i ta t i ona l   wa te r   wh ich   f l ows  down and c o l l e c t s   i n   t h e   b o t t o m  o f  
t h e   t r e n c h   f o r   t h e  dam's c o r e   c u t o f f .  The hydrostat ic  pressure  increases i n  
the   loca l i zed   water   sa tura ted  zone as  the  suppor t ing mass o f   t h e  dam freezes, 
which  explains  the  pressure of the  groundwater i n  holes w h i c h   a r e   d r i l l e d  down 
t o   t a l i k s .  

When a r e 1   i a b l e   f r o z e n   c u r t a i n   i s   c r e a t e d   i n   t h e   s u p p o r t i n g  mass 
and base o f  t h e  dam t h e  appearance o f  groundwater i n   t h e   c o r e  does no t   p resent  
a danger. 

I n   t h e  dam under  d iscussion,  f reezing of the loam core was observed 
f rom the   low- tempera ture   ear th   used  fo r   the   re ta in ing  fill. Dam cons t ruc t i on  
experience shows t h e   a d v i s a b i l i t y  o f  cons t ruc t i ng   t he   re ta in ing  fill and 
f a c i n g   i n   w i n t e r .  By u s i n g   t h i s  method i t  i s   p o s s i b l e  t o  omi t  t h e   c r e a t i o n  o f  
f r o z e n   c u r t a i n s   i n   t h e  bank sect ions o f  dams i f  t h e r e   i s  ground w i t h  1 ow i c e  
content  i n   t h e  base. 

The technology  o f   const ruct ion  o f   the  Sytykan dam i s  of s i g n i f i c a n t  
i n t e r e s t  f rom  the   po in t  o f  view o f  improving  the methods o f  b u i l d i n g  dams of 
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the  f rozen  type.  The dam  was b u i l t   i n  two phases. The cons t ruc t i on  methods 
which  were  used i n   t h e  f i r s t  phase do n o t   d i f f e r   f r o m   t h o s e   r e p o r t e d  
prev ious ly .  The bo ld   dec is ion   to   d ischarge  f loods   over   the   c res t   o f   the  
uncompleted dam meri ts  at tent ion.   Despi te  minor  deformat ion  and  erosion o f  
the   un f in ished dam, two f loods  (one o f  which was double  the  est imated 
magnitude) were successfu l ly   d ischarged  over   the  crest .  The r e f r i g e r a t i o n  
columns  were i n s t a l l e d   i n   t h e  dam upon  completion o f  t h e   f i r s t  phase of 
cons t ruc t ion .  Thus, as t h e  dam  was b u i l t  up t o  i t s   f u l l   p r o f i l e ,   t h e  columns 
were also  extended.  Experience  revealed  the  technical  and  economic 
adv i   sab i l  i t y  o f   e rec t ing   the  dam w i t h  advance cons t ruc t i on  o f  t h e  
r e f r i g e r a t i o n  system. Th is  method o f   c o n s t r u c t i o n  was used  on ly   dur ing   the  
second  phase of cons t ruc t ion ,   bu t  i n   p r i n c i p l e  i t  i s  t h e  more s u i t a b l e  method 
i n   t h e   c o n s t r u c t i o n  o f  frozen dams, 

The method of dam c o n s t r u c t i o n   w i t h  advance i n s t a l l a t i o n  o f  t h e  
r e f r i g e r a t i o n  system i s   t h e  mos t   su i tab le   f o r  dams o f   t h e   f r o z e n   t y p e .  It i s  
i m p o r t a n t   t h a t   t h e   r e f r i g e r a t i o n  system f u n c t i o n   n o t   o n l y   a f t e r   c o n s t r u c t i o n  
o f  the dam i s  completed  but  a lso  whi le i t  i s  b e i n g   b u i l t .  Advance 
i n s t a l l a t i o n  of t h e   r e f r i g e r a t i o n  systems makes i t  p o s s i b l e   t o   a l t e r  
s i g n i f i c a n t l y  the  techniques o f  f rozen dam cons t ruc t ion .  The sequence o f  
cons t ruc t ion   opera t ions   us ing   th is  method i s  as  f o l l ows :  1 - removal o f  t h e  
ground  cover i n   t h e   f r o z e n   c u r t a i n  zone; 2 - d r i l l i n g   o f   h o l e s  and 
i n s t a l l a t i o n  of  a l l  r e f r i g e r a t i o n  columns, i n c l u d i n g   p r o t e c t i o n   f r o m   i c e   f l o w  
i n  the  area of the   r i verbed  ( these  opera t ions   a re   car r ied   ou t   regard less  o f  
the  t ime  o f   year) ;  3 - cons t ruc t ion  o f  t h e  bank sec t ions   o f   the  dam i n  summer; 
4 - cons t ruc t i on   o f   t he   r i ve rbed   sec t i on   o f   t he  dam i n   w i n t e r   ( w i t h   t h e  
r e f r i g e r a t i o n  system i n   o p e r a t i o n ) .  

Th is  method i s  based on t h e  h i g h   r e l i a b i l i t y  o f  t he   f rozen   cu r ta in ,  
which i s  c rea ted   s imu l taneous ly   w i th   t he   cons t ruc t i on   o f   t he   dm.  The 
r e 1   i a b i l  i t y  of t he  frozen c u r t a i n  makes i t  p o s s i b l e   t o   a l t e r   t h e   c o n s t r u c t i o n  
o f  t h e  dam. It becomes unnecessary t o  cons t ruc t i on  a loam core c u t o f f  
inasmuch as  the  imperviousness of f r ozen   a l l uv ia l   depos i t s  does n o t  d i f f e r  
from the  imperviousness of  frozen  loams.  El imination o f  t h e   p o s s i b i l i t y  o f  
percolat ion  through  the  suppor t ing mass o f   t h e  dam makes i t  poss ib le  t o  lower 
the   requ i rements   w i th   respec t   to   mater ia ls  and q u a l i t y   o f  placement. It 
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appears to be possible to use frozen  earth for  the construction o f  the  core  as 
l ong  as  the pores are filled during placement  with  unfrozen earth,  water  or 
grout .  

The need to ensure operation of the refrigeration system during 
construction o f  the dam in winter  makes it advisable to use special 
refrigeration facilities with natural circulation of the thermal carrier, 
namely thermosiphons. 

REFRIGERATION SYSTEMS 

Frozen curtains  were created in the early frozen  dams  with  the aid 
o f  coaxial columns  through  which brine (cooled either by a refrigerator or 
cold atmospheric air) was pumped. The high cost,  complexity o f  operation,  and 
accidents involving the leakage o f  brine into the earth, made it necessary to 
reject this method of freeiing the earth. 

Until recently, the  most widely used refrigeration systems were 
those in which cold atmospheric air  was used as the thermal carrier in winter. 
The ground was frozen with the aid o f  coaxial columns  which were installed i n  
holes  drilled from the crest o f  the dam. 

The individual columns  were connected to an air duct  through which 
cold air was forced by fans. Refrigeration systems o f  this type were used in 
the  construction o f  a series o f  dams which are i n  successful operation at the 
present time. Experience has shown,  however, that  the  cost o f  operating 
refrigeration systems which  use air  is quite high and their reliability is 
inadequate  inasmuch as  the columns  gradually  become  clogged  with ice. 
Clearing of the columns is laborious and expensive. In recent  years, double 
manifold refrigeration  systems have been used in Western Yakutiya with  the aim 
of improving air refrigeration systems. Schematic diagrams o f  single manifold 
and double manifold air refrigeration systems are shown in Figure 3. The 
double manifold scheme  ensure  uniform  distribution o f  air i n  the  columns 
without special regulators. This  contrasts with the single-manifold system i n  
which the output o f  air is regulated by special slide dampers while  the  system 
is in operation. In addition, the  double manifold system is simpler and can 
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Fiqure 3 
Q b 

Basic a i r   r e f r i g e r a t i o n  system schemes: 
a) - single-manifold; b )  - double manifold. 

1) - discharge  manifold;  2)  - draw-of f   mani fo ld  3) - blower 
w i t h   e l e c t r i c  motor; 4 )  - coax ia l  column; 5) - s l i d e  damper 
for r e g u l a t i n g   a i r  t o  t he  column. 
The arrows ind i ca te  t h e   d i r e c t i o n   o f   a i r  flow. 

be sealed more r e l i a b l y   i n  sumer s i n c e   t h i s   r e q u i r e s  that  on ly  the man i fo ld  

input   ven ts  be closed o f f ,  and does n o t   r e q u i r e  each i n d i v i d u a l  column t o  be 
sealed o f f ,  as i n  the s ing le   man i fo ld  system. The f i r s t   h y d r a u l i c   e n g i n e e r i n g  
a p p l i c a t i o n  o f  the  double  manifold  system was i n   t h e   c o n s t r u c t i o n  o f  the dam 
across the Oiuur-Yurege.  Experience has shown t h a t  the columns become blocked 
s i g n i f i c a n t l y  less o f ten   t han   w i th   s ing le   man i fo ld  systems, b u t   t h e  
p o s s i b i l i t y  o f  blockage i s  not   e l iminated.  

The shortcomings of a i r   r e f r i g e r a t i o n  systems prompt ,the  search for 
be t te r   eng inee r ing   so lu t i ons .   I n  1972-1973 r e f r i g e r a t i o n  equipment w i t h  
n a t u r a l   c i r c u l a t i o n  of  the   thermal   car r ie r  - thermosiphons - were used a t  t h e  

d m  of  the  Sytykan  hydrosystem i n  o rde r   t o   c rea te  a backup f rozen  cur ta in .  
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P a r t  of the  equipment  used a one phase  thermal ca r r i e r   ( ke ros ine ) ,  and t h e  
o the r  part was t o  have used a two phase c a r r i e r   ( l i q u i d  amnonia). The f i r s t  
group of thermosiphons was charged  wi th   the thermal c a r r i e r  a t  t h e  end o f  

February and funct ioned  normal ly  through  the end o f  A p r i l .  The  second  group 
was n o t   i n   o p e r a t i o n  due t o  d i f f i c u l t i e s   a s s o c i a t e d   w i t h   c h a r g i n g  o f  t h e  
thermal  carr ier ,   a l though  the  equipment was assembled  s imultaneously  wi th  that  
o f  t h e   f i r s t  group. 

Thermosiphons  using  l iquid,  and  with  coaxial  columns  spaced 2 m 
apar t  and extending 26 rn i n to   t he   g round ,   ach ieved   l i nk  UP of the   f rozen 
ground  cy1  inders from adjacent  columns i n  40-52 days i n  water  saturaged  loam 

Figure 4 shows a schematic  representat ion o f  the  thermosiphons used 
a t   t h e  Sytykan dam. 

a -  
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Schematic  diagram o f  thermosiphons used t o   c r e a t e  a backup f r o z e n   c u r t a i n  
I n   t h e   r i v e r - b e d   s e c t i o n  of  the  Sytykan dam. 

a )  - coaxial   design  thermosiphon  using  l iquid;  
b )  - as i n  (a)  , w i t h  an above ground annular  heat  exchanger. 
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Figure 5 

I I 
0 

Increase i n   t h e  s i z e  o f  frozen  ground  cyl inders, as 4 func t ion  of  time, 
around the c o a x i a l   r e f r i g e r a t i o n  columns of thermoslphons of  t h e   l i q u i d   t y p e .  

F igure 5 shows data of  observations o f  t h e  dynamics o f  t he  zero 
i s o t h e r m   s h i f t   i n  the p lane o f  t h e   b a r r e l s  of  t h e   c o a x i a l   r e f r i g e r a t i o n  
columns of thermosiphons  which  operate  on  l iquid.  The i n d i c a t e d   r e s u l t s  show 
t h e  dynamics of the  growth of  c y l i n d e r s  o f  frozen  ground i n   t h e  loam core of  
the  Sytykan dam a t  a depth where the  loam is f u l l y   s a t u r a t e d   w i t h   w a t e r .  
Curve 1 shows t h e  dynamics o f  t h e  growth o f  f rozen  g round  cy l inders  a t  each 
p a i r  of 219 mrn d iameter   cy l inders.  It may be seen f rom  the  graph  that  
i n t e r a c t i o n  between  columns becomes ev ident  only a f t e r  a p a r t i c u l a r  moment, 
when the   d i s tance  between the   f rozen  g round  cy l inders  becomes smaller  than  one 
quar te r  o f  t he   d i s tance  between the  columns. The r a t e  a t  which the  zero 
isotherms  approach  each  other i n  the plane o f  t h e  column barre ls   increases as 
the  remaining  distance  between  the  zero  isotherms  decreases. I f  we 
a r b i t r a r i l y  extend  curve 1 (b roken  l ine) ,   ma in ta in ing  t h e  shape i t  had  up t o  
the  moment t h a t   t h e   i n f l u e n c e  o f  the a d j o i n i n g  column became ev ident ,  we can 
determine  tha t   the   in te rac t ion  of  t h e  columns.  decrease  by 15% the   t ime from 
t h e   s t a r t  of r e f r i g e r a t i o n  t o  l i n k  up of the f rozen  ground  cy l inders.   F igure 
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2 shows t h e  dynamics o f  growth o f  a f r ozen   g round   cy l i nde r   f o r  a s i n g l e  159 mm 

diameter  column  under  the same cond i t ions .  

I n  view of the   pos i t i ve   exper ience o f  t h e   c r e a t i o n  o f  a backup 
f r o z e n   c u r t a i n   a t   t h e   S y t y k a n  dam, the  use  of   thermosiphons o f  t h e   l i q u i d   t y p e  
i s  recommended in   hydrau l i c   eng ineer ing   cons t ruc t ion   under   the   cond i t ions  o f  
Western  Yakutiya. A t  present,  plants  have been approved  and  construction  has 
begun on two dams w i th   f rozen   cu r ta ins   wh ich   a re  t o  be c r e a t e d   w i t h  t h e  a i d  of  
thermosiphons o f  t h e   l i q u i d   t y p e .  

The use of  thermosiphons of t h e  1 i q u i d   t y p e  makes i t  poss ib le   no t  
on l y  t o  i m p r o v e   t h e   r e l i a b i l i t y   o f   f r o z e n   c u r t a i n s  and  lower   the  costs  of 
o p e r a t i n g   t h e   r e f r i g e r a t i o n  system, but i t  a lso  makes i t  p o s s i b l e   t o  change 
t h e  methods o f   c o n s t r u c t i o n   o f   f r o z e n  dams. Thermosiphons of t h e   l i q u i d   t y p e  
can be used f o r   t h e  advance c r e a t i o n  of  f rozen  cur ta ins  s ince  they go i n t o  
o p e r a t i o n   p r a c t i c a l l y  from t h e   t i m e   t h a t   t h e  columns a re   l owered   i n to   t he  
holes  which  are  bored  pr ior  t o  t h e   s t a r t  o f  cons t ruc t i on   o f   t he  dam. The 
cons t ruc t i on  o f  dams w i t h   f r e e z i n g  o f  e a r t h  as i t  i s  placed i n t o  t h e  
suppor t ing mass o f  t h e  dam makes i t  poss ib le  t o  lower   the  requi rements  wi th  
r e s p e c t   t o  the  q u a l i t y  o f  compaction,  which  permits a sharp  decrease i n   t h e  
t ime and c o s t   o f   c o n s t r u c t i o n  o f  e a r t h  dams, and i n   t h e i r   c o m p l e x i t y .  

SPILLWAY STRUCTURES 

The t r a d i t i o n a l   c o n f i g u r a t i o n  of northern  water  engineer ing 
s t r u c t u r e s ,   w i t h   t h e   s p i l l w a y   l o c a t e d  on the   s lope of  t h e   r i v e r   v a l l e y ,  makes 
i t  necessary t o   c u t   t h e   s p i l l w a y  channel deep i n t o  bedrock. 

Mountainous  bedrock i n  t he  Nor th i s   usua l l y   seve re l y   b roken   on   t he  
surface. The content  o f  i c e   i n   t h e   m a t e r i a l   w h i c h   f i l l s   t h e   c r a c k s   o f  bedrock 
i nc reases   w i th   dep th   un t i l ,   a f te r  a cer ta in   depth ,   pure   i ce   i s   encountered .  
When such  rocks  thaw  they are highly   perv ious.  The c o e f f i c i e n t  o f  p e r c o l a t i o n  
i n  the thawed base of the  sp i l lway  channel  a t  t h e   I r e l y a k h  dam, for example, 
i s  i n  excess o f  300 m per  day.   Percolat ion  through  rocks of t h i s   t y p e   r e s u l t s  
i n   t h e   r a p i d   t h a w i n g   o f   u n d e r l y i n g   f r o z e n   l a y e r s .  
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When f ree   d ra inage i s  p o s s i b l e   f o r  t h e  water  contained i n   t h e  
cracks o f  rocks  which  thaw o u t  i n  summer the cracks empty themselves o u t  and 
such  ground  f reezes  dur ing  the  next  cold season. Dur ing   the   spr ing   f loods ,  
the  water   which  enters   the  rock mass through  the  cracks  ra ises  the  temperature 
above f reez ing  a lmost   instantaneously .  The penet ra t ion  o f  the  water  down t o  
the  boundary o f  the  previous  season's thaw r e s u l t s   i n  t h e  intense  annual  
progress o f  the   zero   i so therm  in to   the   rock  mass. Areas  which  do  not freeze 
i n   w i n t e r  appear  as e a r l y  a s  a f t e r   t h e   f i r s t  season, 

The circumstances  described above r e s u l t e d   i n   t h e   f o r m a t i o n  of a 
l a r g e   t a l i k   i n  the base o f  the  sp i l lway  channel  o f  t h e   I r e l y a k h  dam. 
Measurements o f  the  temperature  regime i n   t h e  base o f  the  channel showed t h a t  
by   t he   f ou r th   yea r  o f  opera t ion  o f  the  water  engineering  system  the t a l i  k 
beneath the channel had reached a depth  of 30 m. The development o f  t h e   t a l i  k 
was accompanied  by t h e  wgrming o f   t he   t haw ing   g round   as   t he   resu l t   o f   t he  
i n f i l t r a t i o n  of water  which had  been  heated t o  +2OoC i n   t h e   s h a l l o w   a r e a  
be fore   the   sp i l lway   ga te .  The t a l i k ,  warmed b y   t h e   i n f i l t r a t i n g   w a t e r ,   d i d  
no t  have a change t o  completely  cool o f f  dur ing   the   w in te r .   Dur ing   the   spr ing  
f loods  the  ground  temperature i n   t h e   t a l i k   d r o p s   t o   t h e   t e m p e r a t u r e  o f  t h e  
floodwaters  and  then, as the  water i s  heated up, the  temperature  r ises  again.  

Once the  depth of  t h e   t a l i k  r e a c h e d   t h e   t a i l w a t e r   l e v e l   t h e   r a t e   o f  
i t s  downward progress  decreased,  but i t  cont inues  to   grow i n   p l a n   s i n c e   t h e  
ice   con t inues  t o  m e l t   i n   t h e   c r a c k s  o f  the  rocks a t  t h e  edges of t h e   t a l i k ,  
and the  annual  replacement of  t h e   w a t e r   i n   t h e   t a l i k   p r e v e n t s   i t s   b o u n d a r i e s  
from s t a b i l i z i n g .  

I n  cases when the  water,  which forms as t h e   i c e   m e l t s   i n   t h e   c r a c k s  
o f  weathered  rocks,  can  drain away f ree ly ,   f rozen  cur ta ins   cannot   per fo rm  the  
f u n c t i o n  o f  water t igh t   e lements .   In  such cases cement g r o u t i n g   o f   t h e   r o c k  is 
necessary ,   w i th   p re l im inary   thawing   w i th in   the   l im i ts  of t he   p ro jec ted  
water t ight   cur ta in .   Grouted  cur ta ins  a lone,  however, also  cannot  completely 
p revent   perco la t ion ,  as a r e s u l t  o f  which  combinat ion  curtains  must  be  created 
under  such  condit ions, A g rou ted   cur ta in  must be b u i l t   f r o m   t h e   s u r f a c e  down 
t o  t h e   l e v e l  o f  t h e   t a i l w a t e r ,  and a f r ozen   cu r ta in   mus t  be created i n   o r d e r  
t o  ensure  the  imperviousness of  f i s s u r e d  rock i n   t h e  zone  below  the  ta i lwater 
l e v e l .  
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By us ing a combination o f   f r o z e n  and  grouted  curtains i t  becomes 
poss ib le  t o  remove t h e  zone o f   f o r m a t i o n  o f  t h e   i n i t i a l   t a l i  k t o  a c e r t a i n  
d is tance from t h e  dam, bu t   p revent ion  of i t s  development i s  exceedingly 
d i f f i c u l t .  A t a l i k  which  develops i n  f i s s u r e d  rock i n   t h e   s p i l l w a y  channel 
zone will grow i n  plan. I t s  possible  development i n   t h e   d i r e c t i o n  of  t h e  dam 
i s  not  excluded,  which  const i tutes a p a r t i c u l a r   d a n g e r .   I n  such cases i t  
appears t o  be adv isable t o  cons ide r   t he   cons t ruc t i on   o f   sp i l lway   s t ruc tu res  
i nco rpo ra ted   i n to   t he  dam, 

Present methods of f r e e z i n g  the  ground,  and  construction 
experience, make i t  p o s s i b l e   t o   c o n s t r u c t  a sp i l lway   s t ruc tu re   o f   t he   f rozen  
type as p a r t  of a f rozen dam. There  had  been e a r l i e r   a t t e m p t s  t o  cons t ruc t  
chu te   sp i l lways   i n teg ra ted   w i th  dams. The i n i t i a l   s t r u c t u r e s   o f   t h e   t e m p o r a r y  
I re lyakh  water  engineer ing  system  serve as  an example.  The experience o f  
bu i l d ing   i n teg ra ted   sp i l lways  was found t o  be nega t i ve ,   p r imar i l y  because o f  
shortcomings i n  des ign   dec is ions   and  poor   qua l i t y  o f  execution. 

CONCLUSIONS 

The experience  obtained i n   t h e   c o n s t r u c t i o n  of  water  engineer ing 
systems i n  Western  Yakutiya makes i t  p o s s i b l e   t o   e s t a b l i s h   t h e   m a i n   d i r e c t i o n s  
t o  be  followed i n  improving  the  design, methods,  and techniques f o r   b u i l d i n g  
f rozen   ea r th  dams. Analys is  o f  the exper ience  o f   bu i ld ing   and  opera t ing  
f rozen dams makes i t  poss ib le  t o  draw the   fo l low ing   conc lus ions :  

1. Frozen dams can be b u i l t  on weak ice   sa tura ted   permaf ros t  i f  

p r o v i s i o n   i s  made f o r   t h e   c r e a t i o n   o f   r e l i a b l e   f r o z e n   c u r t a i n s   w i t h i n   t h e  
suppor t ing mass o f  t he  dam which j o i n  up w i th   the   permaf ros t  o f  t h e  base; 

2 .  Dam designs may di f fer ,   depending  on  the manner i n  which  the 
cons t ruc t i on  work i s  organized and t h e  way i n  w h i c h   t h e   f r o z e n   c u r t a i n   i s  
created. When the f rozen  cur ta in  I s  c r e a t e d   a f t e r   t h e  dam p r o f i l e  i s  b u i l t  up 
t o  the  design  dimensions a mandatory  features o f  the  des ign i s  a loam  core, 
w i t h  a c u t o f f  which  extends  in to   the weak i c y   e a r t h  o f  t h e  base; t h e   c u t o f f  o f  
the  loam  core may be omi t ted  as a design  element i n  a dam i f  t h e   r e f r i g e r a t i o n  
system i s  assembled p r i o r   t o   t h e  start of cons t ruc t ion  and t h e   f r o z e n   c u r t a i n  
i s  created  s imul taneously   wi th   the  erect ion o f  t h e  dam. 
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3. When dam construction work i s  organized i n  such a way as t o  
include advance creation o f  frozen curtains, i t  appears possible t o  use local 
frozen and unfrozen earth for placement i n  the  core, water or grouting 
mixtures being  used t o  turn the earth i n t o  a solid mass. The cores o f  such 
dams can be constructed by buildup or dumping i n t o  water. 

4 .  I t  is expedient t o  use refrigeration equipment w i t h  natural 
circulation o f  the thermal carrier (thermosiphons) for frozen curtains w h i c h  
are  created simultaneously w i t h  construction o f  t h e  dam. The most 
technologically effective and the  simplest t o  operate are  the thermosiphons of  
the l i q u i d  type i n  which kerosine i s  the thermal carrier. The use o f  water 
soluble thermal carriers  is  no t  permitted since they would liquefy frozen 
earth i n  the event o f  a leak. 

This  requirement is   satisfied,  i n  par t ,  by chute  spillways 
which form an integral part  o f  the dam. 

When spillway structures  are cut  i n t o  fissured bedrock i t  i s  
advisable t o  construct combined frozen and grout curtains i n  order t o  
eliminate the possibility o f  the drainage o f  water from cracks i n  thawing 
rocks . 

6. Discharge of water over the crest of unfinished dams dur ing  
construction makes i t  possible t o  drop the  construction of expensive  temporary 
spi 1 lway structures. 
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TYPES, DESIGNS, AREAS OF APPLICATION 

Three  types o f  seasona l ly   opera t ing   coo l ing   un i ts  (SOCU) a re   be ing  
s tud ied  and  used i n  the   Sov ie t  Union;  namely a i r ,   f l u i d  and  vapor  uni ts.  The 
grea tes t  amount of  experience has  been acqui red i n   t h e   o p e r a t i o n   o f   f o r c e d  
a i r  SOCU, which  are  used t o  f r e e z e   t h e   e a r t h   i n  dams o f   t h e   f r o z e n   t y p e .  
Since  1948  several  such darns have  been b u i l t  i n   t h e  U.S.S.R. They vary  i n  
he igh t  from 10 t o  22 m,  and are  s i tuated  on  Lake  Dolgoe and t h e  Nalednaya, 
I re lyakh,  Pevek  and o t h e r   r i v e r s .  

Air SOCU a r e   i n s t a l l e d ,   a f t e r   e r e c t i o n   o f  a dam, i n t o   h o l e s  
d r f l l e d   f r o m   t h e   c r e s t .   I n s t a l l a t i o n  of t h e  systems i s   a l s o  possible p r i o r  
t o  c o n s t r u c t i o n   o f   t h e  dam body, which  obviates  the need f o r   d r i l l i n g  
o p e r a t i o n s   b u t   r e s u l t s   i n   c e r t a i n   d i f f i c u l t i e s   i n   t h e   i n s t a l l a t i o n   o f   t h e  
u n i t s  and i n   t h e  placement o f  the  earth  (Biyanov , 1975). 

Dams o f   t he   f rozen   t ype   a re   bu i l t   under   d i f f e r i ng   pe rmaf ros t  
geo log ica l  and c l i m a t i c   c o n d i t i o n s  us ing  var ious   des ign   parameters   fo r   the  
a i r   c o o l i n g  systems:  distances  between  individual SOCU i n   t h e  systems vary 
from 1.5 t o  2.5 m; outer   p ipe  d iameters D o f  140 t o  325 mm, and inne r   p ipe  
diameters d o f  50 t o  140 mm a re  used; t h e   r a t e   o f  flow of t h e   a i r  may be from 
2 t o  14 m pe r  second, 

. - . . ." - - 

Proceedings  Third  Internat ional   Conference on Permafrost, 
Vol.  1 ,  pp. 786 - 790, 1978. 
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The experience of b u i l d i n g  and opera t i ng  dams w i t h   a i r   c o o l i n g  
Systems has been q u i t e   e x t e n s i v e l y   d e s c r i b e d   i n   t h e   l i t e r a t u r e   ( P r i d o r o g i n ,  
1970; Biyanov, 1975) and has conv inc ing l y   p roven   t he   t echn ica l   f eas ib i l  j t y  
and  expedience of c r e a t i n g   f r o z e n   e a r t h   c u r t a i n s   w i t h   t h e   a i d  of n a t u r a l  
w in te r   co ld .  

Examples a r e  know of  the  use o f  f o r c e d   a i r  SOCU i n   i n d u s t r i a l  and 
c i v i l   c o n s t r u c t i o n   i n   o r d e r  t o  inc rease  the   bear ing   capac i ty  o f  s o i l s .  I n  
such  case  the  cool ing  p ipes (or special   channels)   are  p laced  near 
foundat ions,   wi th in   the  conf ines of  porous   so i l  embankments. This  method was 
used i n   t h e   c o n s t r u c t i o n  of an a i r p o r t   b u i l d i n g   i n   t h e   F a r   N o r t h ,   a n d   f o r  a 

heated warehouse i n   t h e   v i l l a g e  o f  D ikson   (Ve l l i ,  1973; Biyalov,  1975). 

Operat ional   exper ience  revealed  the  fo l lowing  shortcomings i n   a i r  
socu : 

1) a s i g n i f i c a n t  change i n  t h e  a i r  temperature  wi th 

inc reas ing  column  depth,  which i s  a r e s u l t  o f  i t s  
low heat  capaci ty;  

the  poss ib le   b lockage o f  the  channels   wi th   hoar  
f r o s t  o r  i c e  a5 a r e s u l t  o f  temperature  f luc tu- ,  
a t i o n s  o f  t h e  humid a i r ;  

a 2 - 3OC increase i n   t h e  temperature of  t h e   a i r  
f o r c e d   i n t o   t h e  column w i t h i n   t h e   b l o w e r   i t s e l f ;  

the   complex i ty  o f  con t ro l s   t o   ensu re   un i fo rm 
d i s t r i b u t i o n   o f   a i r   t o   t h e  columns; 

t h e  need f o r   e l e c t r i c  power t o   o p e r a t e  t h e  blowers, 
and a d d i t i o n a l  costs  i n v o l v e d   i n   t h e i r   o p e r a t i o n ;  

t h e  need t o   b u i l d   e l e c t r i c  power t ransmiss ion   l ines  
when b u i l d i n g  dams i n  remote areas. 
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The f i r s t  two  shortcomings  are also  c h a r a c t e r i s t i c  o f  a i r  S O W  
w i t h   n a t u r a l   c i r c u l a t i o n   ( R e i d   e t   a l .  1976; Jahn e t  a1 . , 1973).  They may 
probably   be  e f fect ive ly  used when the  diameter i s  l a r g e  and the  depth i s  
shallow. H. Jahns s tud ied  a system w i t h  D = 460 m, d = 250 mm, L = 7.6 rn 
and  aeff = 3W/m K. Unfor tunate ly ,   h is   paper  does not  explain  on  what  grounds 
t h i s   v a l u e   f o r   t h e   e f f e c t i v e   c o e f f i c i e n t  o f  h e a t   t r a n s f e r  was chosen. 

2 

I n   c o n t r a s t   t o   a i r  SOCU, vapor and f l u i d  SOCU are  c losed  dev ices,  
c o n s i s t i n g   o f  two heat  exchangers, i n  w h i c h   t h e   r e f r i g e r a n t   i s   c i r c u l a t e d   b y  
n a t u r a l  means. Both o f  these types of SOCU are f ree   o f   the   d isadvantages  
inherent  i n   a i r   c o o l i n g  systenls. 

F lu id   s ing le-p ipe,   double-p ipe  and  mul t ip le-p ipe SOCU, i n   t h e  
arrangement  developed  by S . I .  Gapeev (1969) are  used i n   r e s i d e n t i a l  I 

i n d u s t r i a l  and t r a n s p o r t a t i o n   c o n s t r u c t i o n   i n   o r d e r   t o   p r e v e n t   t h e  
degradat ion  of   permafrost  and t o  improve   t he   bea r ing   capac i t y   o f   so i l s  
beneath  the  foundat ions o f  bu i ld ings,   br idge  suppor ts  and o t h e r   s t r u c t u r e s   i n  
many reg ions ,   inc lud ing :   the  Komi ASSR, Yakutsk ASSR, Magadan Oblast  and  the 
cons t ruc t i on  o f  the  Baikal-Amur  Railroad. 

The o p e r a t i o n a l   p r i n c i p l e  o f  Gapeev's s ing le -p ipe  systems i s  

s i m i l a r   t o   t h a t  of closed, single-phase  thermosiphons.  Heat exchange i n  such 
systems  has  been described i n  a s e r i e s   o f  papers (Romanov, 1956; B e i l i ,  Lokk, 
1965; Ivanov,  Lapin, 1966; and o thers ) .  Normal opera t ion  o f  such  systems i s  
poss ib le  only f o r  a p a r t i c u l a r  L/D r a t i o .  Based on A . G .  Romanov's data,   the 
l i m i t i n g   v a l u e   f o r   t h i s   r a t i o  as a f u n c t i o n  o f  the  system's  diameter i s  30 

fo r   keros ine ,   e thy l   a lcoho l  and f r e o n   ( f o r  D = 0.2 m, L/D = 20 - 25; f o r  
0 = 0.5, L/D = 40 - 50). For  ethylene  glycol  and  potassium  hydroxide 
so lu t i ons   t he  above ra t i os   a re   ha l ved ,  and  potassium  hydroxide  also  corrodes 
metal   p ipes.  

I n  double-pipe  and  mult iple-pipe  systems of t h e  Gapeev t ype   t he  
f l u i d   c i r c u l a t e s   f a s t e r   t h a n   i n   t h o s e  o f  the   s ing le -p ipe   type .  

The e f f i c i ency   o f   doub le -p ipe   des igns  i s  thus  1.5 - 2 t imes   t ha t  
o f   s ing le-p ipe  des igns,   whi le   mul t ip le-p ipe  des igns  are 2 - 3 t imes more 
e f f i c i e n t .  
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Kerosine i s  used as the  refrigerant i n  such systems because o f  i t s  
avai labi l i ty  and relatively low cost. 

Relatively small diameter (100 mm) single-pipe f l u i d  systems w i t h  
flow guides for d i v i d i n g  the rising and falling  flows were studied. 

Reinforced  concrete pi les  w i t h  such cooling  systems  incorporated 
into them are  used i n  residential  construction i n  the City o f  Mirnyi and have 
been dubbed "col dl' p i  1 es (Biyanov e t  a1 . , 1 973). 

Research on f l u i d  SOCU o f  the  coaxial  type ( w i t h  exterior  heat 
exchangers having a large  surface area)  fo r  hydraulic  engineering 
construction was carried  out a t  an instal la t ion having a depth o f  25 m and 
w i t h  an i n  ground heat  exchanger  having a pipe diameter of 169 mm (Biyanov e t  
a l .  I 1973; Molochnikov, Tret'yakov,  1973). 

In recent  years,  theoretical and f i e l d  studies have been carried 
o u t  on vapor SOCU, whose principle o f  operation i s  s imilar   to   that  used i n  
Long's thermopiles and the Mcdonnel Douglas cryo-anchors. Research on the 
internal  processes of vapor SOCU i s  presented i n  the work of E .S. Kurylev e t  
a l , ,  (1975),  while field  studies and computational methods are  presented i n  a 
series o f  papers (Bychko, 1973; Bychko e t  a1 . , 1975; Kuznetsov e t  a1 . , 1976). 
On the  basis o f  this research a project was developed and approved by the 
Leningrad  Planning and Surveying Scientific Research Inst i tute  for the 
construction o f  a frozen dam, which i s  now being b u i l t  near  the  city o f  
Anadyr. The curtain i n  this dam will be created by vapor SOCU having a 
diameter of 108 mm and a depth  of u p  t o  25 m ,  w i t h  exterior  heat exchange by 
way of vaned pipes. 

FIELD STUDIES 

Data on field studies o f  a i r  and f l u i d  SOCU have  been presented i n  
a ser ies  o f  papers (Gapeev, 1969; Pridorogin, 1970; Velli,  1973; Biyanov, 
1975; Biyanov e t  a1 . 1975; Biyalov,  1975; and others) and f o r  this reason 
will n o t  be presented  here. 
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Ground temperature changes i n  a cross sect ion  through 7-9 experimental SOCU 

1, 5, 6, 7 ,  9 - f i e l d   d a t a  from thermal d r i l l  holes; l a  - data  f o r  
thermal d r i l l  hole 1 as calcglated by computer; I ,  I1  - experimental 
SOCU; t, - a i r  temperature, C (numbers of curves  correspond t o  
numbers of d r i l l   h o l e s )  

Beginning i n  A p r i l  1973, f i e l d  studies have been going  on i n   t h e  
U.S.S.R.  on  f reez ing  of t he   g round   w i th   t he  a i d  o f  experimental  vapor SOCU 

wh ich   a re   l oca ted   a t  a lake n e a r   t h e   c o n s t r u c t i o n   s i t e  o f  t h e  dam for t h e  
Anadyr  heat and e l e c t r i c  power p l a n t .  Seven SOCU, a t  i n t e r v a l s  o f  1.5 t o  
3 m ,  were i n s t a l l e d  i n  h o l e s   d r i l l e d   i n   t h e  i c e  t o  a depth o f  15 m, i n c l u d i n g  
1 2  m i n to  e a r t h  (loam and sandy loam) with a moisture content  o f  25% and a n  
i n i t i a l  temperature o f  3 - 4OC. The diameter o f  t h e   i n  ground  heat  exchanger 
i s  108 mm. Two types o f  condensers  (external heat exchangers) were tested:  
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vaned F / F  = 2 and  smooth F /F  = 1. The refrigerant i s  freon-12. During 
the f i r s t  period o f  f reezing, April-May 1973, (average a i r  temperature o f  
-12OC) the ground was cooled t o  0 - Z0C i n  a zone 4 m wide along  the  cooling 
system; between the SOCU which  were 1.5 m apar t   the  ground froze.  In the 
winter o f  1973-1975 the ground froze between a l l  o f  the  SOCU and the 
thickness o f  the resulting  permafrost wall was approximately 4 m, In 
subsequent  years  the  thickness o f  this wall  increased and the mean 
temperature of the frozen tone dropped from year t o  year. For example, i n  
October o f  1974 the  temperature  of  the  earth a t  a distance o f  2 M from the 
system's a x i s  was approximately -l0C, while i n  October 1975 i t  had dropped t o  
-1.5'C (see Figure 1 ) . 

e yr e 9r 

In winter,  despite  intense  heat exchange w i t h  water,  the i sotherms 
i n  the  earth w i t h i n  the zone of action o f  the cooling systems a r e  almost 
vertical  (Figure 2 ) ,  which confirms  theoretical  ideas  about  the  isothermal 
nature o f  the  evaporator ( i n  ground heat  exchanger). I t  i s  noted t h a t  i n  
winter a i r  temperature  fluctuations w i t h  a period  longer t h a n  24 hours 
significantly  affect  the  temperature o f  the  evaporator and o f  the earth t o  a 
distance of up  t o  1 m from the SOCU. During their three  years o f  operation 
a l l  of t h e  experimental units worked re l iab ly ,  and loss of freon was not 
detected. 

COMPUTATIONAL METHOD 

An approximate unified method o f  calculations  has now been 
developed for vapor,  single-pipe and coaxial f l u i d ,  and a i r  SOCU. The main 

aspects o f  the method are  presented below. 

Heat calculations for SOCU a re  understood ! to  mean the  solution o f  
problems o f  thermal interactions w i t h i n  the "earth-SOCU-atmosphere" system. 
The desired  quantity i s  the  temperature  field i n  the earth cooled by a s ingle  
cooling u n i t  o r  by a cooling  system. The following i n p u t  data  are  required: 
climatic  data  for the construction  region, thermophysical  parameters and 
moisture  content o f  the soil  , and SOCU design  data  (pipe  diameters,  heat 
exchanger  dimensions). A solution i s  obtained t o   t h e  problem of  variable 
thermal conductivity w i t h i n  an earth massif  cooled by  means of t h e  
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-10" - 5 O  + 5°C 

Vertical distribution of ground temperatures in  drill hole 9 .  

cylindrical voids,  a t  whose boundaries order I11 conditions  prevail. Under 
these circumstances the outside air  acts as the  cooling medium, while the 
coefficient of heat transfer i s  the effective  coefficient determined by t he  
relation 

where a - are the coefficients o f  heat transfer f rom the ground t o  
the refrigerant, fronl the  refrigerant t o  t h e  wall o f  the external  heat 

gr) 
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exchanger, and from the wall o f  the  external  heat exchanger t o  t h e   a i r ,  
respectively; Fgr ,   F i ,  F, - are  the surface  areas o f  the i n  ground heat 
exchanger,  the  inner  surface o f  the  external  heat  exchanger, and the  outer 
surface o f  the  external  heat exchanger respectively; A t h  - i s  the difference 
between the  temperature  of the refr igerant  i n  the ground heat  exchangers and 
i n  t h e  external  heat  exchangers. 

In order t o  a r r i v e   a t  a solution,  the  values a ar , ae a'nd A t h  

are represented by well known relat ions as  functions of the  density  of  heat 
flow from the earthy  taking the type  of SOCU into account  (since a i r  SOCU 

have no external heat  exchanger, fo r  them Fe = Fl = -). Diff icu l t ies   a r i se  
only w i t h  f lu id  SOCU o f  coaxial  design  because o f  inadequate knowledge of  the 
internal  processes o f  heat exchange and hydrodynamics, b u t  the problem can be 
solved i n  a f i rs t  approximation (Buchko e t   a l .  1976). In order t o  solve the 
problem of variable thermal conductivity i n  freezing ground i t  i s  possible   to  
use algorithms, as described by N.A.  Buchko (1975), N. Shamsundar  and E.M. 
Sierou (1 976). Adjustment o f  the  aeff  value  can be incorporated i n  the 
programs on the basis o f  the  corresponding q value f o r  each  increment o f  
time. In order  to test the   r e l i ab i l i t y  o f  this computational method, f i e l d  
data were compared w i t h  calculated  values  (Figure 1 ,  hole l ) ,  and a 
sat isfactory match was obtained. However, a s  shown  by the  calculations,  i n  
the interval o f  change i n  heat  flow from the ground q = 25 - 200 W/m, which 
i s  possible i n  practice,  i t  may be assumed tha t  

gr 

gr 

gr 

a = constant eff  

w i t h  an accuracy of 18% for vapor SOCU and 20% for f l u i d  SOCU. The numerical 
value of  aeff can be calculated w i t h  the aid o f  equation  (1), before solving 
the main problem o f  thermal conductivity, as the mean i n  the given interval 

In the case of a i r  SOCU aeff does  not depend a t  a l l  on qgr and can 
be calculated on the basis o f  the   in i t ia l   da ta .  

The assumption about the  constant  nature o f  aeff  not  only 
simplifies the algori th  buth a lso  makes i t  possible t o  generalize the resu l t s  
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o f  mathematical  modelling  by  the method o f   s i m i l i t u d e   i n   t h e  form usual ly  
taken  fo r  problems o f  t ransient  heat  f low. 

By general iz ing  the  calculat ions,   equat ions were obtained f o r  t h e  

dam on the  basis  of   which  the  fo l lowing  desired  values  could be determined: 
the  dimensions  of  the  frozen  earth  wall   created  by  the SOCU system dur ing  the 
winter ,   the  quant i ty   o f   heat   t ransferred,  and the  time requi red for t he  
f rozen  earth  cyl inders t o  j o i n  up. The equation i s  as  fol lows: 

F~ m 1 
X = CBiml (-) 2 (ii-,"3 Q m 4 : - p  

KO g? 

where X - i s  the  desired  dimensionless  value; 

R - i s  a c h a r a c t e r i s t i c   s i r e  ( R  = 3 m); 

rhe - i s   t h e   r a d i u s  o f  the f n ground  heat exchanger; 
1 - i s   t h e   d i s t a n c e  between SOCU; 
cp - i s  the  heat of phase t r a n s i t i o n   p e r  1 m3 o f  earth; 

tar A, - are t he  mean annual  temperature and the amp1 i tude 
o f   f l u c t u a t i o n s   i n   a i r  temperature; 

T year - length o f  year; 
X,,, - i s   t h e   c o e f f i c i e n t  o f  thermal  conduct iv i ty o f  the  earth; 

- i s  t he  i n i t i a l  temperature o f  the  ground (t 5 OOC). 
tgr  g r  

The numerical  values of the   fac to r  C and of the exponents mlm2. ..m5 
correspond t o  each of  the  desired  values Xi. 

COMPARISON OF THE EFFECTIVENESS AND SELECTION OF THE MOST SUITABLE SOCU DESIGN 

In   o rder   to   ob ta in   an   equa l   coo l ing   e f fec t   f rom  var ious   types  of 
systems it is s u f f i c i e n t   t h a t   t h e i r   c o e f f i c i e n t s  o f  heat   t rans fer  be t he  
same. 

For  vapor SOCU the  aeff i s  determined  mainly  by  the  size of the 
c o e f f i c i e n t  o f  heat  transfer t o  t h e   o u t s i d e   a i r  ae and t h e   r a t i o  F,/Fgr, 
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inasmuch  as t h e   c o e f f i c i e n t s  o f  i n te rna l   hea t  exchange a re  immeasurably 
greater  than a,, whi le   the  va lue &h i s  negl ib ly  smal l   (Kurylev e t  a1 
1975). 

For f l u i d  SOCU o f   a l l  des igns   the   coe f f i c ien ts   o f   in te rna l   heat  

t rans fer   a re  commensurable w i t h  ae, whi le   the  va lue of A t h  i s  as  high a5 4OC. 
I n   t h i s  case  the   e f fec t i ve   coe f f i c ien t  o f  heat   t rans fer  is 1.5 - 2 times 
smaller  than  the  aeff  of  vapor SOCU with  s imi lar   des ign  parameters.  (D, I, 

The e f f e c t f v e   c o e f f i c i e n t  o f  hea t   t rans fe r   o f   a i r  SOCU, when t h e  
a i r   f l o w   r a t e   i s   c o n s t a n t ,  i s  i nverse ly   p ropor t iona l  t o  their   depth,   d iameter 
and c o e f f i c i e n t  of heat  t ransfer  through  the  inner  p ipe. The l a t t e r  
i nd i ca tes   t ha t   t he  use o f  thermal   insu lat ion on the   inner   p ipe  o f  a i r  SOCU i s  
highly  advisable.  For a constant a i r  flow ra te   ( t rans ien t   l oad ) ,   t he  
e f f i c i e n t  o f  a i r  SOCU improves a s  the  diameter i s  increased. As a r e s u l t  o f  
low  heat  capacity,  the  value of At,,, i n   a i r  columns i s  approximately one order  
o f  magnitude  higher  than i n   f l u i d  SOCU. 

It i s   p o s s i b l e  t o  improve  the  ef f ic iency o f  vapor  and f l u i d  SOCU 
by increasing  the  surface area of  the  external   heat exchanger, b u t  two  th ings 
must be considered i f  t h i s  i s  done. 

First ly, i t  i s  inexped ien t   to  make the  external   heat exchanger too  
large  s ince  the  cost   invo lved may n o t  be  recovered  by  the  increase i n  
e f f i c i e n c y .   T h i s   i s   g r a p h i c a l l y   i l l u s t r a t e d   i n   F i g u r e  3,  which shows t h e  
maximum radius o f  the   cy l inder  o f  frozen  earth  which  forms  around one SOCU i n  

one winter  as a funct ion o f  t he  complex o f   v a r i a b l e s  aeffFe/L. It f o l l ows  
f rom  the  F igure  that  when aeffFe/L > 12 the  increase i n  Rg when  Fn increases 
i s  i n s i g n i f i c a n t .   P h y s i c a l l y   t h i s  means t h a t   f o r   h i g h  aeffF,/L t h e   l i m i t i n g  
thermal   res is tance  to   heat   t ransfer  becomes the  thermal   res is tance  o f   the 
earth.  Under these  circumstances i t  i s  poss ib le   to   improve  the   e f f i c iency  of  
SOCU by increasing  the  surface  area  not o f  the  external   but  rather o f  the i n  
ground  heat  exchanger. 

Secondly, w i t h  an increase i n  Fe there i s  a more s i g n i f i c a n t  
increase i n   t h e   e f f i c i e n c y  o f  vapor SOCU, s i n c e   i n   t h e i r  case t h i s  does n o t  
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Figure 3 

Radius of the   cy l inder  of f rozen   ear th  which forms i n  one  winter 
around a s i n g l e  SOCU depending  on the aeffF,/Fgr. 

r e s u l t  i n an appreciable change i n   t h e   r o l e   o f   t h e  i nternal  heat  exchanger, 
whi le  for f l u i d  SOCU there is a noticeable  decrease i n  ar wi th   increasing F, 
and Fi . 

Figure 4 

The ef fect iveness  of   var ious  types o f  SOCU. 
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Thus, f o r  a p a r t i c u l a r  SOCU (or SOCU system)  type  and  design, by 

using t h e  method  described above i t  i s   p o s s i b l e  t o  estab l i sh   the   g round 
coo l i ng  e f f e c t  achieved  and  the  coal ing  cost  which, i n  t h e   f i n a l   a n a l y s i s ,  i s  

the most i m p o r t a n t   c r i t e r i o n   f o r   t h e   s u i t a b i l i t y  o f  a chosen coo l i ng  method. 
Such c a l c u l a t i o n s  were carried o u t   i n   o r d e r   t o   s e l e c t   t h e   t y p e  and  design  of 
t h e   c o o l i n g  system i n tended   to   c rea te   t he   cu to f f   cu r ta in   o f   t he   Anady r  darn. 
F igure 4 shows curves o f  the  permiss ib le   d is tance between SOCU i n a system a s  
a f u n c t i o n  o f  t he i r   d iamete r  and  type. These da ta  and the  corresponding 
f i n a n c i a l   c a l c u l a t i o n s  were the  bas is   on  which  the  engineer ing  dec is ion was 
made. 

CONCLUSIONS 

The f i e l d  and theo re t i ca l   research   da ta  on the  seasonal ly 
operat ing  types o f  coo l i ng   i ns ta l l a t i ons   wh ich   were  examined prov ide  a c l e a r  
idea of their mechanism o f  opera t ion .   Th is  has made i t  p o s s i b l e   t o   d e v e l o p  
an  approx imate  un i f ied method o f  thermal   ca lcu la t ions   fo r   vapor ,   s ing le -p ipe  
c o a x i a l   f l u i d ,  and a i r  SOCU. T h i s   p e r m i t s   q u a n t i t a t i v e   e v a l u a t i o n   o f   t h e  
e f fec t i veness   o f   spec i f i c   des igns ,   and  a lso  financial comparison o f  var ious  
types. 

Cost  accounting o f  f rozen-ea r th   cu to f f   cu r ta ins   c rea ted   w i th   t he  
a i d  of  vapor ,   coax ia l   f l u id ,  and a i r  SOCU has shown tha t   t he   cheapes t  o f  t h e  
examined  methods i s   t h e  vapor SOCU. 

F l u i d  and  vapor SOCU can be used i n  s t ructures  in tended for 
various  purposes i n   o r d e r   t o   r a i s e   t h e   b e a r i n g   c a p a c i t y  o f  t h e   s o i l  and t o  
c r e a t e   c u t o f f   c u r t a i n s .  

F l u i d  and mu l t i p le -p ipe  SOCU are more e f f i c i en t   t han   doub le -p ipe  
units and make i t  poss ib le  t o  f reeze  the  ground  a t   deeper   leve ls .  

F lu id   s ing le -p ipe  SOCU are   adequate ly   e f fec t i ve  a t  shal low  depths. 

Forced a i r  SOCU are the l e a s t   e f f e c t i v e  and t h e i r  use   requ i res  

s p e c i f i c   j u s t i f i c a t i o n .  
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CONSTRUCTION OF MULTI-STOREY  BUILDINGS ON COLD PILES 
I N  THE CITY OF M I R N Y I  

V . I .  Makarov, A.A.  P l o t n i  kov  and B.F. Chumaevskii 
Permafrost   Inst i tute,   Yakutsk 

Moscow Const ruc t ion   Eng ineer ing   Ins t i tu te  
Yakut  Research  and  Planning I n s t i t u t e  o f  t h e  Diamond Min ing  Indust ry  

The c i t y   o f   M i r n y i   i s   s i t u a t e d   i n  Western  Yakutiya i n   t h e  zone o f  

widespread  permafrost.  Despite  the  low mean annual  temperature o f  -7.6OC, i n  
i n d i v i d u a l   p a r t s  of the   c i t y   h igh   tempera ture   permaf ros t  and  even  water 
s a t u r a t e d   t a l   i k s   o c c u r .  The e x t e n s i v e   c o n s t r u c t i o n   o f   m u l t i - s t o r e y   b u i l d i n g s  
on   these  s i tes  was f a c i l i t a t e d   i n   g r e a t  measure by  the  use o f   s e l f - c o o l i n g  
p i l es   wh ich   can   e f fec t i ve l y   l ower   t he   t empera tu re   o f   t he   so i l   i n   t he  base 
dur ing   the   per iods  o f  const ruct ion  and  operat ion.  These p i l e s   d i f f e r  from 
the  usual  ones by  the  presence  of   an  indiv idual   f lu id  coaxial   heat  exchanger 
b u i l t   i n t o  each p i l e .  The p i l e s   w i t h   b u i l t - i n   c o o l i n g  equipment  which  were 
used i n   M i r n y i   a c q u i r e d   t h e  name ' k o l d "   p i l e s .  The design o f  a c o l d   p i l e   i s  
shown schemat ica l ly  i n  F i g u r e   l a .  

Fluid  coaxial   thermosiphons,  wi th  an  outer  d iameter o f  80 t o  
100 mm, a r e  located i n s i d e   r e i n f o r c e d   c o n c r e t e   p i l e s   w i t h  a 0.3 x 0.4 m cross 
sect ion.   Th is   des ign was made poss ib le   by  t h e  s t r u c t u r a l   f e a t u r e s   o f   t h e  
thermosiphon,  which was developed t o  allow t he   requ i red  rate of heat  exchange 
i n   w i n t e r   w i t h o u t   i n c r e a s i n g   t h e   s u r f a c e  area o f  t h e  above  ground p a r t   o f   t h e  
,system a n d   e l i m i n a t i n g   t h e   p o s s i b i l i t y   o f   c i r c u l a t i o n   o f   t h e   r e f r i g e r a n t  when 
t h e   d i f f e r e n c e  between the  temperature o f   t h e   a t m o s p h e r i c   a i r  and the  ground 
i s   p o s i t i v e .   T h i s   l a t t e r   f e a t u r e   e l i m i n a t e s   t h e  danger o f   t h e  loss o f  
bear ing   capac i ty  by a c o l d   p i l e  when t h e r e   i s  a b r i e f   r e v e r s e   h e a t i n g  
c i r c u l a t i o n  o f  t h e   r e f r i g e r a n t .  

Proceedings  Third  Internat ional   Conference on Permafrost, 
Vol. 1, pp. 821 - 825, 1978. 
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Cooling of bases w i t h   t h e   a i d  o f  c o l d   p i l e s  
a - schematic  cross  section o f  a p i l e ;  
b - maximum s o i l  temperatures i n   t h e  base o f  a n ine   s to rey  

b u i l d i n g   w i t h  a h i g h  open c e l l a r  and c o l d   p i l e s   o n  a 
s i te   w i th   h igh   tempera ture   permaf ros t .  

Locat ion o f  the  thermosiphon  wi th in the p i l e  makes f o r   r a p i d  
coo l i ng  o f  t he   so i l   a round  it, i m p r o v e s   t h e   r e l i a b i l i t y  and d u r a b i l i t y  o f  t h e  
system,  and e l im ina tes   t he  need t o   d r i l l   a d d i t i o n a l   h o l e s .  

The des ign of a cold p i l e  was worked a u t  a s  t h e   r e s u l t  o f  f i e l d  
s tud ies   car r ied   ou t   by   the  Yakut Research and  P lann ing   Ins t i tu te  o f  the 
Diamond Min ing   Indus t ry  (Makarov, 1970).  Cold p i l e s  have been recommended 
s ince  1968 f o r  use i n   t h e   c o n s t r u c t i o n  o f  b u i l d i n g s  on high  temperature 
permafrost. I n  1969 cons t ruc t ion  o f  t h e   f i r s t   n i n e - s t o r e y   b u i l d i n g  on cold 
p i l e s  was begun i n   t h e   c i t y  o f  M l rny i .  Figure l b  shows t h e   r e s u l t s  o f  
observations i n   t h e  form o f  graphs  (Molochnikov,  Tret'yakova,  1973) o f  t h e  
d i s t r i b u t i o n  o f  temperature  with  depth i n  the  base o f  t h i s   b u i l d i n g   d u r i n g  
c h a r a c t e r i s t i c   p e r i o d s  when the  average  temperature, i n  terms o f  depth o f  t he  
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frozen p i l e   s e c t i o n ,  has the   h ighes t   va lue .   Desp i te   the   fac t   tha t   the  
thermos iphons  ins ide   the   p i les  were  charged w i t h   r e f r i g e r a n t   o n l y   t o w a r d   t h e  
end o f  February 1971 the  temperature o f  t h e   s o i l  dropped  by more than  one 
degree  by  the end of  t h e  summer. I n  subsequent  years  the maximum negat ive  
temperatures  o f   the  so i l  i n   t h e  base o f  t h e   b u i l d i n g  dropped a t   d i f f e r e n t  
ra tes,   depending  on  the  character is t ics  o f  t he   c l ima te  f o r  t h a t   p a r t i c u l a r  
year .  

By 1976  more than   twen ty   mu l t i - s to rey   bu i l d ings   on   co ld   p i l es   were  
b u i l t  on  high  temperature  permafrost i n   M i r n y i .  By lower ing  the  work ing 
t e m p e r a t u r e   o f   t h e   p e r m a f r o s t   t h e   d e p t h   t o   w h i c h   p i l e s   h a d   t o   b e   d r i v e n   i n t o  
the   permaf ros t   and  the i r   to ta l  number beneath  each  bui lding  were 
s i g n i f i c a n t l y  reduced,  which made i t  poss ib le  t o  s i g n i f i c a n t l y   l o w e r   t h e   c o s t  
o f   f o u n d a t i o n s   w h i l e   i n c r e a s i n g   t h e i r   r e l i a b i l i t y .  

I n   r e c e n t   y e a r s   c o l d   p i l e s  have  been  used i n  M i  r n y i  i n t h e  
cons t ruc t i on  of bui ld ings  not   on ly   on  h igh  temperature  permafrost   but  a l so  on 
s i t es   p rev ious l y   cons ide red   t o  be u n s u i t a b l e   f o r   c o n s t r u c t i o n  due t o  
n o n - f r e e z i n g   t a l i k s .   C o n s t r u c t i o n   o f   t h e   f i r s t   b u i l d i n g   ( f o u r - s t o r e y  
r e s i d e n t i a l   b u i l d i n g  No. 69) t o  be b u i l t  on c o l d   p i l e s   d r i v e n   i n t o   u n f r o z e n  
s o i l  was begun i n  January 1972. E igh t   me t re   l ong   p i l es  were d r i v e n  t o  a 
depth o f  6.5 m i n t o   t a l i  k approximately  12 m deep. I n   t h i s  case  the s i x  
metre  long  f lu id   thern los iphons were found t o  be a t  a depth o f  4.5 rn i n   t h e  
foundation. 

The s i t e  golmogy i s   c h a r a c t e r i z e d   b y   t h e  column shown i n  F igure  2 .  

The thermosiphons were charged w i t h   r e f r i g e r a n t   a t   t h e  end o f  
February.   Af ter   the f i r s t  i n c o m p l e t e   c o o l i n g   c y c l e   t h e   s o i l   i n   t h e  base o f  
t h e   b u i l d i n g  was frozen,  but   the  temperature o f  t h e   f r o z e n   m a s s i f   b y   t h e   f a l l  
of 1973 was found t o  be i n s u f f i c i e n t l y   l o w  t o  ensure  the  design  bear ing 
c a p a c i t y   o f   t h e   p i l e s .   I n   t h e  summer o f  1973, a f t e r   e r e c t i o n   o f  two  s tor ies,  
cons t ruc t i on  of  t h e   b u i l d i n g  was h a l t e d .   I n   t h e   w i n t e r  o f  1973 cons t ruc t i on  
o f  t h e   b u i l d i n g  was completed and i t  was b r o u g h t   i n t o   s e r v i c e   b y   t h e   f a l l  of 
1974.  The temperature f i e l d   i n   t h e  base o f  the   bu i ld ing   toward   the  end o f  
t he  summer o f  1974 i s  shown i n  F igure 2 .  



- 244 - 

F igure 2 

r 1 House 
No. 69 

Temperature f i e l d   i n   t h e  base o f   f o u r - s t o r e y   b u i l d i n g  No. 69, 
b u i l t   o n  CX-8/6 c o l d   p i l e s ,  as  o f  September  1974. 

1 - dumped s o i l  (sandy  loam w i t h   u p   t o  40% gravel ) ;  
2 - sandy 1 oam w i t h   u p  t o  30% and  grus; 
3 - g r u s   g r a v e l   s o i l   w i t h  sandy  loam  up t o  30-4W; 
4 - weathered  h igh ly   f ractured  mar l .  

The s l igh t   assymet ry  of  the   tempera ture   f ie ld   beneath   the   bu i ld ing  
i s  e x p l a i n e d   b y   t h e   f a c t   t h a t  an embankment f o r  crane t r a f f i c  was const ructed 
on   t he   l e f t   s i de   o f   t he   bu i l d ing .   Th i s   he lped   ma in ta in   nega t i ve   t empera tu res  
i n   t h e  base. 

I n  1975  two  more b u i l d i n g s  (house No. 68 and No. 74) were b u i l t  on 
t h e  same s i te .   Tak ing  in to   account   the  exper ience  ga ined i n  the   cons t ruc t i on  
o f  house No. 69, t h e   l e n g t h   o f   t h e   f l u i d   t h e r m o s i p h o n s   b u i l t   i n t o   t h e   e i g h t  
me t re   l ong   p i l es  was increased t o  8 m, which made i t  poss ib le  t o  o b t a i n  
d e s i g n   t e m p e r a t u r e s   f o r   t h e   s o i l   a f t e r   t h e   v e r y   f i r s t   c o o l i n g   c y c l e ,   t h u s  
ensur ing   the   des ign   bear ing   capac i ty   o f   the   p i les .  The temperature f i e l d   i n  
t h e  base of the  group of  bu i l d ings   by   t he  end o f   t h e   s u m e r  o f  1976 i s  shown 
i n  F igure 3.  

Observat ions  revealed  that  a l ens  o f  f r o z e n   s o i l   f o r m s   i n  the 
bases o f   b u i l d i n g s   b u i l t   o n  cold p i l e s   d r i v e n   i n t o   u n f r o z e n   s o i l .  Beneath a 
group of b u i l d i n g s   b u i l t  on a s i t e   w i t h  deep seated t a l i k s  a l a y e r   o f   f r o z e n  
so i l   a t   adequate ly   low  tempera tures   fo rms  qu i te   qu ick ly .  As t h i s   occu rs  
the re  i s  a s ign i f icant   decrease i n   t h e   d e p t h   o f  seasonal  thaw, e s p e c i a l l y  
under  buildings,  where i t  i s   b a r e l y   h a l f   a s  much as  on  an open s i t e .  
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Figure 3 

Temperature f i e l d   i n   t h e  base o f  a group of  b u i l d i n g s   b u i l t   o n   c o l d   p i l e s  
d r i ven   i n to   un f rozen   so i l .  Measurements taken i n  September 1976. 

Const ruc t ion   on   co ld   p i les  has shown t h e   p r a c t i c a l   f e a s i b i l i t y  o f  
e rec t ing   bu i ld ings   on   foundat ions  o f  a s ing le   eng ineer ing   des ign   type  
regard less o f  t he   i n i t i a l   t empera tu re   reg ime  o f  t he   so i l ,   wh ich  i s  o f   g r e a t  
importance i n   l a r g e   s c a l e   r a p i d   c o n s t r u c t i o n .  

The pos i t i ve   exper ience o f  e r e c t i n g   b u i l d i n g s   i n   c o m p l i a n c e   w i t h  
t h e   f i r s t   p r i n c i p l e *   o n   s i t e s   w i t h  deep seated t a l i k s   n o t   o n l y  broadens t h e  
area o f  a p p l i c a t i o n  o f  this p r i n c i p l e   o f   c o n s t r u c t i o n   i n   r e g i o n s  o f  
widespread  permafrost b u t  a l s o  shows the  t h e o r e t i c a l   p o s s i b i l  i t y  o f  
c o n s t r u c t i o n   u s i n g   a r t i f i c i a l   f r e e z i n g   o f   t h e   s o i l   i n   r e g i o n s  o f  severe 
c l i m a t e   b u t   l y i n g  beyond the  boundaries o f   t he   pe rmaf ros t  zone. 

The experience of u s i n g   c o l d   p i l e s   i n   t h e   c i t y  o f  Mirnyi is o f  a 

reg iona l   na ture  and  thus  cannot  be  mechanical ly  appl ied i n  r e g i o n s   w i t h  
d i f f e ren t   na tu ra l  and c l i m a t i c   c o n d i t i o n s .  

W i t h   t h e   a i m   o f   g e n e r a l i z i n g   t h e   r e s u l t s   o b t a i n e d ,   f u r t h e r  
research  on  the  pr inc ip les o f  format ion o f  the  temperature  regime o f  t h e  
c o o l e d   s o i l   i s   b e i n g   c a r r i e d   o u t   w i t h   t h e   a i d  o f  numerical  modell ing  methods 
and us ing a computer. The s o l u t i o n   t o   t h e   p r o b l e m   i s  t i e d  i n t o   c a l c u l a t i o n  
o f  the   tempera ture   f ie lds  i n  t h e   s o i l  base  and  determination of the bear ing 

* Design o f   t h e   f o u n d a t i o n s   o f   b u i l d i n g s   i n   t h e  U.S.S.R.  i s   c a r r i e d  o u t  i n  
accordance w i t h  two pr inc ip les  govern ing  the  use o f  f r o z e n   s o i l  i n  bases. 
P r i n c i p l e  I s t a t e s   t h a t   t h e   f r o z e n   s o i l   i n   t h e  base be used i n   t h e   f r o z e n  
state,   which i s  maintained  dur ing  construct ion  and  throughout  the  service 
l i f e   o f   t h e   b u i l d i n g  o r  structure.   (Trans1 .). 
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capac i ty  of t he   p i l es   wh ich  are f r o z e n   i n t o   t h e   s o i l .  The c a l c u l a t i o n s   a r e  
based  on a phys ica l  model which  represents a s o i l  mass c o n s i s t i n g  o f  
elementary  blocks (see Figure 6).  Heat  exchange  between  blocks i s  descr ibed 
by  an  equat ion  of   conduct ive  heat  exchange  wi th  internal   sources of hea t  qxc, 
which  thermosiphons i n   c o l d   p i l e s   i n   f a c t  are. I n   t h e   e n t h a l p y   f o r m   t h i s  
equation (Buchko, 1975) i s   w r i t t e n  as f o l l o w s  

" aH - d i v  ( A  grad T) f qxc 
a.t 

aH = C (T)aT 
3Q 

where H - speci f ic   enthalpy;  
- e f f e c t i v e   h e a t   c a p a c i t y ,   t a k i n g   i n t o   a c c o u n t   b o t h  

the   heat   capac i ty  of  t h e   s o i l   i t s e l f  and the   hea t  
o f  phase t r a n s i t i o n s   o f  ground  moisture; 

T - temperature; 
T - time; 
A - c o e f f i c i e n t  o f  thermal   conduct iv i ty  o f  t h e  s o i l .  

For   p rac t i ca l   ca l cu la t i ons  the  dependence of  so i l   en tha lpy   on  
temperature  must  be  establ ished.  With  th is  a im,  the  concept  of   soi l   enthalpy 
w i th in   t he   range  of prac t ica l l y   feas ib le   tempera tures   f rom  -50  t o  50% i s  
introduced. The heat   capaci ty  o f  s o i l  a t  a temperature o f  -5OOC i s  
a r b i t r a r i l y   s e t   a t  zero. The range of temperatures i s  subd iv ided   i n to   t h ree  
sect lons whose change i n  enthalpy and CBa are  shown i n  F igure 4 .  

The f i r s t  section i s   t h e   r e g i o n  o f  pos i t ive  temperatures  f rom 
+5OoC t o  O°C, where the  heat   capaci ty  of unfrozen  ground CT i s  constant .  

H '  = 5 T  
Phase t r a n s i t i o n s  o f  f ree   mo is tu re   t ake   p lace  i n  t h e  second 

sect ion  f rom 0 t o  -0.3OC and  below.  Assuming that   the  temperature  which 
corresponds t o   t h e   o n s e t  o f  f reez ing  o f  t h e  bound mois ture i s  T = -0.3OC, t h e  
limits o f  t h i s   s e c t i o n   a r e   s e t   a t   f r o m  0 t o  -0.3OC. 
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where 0 - speci f ic   heat  of fus ion o f  ice;  
y - volume weight o f  the  permafrost  skeleton; 

Wc - t o t a l  ground  moisture; 

wP 
- mois ture  content   a t  roll i n g  boundary. 

Figure 4 

-1 I 1 

-2 -1 0 '1 '2 1-2' -1 

Thermophysical cha rac te r l s t i cs   o f   a rg i l l aceous  4017. 
a - change i n  the  ef fegt ive  heat   capacl ty  o f  s o i l   w i t h i n  

b - as i n  a ,  f o r  an a r b i t r a r y  soil enthalpy. 
the range -2  t o  +2 C; 

I n  the t h i r d   s e c t i o n ,   i n   t h e  range of temperatures between -0.3 
and -5OoCI the  enthalpy i s  determined  by t h e  heat capaci ty o f  the   f rozen  so i l  
and the  heat o f  phase t r a n s i t i o n s   o f   t h e  bound moisture. 

where CM - volume heat  capacity of f r ozen   so i l  ; 

W,, - unfrozen  moisture i n   p a r t s   p e r   u n i t .  

The actual  values of the   a rb i t ra ry   en tha lpy   fo r  each type  o f   so i l  
are  determined on the  basis o f  engineering and geological  research data. 



- 248 - 

The boundary conditions a t  the surface of the massif  beneath a 
b u i l d i n g  are  established by taking  into  account the  cooling  effect o f  the 
open a i r  space, where, i n  view of the  absence of Snow i n  winter and the 
shading  of the surface i n  sumer,   f ie ld   s tudies   carr ied  out  i n  Mirnyi by the 
Moscow Construction  Engineering  Institute have shown tha t  i t  i s  permissible 
to   take  into account  only  the  convection component of  heat  exchange. The 
coefficient of heat exchange i s  assumed t o  be constant  throughout the year ,  
while the a i r  thermogram is   specif ied  as  being si 

Outside of the zone o f  the  building 
established as a sinusoidal thermogram imed 
ground, the mean annual temperature  taken t o  be 
t h e  zone of annual n u l l  amplitudes,  takin 

nusoidal . 
the boundary condition i s  
a te ly  a t   the   surface  of  the 
equal t o  the  temperature i n  

in to  account  temperature 

The en t i r e  massif i s  i n  the form o f  heterogeneous  horizontal so i l  
layers whose thermophysical character is t ics   are  determined  depending on the 
temperature of the  layer and the depth a t  which i t  occurs. The la te ra l  
surfaces of the massif a r e  assumed t o  have heat  flows  equal to   zero .  The 
lower boundary o f  the  massif is assumed t o  be a t  a constant  temperature. 

The boundary conditions a t  the surface o f  the cooling  elements 
(cold  piles) are assumed to  conform w i t h  those  established on the basis o f  
f i e ld  and laboratory  experiments  carried  out by the Yakut Research and 
Planning Ins t i tu te  of the Diamond Mining Industry. 

I t  was experimentally  established  that  the  temperature o f  the 
f l u i d  w i t h i n  the thennosiphon c i r c u i t  depends on the  temperature of 
atmospheric a i r  Ta, the  geometric  parameter o f  the thennosiphon 'II, the 
i n i t i a l  mean integral  temperature o f  the  enclosing soil T,, and the 
conditions o f  heat  transfer i n  the above ground portion o f  the  thennosiphon, 
which a re  taken  into  account by the  coefficient Q, which characterizes  the 
effectiveness of the thennosiphon. The general  formula f o r  determining  the 
temperature o f  the  refrigerant has the  following form: 
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A characteristic  feature of  the  processes o f  heat exchange in a 
fluid thermosiphon i s  t h a t  the temperature o f  the  refrigerant i s  independent 
o f  the nature o f  the thermal processes  in  the  enclosing so i l ,  i .e.,  the 
principles o f  change of the temperature o f  the f l u i d  within  the thennosiphon 
circuit  are  practically  identical and do no t  depend on whether unfrozen soil 
i s  being frozen or frozen soil i s  being further cooled. 

If we take  the value of the  coefficient of heat transfer t o  be 
t h a t  which i s  given f o r  the above ground po r t ion ,  then i n  accordance w i t h  
( 2 ) ,  changes in  the f l u i d  temperature will be determined only by the  nature 
o f  the change i n  the temperature o f  t he  atmospheric air ,  as per the scheme i n  
Figure 3 .  

into 
f rom 
a1 so 
than 
part 

The period of negative a i r  temperatures can  be arbitrari ly divided 
three  stages. During the f i r s t  stage  the temperature of the air drops 
zero t o  i t s  maximum values. A t  this time the temperature of the f l u i d  
begins t o  drop from the moment t h a t  the a i r  temperature becomes lower 
the average soil temperature T, longitudinally along the underground 
of  the thermosiphon. 

During the second stage  the temperature o f  the atmospheric a i r  
rises from the minimum values u p  t o  the temperature of the  fluid. The 
instant t h a t  these temperatures equalize marks the end of the second stage. 
The temperature o f  the f l u i d  d u r i n g  this stage  stays  close t o  the  constant 
temperature which i t  had a t  the end o f  the f i r s t  stage. During the  third 
stage  the temperature o f  the atmospheric a i r  increases t o  zero degrees. The 
temperature o f  the f l u i d  d u r i n g  this period i s  below the temperature o f  the 
atmospheric air, f o r  which reason the  circulation o f  the  refrigerant i n  the 
thermosiphon ceases. 

The heat flow Q, f rom the  fluid t o  the atmospheric a i r  i n  the 
above ground part  of the thermosiphon i s  determined w i t h  the a i d  of the well 
known expression: 
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where k - i s  the  coefficient of heat  transfer for the above ground 
par t  of  the thermosiphon, whose value i s  determined w i t h  
the  aid of working formulas obtained  experimentally for 
different  conditions; 

f a  - i s  the  surface  area o f  the above ground part of the 
thermosiphon. 

The nature of the change in  the temperature difference which is 
proportional t o  the magnitude o f  the heat flow i s  shown i n  Figure 5 ,  from 
w h i c h  i t  may  be seen t h a t  cooling of  the ground occurs  only  during the f i r s t  
and second stages. 

Figure 5 

I 
Stage 

I II I *  
Stage  Stage 

Nature of the change i n  fluid temperature as  a function of 
the temperature o f  atmospheric a i r  w i t h  time. 

a - results of f ie ld  experiments; 
b - scheme used i n  calculations. 
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Field experiments at si tes  w i t h  a 4 t o  26 m depth o f  t h e  
underground portion showed t h a t  the  density o f  the  heat flow a t  the wall o f  

the  outer pipe of the underground par t  o f  the thermosiphon is almost constant 
w i t h  depth. This makes i t  possible t o  determine the average density o f  the 
heat flow for the underground portion o f  the thermosiphon i f  the magnitude of 
the  heat f low i n  the above ground portion i s  known. 

Thus, the  surface of t h e  cooling elements determines the second 
order boundary conditions, the algorithm for determining which i s  expressed 

as follows: 

1.  Determination of the  reference poin t  i n  the annual cycle. 
Conditions for the stages: 

Stage I V  (sumer) Ta > 0; Q, = 0;  

Stage I 

Stage I1 Ta < 0; (grad T a )  L O ;  T, < Tx Q > 0; 

Stage I11 T, 0; T, > T,; Q, = 0. 

2. Determination o f  the average soil  temperature T, for the 

Ta < 0; (grad Ta) < 0; Q, L 0; 

underground portion of the thermosiphon ho. 

3.  Verification of the  condition  for  the f i rs t  stage only ,  i f  - 
T, < T,; Q, = 0, otherwise Q, > 0. 

4 .  Determination of the temperature o f  the  refrigerant T using x 
formula (2) .  

5. Determination of  the  heat flow using formula (3). 

6. Determination of  the  design  length of  the underground part of 
the thermosiphon. The upper layer of soil hT whose temperature i s  below the 
temperature o f  the f l u i d  i s  excluded from the  calculations. 
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Determination of t h e   l i n e a r   d e n s i t y  o f  the   heat  f low 

The problem i s  solved  by  the  method o f  f i n i t e   d i f f e r e n c e s   w i t h  
approximation of equat ion (1 ) as p e r   t h e   e x p l i c i t  scheme: 

For a m u l t i v a r i a t e   p r o b l e m   t h e   e q u a t i o n   i s   t r a n s f o r m e d   i n t o   t h e  

form 

where A = A.c/hn Rn. n 

I n  equations (4) and (5) the   lower   ind ices   des ignate   spa t ia l  
coord inates  whi le   the  upper   ind ices  ind icate the t ime i n t e r v a l s :  

AT - i s   t h e   s i z e  o f  t h e   i n t e r v a l   i n   t i m e ;  
h - i s   t h e   s i z e  o f  t h e   i n t e r v a l  i n  space; 
R - i s  the  g iven  thermal  resistance  between  adjacent  b locks.  

Tak ing   in to   account   tha t   equat ion  (5 )  determines the  heat  exchange 
i n  a single block, the  heat  absorpt ion  provided  by a cold p i l e  qxc must  a lso 
be r e l a t e d  t o  a s i n g l e  volume 

where v - i s  t h e  volume o f  an elementary  block. I n   t h i s  case the   va lue  o f  

9XC AT f 0, on l y   i n   t hose   b locks  i n  wh ich   co ld   p i l es   a re   l oca ted .  

The program f o r  so lv ing   t h i s   p rob lem is w r i t t e n   i n  FORTRAN-IV and 
r u n  on a "MINSK-32" computer. The r e l a t i o n   o f  the i n t e r v a l s   i n  space and 
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time were chosen on the basis o f  the  usual condition o f  s t a b i l i t y   f o r  an 
expl ic i t  scheme. Numerous computational variants,  using various  combinations 
o f  intervals  i n  time and space i n  accordance w i t h  the  assumed conditions, 
revealed no loss in   the   s tab i l i ty  o f  the chosen scheme. 

As an example, Figure 6 shows the result of a solution t o  the 
problem w i t h  conditions  corresponding to  the  actual  conditions for house No. 
68, whose actual  temperature  field i n  the base i s  shown i n  Figure 3 .  

1975 I 1976 I 1977 I 1978 

Results of computer calculations. 
a - temperature f ie ld i n  t he  base o f  b u i l d i n g  No. 68 

b - change i n  soil  temperature w i t h  time (mean arithmetic 
fo r  September 1976; 

value of frozen soil temperatures 1 ongi tudinal l y  along 
the end pile.  

1 - j o i n t  e f f e c t  o f  cold piles and c e l l a r ;  
2 - ef fec t  o f  cellar alone. 

Comparison of the  calculated  temperature f i e l d  w i t h  the  actual 
f ie ld  shows the possibi l i ty  o f  using the proposed model fo r  studying t h e  
principles of formation of the  soil  temperature regime i n  t h e  base o f  
buildings  erected on cold piles.  
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STRENGTH AND STABILITY OF RAILWAY SUBGRADES IN PERMAFROST REGIONS 

N.A. Peretrukhin 
All-Union Scientific Research Insti tute  for Transport  Construction, 

MOSCOW, U.S.S.R. 

INTRODUCTION 

The railway subgrade i s  a linear  structure which crosses  regions 
w i t h  different permafrost and soil  conditions.  Difficulties  in  ensuring  the 
strength and s tabi l i ty  o f  the subgrade usually ar ise  i n  sections w i t h  complex 
permafrost, soil  and other  natural  conditions. The complexity o f  natural 
conditions i s  determined by the presence o f :  clayey, waterlogged , 
frost-susceptible  soils i n  the active  layer;  peat  deposits ("mari" - swampy 
sparse  larch forests interrupted by humnocky bogs);  ice  saturaged  permafrost; 
ground ice very close t o  the  surface and other permafrost phenomena (icing, 
thermokarst). 

Generalization o f  experience  in t h e  design,  construction, and 
operation of railroads i n  permafrost  regions reveals t h a t  deformation usually 
affects  individual  parts or local  sections o f  the subgrade. The total  length 
o f  such sections i s  usually found t o  be very small i n  relation t o  the 1 ength 
o f  the railway line. The presence o f  parts o f  the subgrade which a r e  subject 
t o  deformation, however, significantly complScates maintenance o f  the  route 
under normal railway  operating  conditions,  necessitating  reduction o f  train 
speed, and sometimes stoppage of train  traffic  altogether. 

In view o f  the above, the  basic problem  which  must  be solved 
d u r i n g  the design o f  the subgrade i s  determination o f  the areas where 
deformation o f  the subgrade i s  most 1 ikely t o  occur, and designation o f  

Proceedings T h i r d  International Conference on Permafrost, 
Vol. 1 ,  pp .  848 - 851 3 1978. 
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measures t o  comp le te l y   e l im ina te   t he   poss ib i l i t y  of  d i s r u p t i o n  o f  t h e  

s t r e n g t h   a n d   s t a b i l i t y  Of t h e  subgrade. This  problem i s  found t o  be 
e x c e e d i n g l y   d i f f i c u l t  if we t a k e   i n t o   a c c o u n t   t h e   f a c t   t h a t   t h e  appearance, 
development,  and  continued  existence o f  deformation o f  the  subgrade  are 
random processes,  inasmuch as they  are  determined by t h e   i n t e r a c t i o n  of  a 
number o f   n a t u r a l  and a r t i f i c i a l   f a c t o r s ,   i n c l u d i n g :   c l i m a t i c   ( a i r  and 

precipitat ion  temperature);  physico-technological  (subgrade soil types, t h e i r  
cons t ruc t i on  and thermo-physical   propert ies when f rozen  and  un f rozen,   f ros t  
heaving  propert ies o f  t h e   s o i l s  o f  the   ac t i ve   layer ) ;   hydro log ica l   (p resence 
and  chemical  composition o f  groundwater, i t s  natural  regime,  sources); 
t opograph ica l   ( l oca l   re l i e f ,   e leva t i on ,   ang le  o f  s lope) ;   b io log ica l   ( t ype  o f  
ground  cover and i t s   r o l e   i n   t h e   f o r m a t i o n  o f  na tura l   permaf ros t   and  so i l  
c o n d i t i o n s ) ;   e c o l o g i c a l   ( s u s c e p t i b i l i t y  o f  permaf ros t   and  so i l   cond i t ions  t o  
change when the natural  environmental  regime i s  a l tered);   engineer ing  and 
techno log ica l   (d ra inage ,   f l ood ing   o r   l eve l l i ng  of  an  area,  removal or 
d i s r u p t i o n  of the  vegetat ion,   erect ion o f  i n d u s t r i a l   s t r u c t u r e s ,   e t c . ) .  The 
numerical  values o f  the  parameters  which  character ize  the  above  factors  are 
variables  which  change  along  the  route, and some fac tors   cannot  be 
quan t i t a t i ve l y   eva lua ted  a t  a l l .  Far t h i s  reason,  the  quest ion  under 
d iscuss ion does n o t  have a s ing le   so lu t i on ,  

TWO DESIGN APPROACHES 

There  are  present ly no standard methods fo r   de termin ing   the  
probable  locat ions  a t   which  deformat ion of  the  ra i lway  subgrade will occur. 
For t h i s  reason,  such  locat ions  are assumed t o  i nc lude  a l l  s e c t i o n s   w i t h  
complex permafrost and s o i l   c o n d i t i o n s .  The main   ind ica tor  of poss ib le  
deformation o f  the rai lway  subgrade i s   u s u a l l y   c o n s i d e r e d  t o  be the  presence 
of  ground i c e   o r  of ice  saturated  permafrost   hav ing a thaw  sett lement o f  
0.10. 

There are two  approaches t o  t h e   s e l e c t i o n  o f  engineer ing  so lu t ions 
i n  the d e s i g n   o f   t h e  subgrade: w i t h   t h e   f i r s t  method, spec ia l  measures a r e  
taken t o  mainta in   the  permafrost ;  the second  method invo lves  measures aga ins t  
deformation. 

? 
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Industr ia l   exper ience shows that   the  engineer ing  so lu t ions used 
wi th   bo th  methods ensure the required  strength and s t a b i l i t y  o f  the subgrade. 
In terms of  volume  and c o s t  of ear th  moving and s tab i l i z i ng   ope ra t i ons ,   t he  
ind ica tors   a re   poorer   fo r   the   eng ineer ing   so lu t ions   wh ich   a re   ca lcu la ted   to  
maintain  permafrost. 

PRESERVATION  OF PERMAFROST 

The main methods which  are  used  to  preserve  permafrost i n   t h e  
subgrade and along  the  slopes o f  cuts can be c l a s s i f i e d   i n t o  two  groups: 

A. Constructional , inc lud ing:  embankments o f  "optimumt1 height, 
as  determined  by  thermo-technological  calculations; berms on  both  sides o f  
embankments, the berm dimensions  being  established on the  bas is   o f  
construct ion  considerat ions;  removal o f  c layey  ice  saturated  so i ls   f rom  cuts  
i n  the base and the i r   rep lacement   w i th   rock   o r   c rushed  s tone  to  a depth  equal 
t o   t h e  embankment height,  widening  of  cuts, and cushioning o f  
s lopes  wi th  rocky or stony e a r t h   a t   l e a s t  3 m t h i c k .  

B. Technological ,   intended  to  preserve  the  natural   vegetat ion and 
moss cover a t  t he  base of embankments and i n   a d j o i n i n g  areas;  performance o f  
ea r th  moving  operations i n   w in te r ;   bu i l dup  o f  embankments "from the  head" 
when performing  earth moving operations i n  summer. 

There  are  proposals t o  inc lude  thermal   insu lat ion (a 1 ayer  of 
peat, foamed p l a s t i c ,   e t c . )   i n   t h e  base o f  embankments and  on the  slopes o f  
cuts. 

Methods o f  keeping  permafrost from thawing  have  technological  and 
economic l i m i t s  of p r a c t i c a b i l i t y .  Thus, i t  i s   p r a c t i c a l l y   i m p o s s i b l e   t o  
prevent the  thawing o f  permafrost  which has a temperature of -0.5OC and 
above.  Thermal engineer ing  calculat ions have shown t h a t   i n   o r d e r   t o   p r e v e n t  
the  thawing of permafrost  which has a temperature above -1OC embankments a t  
l e a s t  5 m h igh must  be used, which i s ,  of course,  impractical.  

Cases are  known of t he  implementation o f  decis ions  to  preserve 
permafrost a t  temperatures  of -1.5OC t o  -3OC. They r e s u l t e d   i n  a s i g n i f i c a n t  
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i t icrease i n   e a r t h  moving  operations  (Peretrukhin,  Minai lov, 1976). 

Never the less ,   t he   p robab i l i t y   t ha t   t he   rea l   cou rse   o f   t he   t haw ing - f reez ing  
process will co inc ide   w i th   t he  computed version,  which i s  intended t o  keep 

the  permafrost  from  thawing, i s  very  low (Pereselenkov, 1976). Th is  i s  
explained  by  the  great  nonuni formity o f  t he   na tu ra l   cond i t i ons   a long   t he  
p r o j e c t e d   r a i l w a y   l i n e ,   b y   t h e   s i g n i f i c a n t  and unavo idab le   d is tu rbance  o f   the  
na tura l   cond i t ions  caused by const ruct ion,  and a lso   by   the   imper fec t   na ture  
o f  t h e  methods used t o  make eng ineer ing   eva lua t ions   o f  many f a c t o r s ,  
i nc lud ing :   t he   na tu ra l   pe rmaf ros t ,   so i l ,   c l ima t i c ,  and o the r   cond i t i ons  
a long   pa r t i cu la r   sec t i ons  o f  t h e  1 ine;  changes i n  na tura l   cond i t ions ,  
including  those  which  determine  the  natural   permafrost   regime,  as a r e s u l t  o f  
c o n s t r u c t i o n   o f   t h e   l i n e ;   t h e   i n t e r a c t i o n  o f  the  subgrade  wi th  the  permafrost  
of  the  base; the  correspondence o f  computational schemes, assumptions,  and 
c a l c u l a t i o n   r e s u l t s  t o  t h e   a c t u a l   s t a r t i n g   c o n d i t i o n s  and t o  t h e   p r i n c i p l e s  
o f  i n t e r a c t i o n   o f   t h e  "subgrade - permafrost" system. The p r o b a b i l i t y   o f  
preserving  permafrost  which i s  a t  a temperature below -2OC increases,  even 
when i t  i s  under  subgrade o f  standard  construct ion.   This i s  determined, 
f i r s t  of  a l l ,  by t h e   l e s s e r   s e n s i t i v i t y  o f  low tempera ture   so i l s  t o  changes 
i n   t h e i r   n a t u r a l   c o n d i t i o n s  caused  by c o n s t r u c t i o n   o f   t h e   l i n e ,  and a lso  by 
the  more seve re   c l ima t i c   cond i t i ons   i n   such   reg ions .  

FORECASTING CHANGES I N  PERMAFROST CONDITIONS 

Forecasting i s  requ i red  i n  o r d e r   t o   o b t a i n   i n i t i a l   d a t a  for 
planning  the  subgrade and to   subs tan t i a te   t he   des ign   so lu t i ons .  The 
forecast ing method  must p r o v i d e   i n i t i a l   d a t a   f o r   e v a l u a t i o n  of  t he   na tu ra l  
permafrost , s o i l  , hydrogeological ,   and  other  natural   condi t ions,   and changes 
i n  them which  are  caused  by  the  construct ion o f  t h e  subgrade.  These 
requirements  are  met by t he  method o f  engineer ing  analogies,   which i s  based 
on   t he   l og i ca l   asse r t i on   t ha t :  i f  t h e   f o r m a t i o n   o f   n a t u r a l   p e r m a f r o s t ,   s o i l ,  
hydrogeological,  and o ther   cond i t ions ,  and  changes i n  them which  ar ise i n   t h e  
course of c o n s t r u c t i o n   a c t i v i t i e s   i n  a p a r t i c u l a r   s e c t i o n  of  t h e  1 ine ,   a re  
charac ter ized  by ce r ta in   p r i nc ip les   t hen   w i th in   t he   con f ines  of o the r  
s e c t i o n s   o f   t h e   l i n e   w i t h   s i m i l a r   n a t u r a l   c o n d i t i o n s  and t h e  same s e t  of 
cons t ruc t i on   ac t i v i t i es   t he   p rocesses  o f  change i n  the permafrost ,   so i l ,  
hydrogeological ,   and  other  natural   condi t ions,  a s  we l l  as s t a b i l i z a t i o n  of 
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the  erected  structures, conform t o  the same principles.  Indication of 
analogy  should be considered t o  be the  equivalence o f  limits of  regular 
changes i n  the numerical  values o f  the parameters which characterize  the 
phenomena  and processes under consideration. I t  is expedient t o  view the  
following as such parameters: the d e p t h  of  the  active  (seasonally 
thawing-freezing)  layer of ear th  under natural  conditions;  the depth a t  which 
the  permafrost  table is  found i n  the subgrade  base and w i t h i n  the  zone 
affected by i t ;  the temperature and other  physico-technological 
character is t ics  of the  permafrost; the construction  properties o f  the  s o i l s  
o f  the  active  layer,  of permafrost, and o f  thawing earth;   indicators o f  the  
s t a b i l i t y  and deformability o f  the  subgrade,  the  soils comprising i t s  base, 
e t c .  These are  generalized  parameters which r e f l e c t  the end results o f  the  
interaction of all   natural  and a r t i f i c i a l   f ac to r s  under the  given  climatic 
conditions. They can be measured and ascertained  directly by  known methods 
which a r e  used i n  geological engineering and permafrost surveys, as  well a s  
i n  soil mechanics and soil  science. A t  the same time, i t  must be taken  into 
account that  the  presence of and change i n  permafrost,  soil , hydrogeological , 
and other  natural  conditions  along the projected  railway  lines  are random 
processes. The combinations o f  interacting factors which govern these 
processes, and the ro le  of each o f  these factors ,   are   var iable  and different. 
For this reason, the numerical values o f  the generalized  parameters which 
characterize  the  permafrost,  soil,  hydrogeological, and other  natural  factors 
and the changes i n  them should be viewed as  random variables  of a probability 
nature. The numerical values  of the generalized  parameters,  as  determined 
w i t h i n  the  confines o f  each section i n  suff ic ient  numbers and w i t h  the 
required  degree of precision and r e l i a b i l i t y ,   a r e   s t a t i s t i c a l l y  analyzed and 
a re  used t o  establish  certain  cri teria1  functions.  They are   a lso used i n  
calculations o f  the s t ab i l i t y ,  strength, and deformability of the  subgrade, 
i t s  base, and slopes. The minimum number of measurements which i s  required 
t o  obtain the value o f  each of the  generalized  parameters  for  stochastic 
treatment depends on the  variability  of  the local conditions and  on the 
required  accuracy of the engineering  solutions; as t he  conditions i n  the  
sections  of line (analogs) being studied become more diverse, and as  the 
required  accuracy of the  engineering  solutions  increases, the survey must be 
carried  out w i t h  greater   detai l  and consequently, more measurements and 
determinations need t o  be carried o u t .  The accuracy o f  t he  measurements i s  



- 260 - 

determined  by   the   capab i l i t ies   o f   the  methods, instruments,  and  equipment 
used, as wel l   as  by  the  nature of  the  process  being  studied. The accuracy o r  
r e l i a b i l i t y  of the data  obta ined i s  o f  paramount s ign i f i cance .  It depends on 
t h e   c o r r e c t   s e l e c t i o n  of sect ions of l i n e  as  analogs,   on  the  qual i f icat ions 
o f   t h e   t e c h n i c i a n s ,   t h e  knowledge o f  the  researcher,   and  the  ref inement o f  
the  research methods  and organization  (Kopalov,  Sidorchuk,  1974). 

Typica l   sect ions ( i n  terms of  geomorphological , 1 i t h o l o g i c a l  , 
hydrogeological , and o the r   na tu ra l   cond i t i ons )  o f  t h e   r a i l w a y  1 i n e  and o f   t h e  
su'bgrade, i nc lud ing   d ra ins  and  channels  for  water, o r   i n d i v i d u a l   r a i l w a y  
l i n e s ,  need t o  be chosen as analogs.  Both  the  routes o f   e x i s t i n g  and o f  
proposed l i n e s  can be used f o r   t h i s  purpose. By d i s t r i b u t i n g   a n a l o g s   t o  
c o v e r   t h e   e n t i r e   e x t e n t  of new l i n e s  i t  i s   p o s s i b l e  t o  e s t a b l i s h ,   w i t h   t h e  
required  degree of accuracy,  the i n i t i a l   d a t a   w h i c h   c h a r a c t e r i z e   t h e   n a t u r a l  
permafrost ,   so i l ,   and  o ther   condi t ions  dur ing  the  preconst ruct ion  per iod,   and 
a l s o   t o   e s t a b l i s h   t h e  mechanisms o f  change w i t h   t i m e   o f   t h e   n a t u r a l  
cond i t ions  and s t a b i l i z a t i o n  o f  the  subgrade  and i t s  base i n   t h e  course  of 
cons t ruc t i on  and du r ing   t he   pe r iod  of  operat ion.  It takes many years o f  
research, however, to  compile  such  complex  data  with a s u f f i c i e n t   d e g r e e  o f  
r e l i a b i l i t y .  When sect ion  analogs are chosen   a long   ex i s t i ng   ra i lway   l i nes  a 
shor te r   per iod  of t ime  is needed t o  o b t a i n   d a t a   c h a r a c t e r i z i n g   t h e   l o c a l  
permafrost ,   soi l ,   and  hydrogeological   condi t ions,   as  wel l  as t h e   c o n d i t i o n  of 
t h e  subgrade. I n  such  cases,  data  on the   p recons t ruc t i on   na tu ra l   cond i t i ons  
a re   t aken   t o  be t h e   r e s u l t s  of determinat ion o f  the  numerical   values o f  t h e  
general ized  parameters beyond t h e  zone a f fec ted   by   t he  subgrade. Such da ta  
should  be  considered t o  be hypothe t ica l ,  and t h e  mechanisms determined  on 
t h e i r   b a s i s  as l e s s   r e l i a b l e  and r e q u i r i n g   t h e o r e t i c a l  and  experimental 
s u b s t a n t i a t i o n   w i t h i n   t h e   c o n t e x t  o f  new cons t ruc t ion .  The  method o f  

engineer ing  analogies  takes  into  account  the  use o f  r e s u l t s   o f  thermal 
eng inee r ing   ca l cu la t i ons   f o r   t he   t heo re t i ca l   genera l i za t i on  of experimental 
research  data.   Th is   takes  in to   account   inc lus ion i n   t h e   c a l c u l a t i o n s   o f  
i n i t i a l  data on  permafrost ,   soi l ,  and c l i m a t i c   c o n d i t i o n s   w i t h i n   t h e   c o n f i n e s  
of   the  sect ions  under   cons iderat ion,   inc lud ing  the  presence of  p l a n t ,  moss, 
and snaw cover, and the i r   t he rma l   eng inee r ing   cha rac te r i s t i cs   i n   t he   na tu ra l  
s t a t e  and when i n t e r a c t i n g   w i t h   t h e  subgrade. 
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MECHANISMS OF INTERACTION 

The  mechanisms of i n t e r a c t i o n  o f  the subgrade with  seasonal ly 
frozen ground and with  permafrost  are  manifested in   the   de format ion  o f  the 
s o i l s  of  the base, i n  changes i n  the  th ickness o f  t h e   a c t i v e   l a y e r  and 
p o s i t i o n  of the  permafrost  surface, and i n   s t a b i l i z a t i o n  o f  the subgrade a s  a 
new thermal  regime  for  the  permafrost i s  establ ished. 

Permafrost i s   c l a s s i f i e d  as low  temperature and high  temperature, 
depending on the degree t o  which  the  thermal  regime i s  susceptible t o  

changes. The low  temperature type i s  permafrost whose temperature i s  -1OC 
and lower a t  zero amp1 i tude  depth,  whi 1 e the  high  temperature  type i s 

permafrost a t  a temperature above -l0C, or  permafrost   is lands  regardless of 
their   temperature  (Peretrukhin e t  a1 ., 1975). The surface of low  temperature 
permafrost  which i s   a t  a temperature o f  -1 ,O t o  - 2 . 5 O C  i s  preserved a t  i t s  
natural  depth  of  occurrence beneath embankments o f  1 . 5  t o  2 m; t h i s   su r face  
drops  beneath embankments which are less than 1 .5  m high, and r i s e s  beneath 
embanbnents higher  than 2 m. The depth o f  the  surface o f  high  temperature 
permafrost  drops  beneath embankments of   var ious  he ights .  

A new act ive  layer  develops about the  contours o f  depressions and 
drainage  ditches. The thickness of t h i s   l a y e r  depends on the   loca l   na tura l  
condi t ions and the  degree t o  which  they  are  disturbed  during  construction o f  
the subgrade. The thickness of the   ac t i ve   layer   wh ich  forms beneath  drainage 
d i tches   w i th  a standard  cross  section i s  roughly  equal t o  the  depth o f  t he  
di tch.   Clayey soils and peat   w i th in   the   ac t i ve   layer ,  and within  thawing 

permafrost i n   t h e  base o f  the subgrade, are deformed  by t ra in   l oads  and by 
the  weight of the embankment, which  leads to   se t t lement  o f  the subgrade. The 
to ta l   ex ten t  and i n t e n s i t y  o f  se t t lement   o f  embankments depend on t he  
condi t ion and proper t ies o f  t h e   s o i l s   o f   t h e   a c t i v e   l a y e r  and o f  the  thawing 
permafrost,  the  height o f  the embankment, the   dura t ion  and methods o f  ea r th  
moving operations, and t h e   l e v e l  o f  damage t o  the   p lan t  and moss cover and 
the  natural  surface and ground  waters  regime. 

The s i ze  o f  areas o f  sett lement and t h e i r  rate of   format ion  under  
g iven  c l imat ic   condi t ions decrease wi th   increas ing  s t rength o f  t h e   s o i l s  o f  
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the  active  layer and of the thawing permafrost. They increase w i t h  
increasing embankment height,  thickness of the  active  layer under natural 
conditions, degree o f  drop o f  the permafrost surface i n  the  base, and degree 
o f  damage t o  the plant and moss cover and the  natural surface and groundwater 
regime. Under given climatic  conditions  the  plant and moss cover, and the 
surface and groundwater regime, are  the main factors determining the thermal 
regime o f  permafrost. For this  reason damage t o  and, a l l  the more so,  
removal of the  plant and moss cover i n  the base of embankments  and drainage 
o f  swampy or flooded non-swampy areas i n  sections w i t h  ice  rich permafrost, 
or w i t h  ground ice which i s  very close t o  the surface,  results  in  intense, 
irreversible, and practically  uncontrollable t h a w i n g  of the permafrost 
coupled w i t h  lowering o f  the permafrost surface  depth, and an increase i n  the 
rate,  duration, and t o t a l  extent of settlement of the subgrade. Settlement 
of the subgrade i n  such sections i s  not amenable t o  control  (Peretrukhin e t  
a1 ., 1975). 

Embankment settlement  resulting from deformation of the soi ls  i n  
the  active  layer  is caused by earth moving operations which are performed 
d u r i n g  the warm parts o f  the  year.  Erection o f  embankments in  winter  leads 
t o  a  significant decrease i n  the intensity and extent o f  settlement, and the 
subgrade stabilization process is   practically completed during the period o f  
construction (2-3 years). 

Settlement of the subgrade i n  cuts, and settlement of  embankments 
less  than 1.5 m h i g h ,  which appears as  the  result of deformation o f  thawing 
low temperature  permafrost i n  the  base, may ar ise  during  formation o f  the new 
active  layer over the course of 1-2 years  after  construction of the subgrade. 
Settlement o f  embankments,  which occurs as  h i g h  temperature  permafrost thaws, 
begins during construction of the subgrade and may continue for a long  period 
once the  railroad i s  i n  operation  (Peretrukhin,  Potatueva, 1974). 

MEASURES AGAINST DEFORMATION 

Measures against deformation are  additions t o  standard subgrade 
designs, and t o  the  organization,  techniques, and methods o f  carrying o u t  
earth moving operations. They are undertaken w i t h  the aim of :  decreasing 
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the  extent and intensity s f  deformations o f  t h e  subgrade, which are due t o  
the  deformability o f  the  soils o f  the  active  layer and of thawing permafrost; 
decreasing the time,  labor, and material  costs which are  required t o  
eliminate  settlement o f  the subgrade appearing d u r i n g  the  operational  period; 
making provision for the  strength o f  the roadbed; including  sections w i t h  
frost-susceptible soils i n  the  base, as well as  stabil i ty of slopes. 

A l l  of the measures against deformation can be classified  as 
either design measures or organizational and engineering measures. Design 
measures include: widening o f  the subgrade, construction o f  berms, 
replacement of weak base soils w i t h  draining  soils,  selection of  the proper 
location and design o f  structures and fac i l i t i es  for the  drainage and 
channelling of water.  Organizational and engineering measures include: good 
techniques for carrying o u t  the  earth moving operations, allowing for the 
preservation of the  plant and  moss cover, or causing minimal  damage t o  i t ;  
sound organization o f  work, providing for winter  construction o f  embankments 
i n  sections w i t h  a weak base or one subject t o  subsidence; use of  rocky and 
coarse  grained soils, which  have good building  properties, i n  the 
construction o f  embankments.  Research has shown (Peretrukhin,  Potatueva, 
1974) that most o f  the to ta l  settlement o f  the subgrade ( u p  t o  80%) occurs 
d u r i n g  the period o f  construction,  while  the remainder takes  place under 
operating  conditions. Work t o  eliminate  settlement o f  the subgrade d u r i n g  
the  operational period does not  meet w i t h  any particular  difficulties if we 
take i n t o  account that  the annual settlement is ,  as a rule,  insignificant and 
can  be  compensated for i n  the course o f  routine and planned maintenance of 
t he  route. For this reason the subgrade i s  widened i n  sections where 
settlement, which occurs dur ing  the  operational  period, is  t o  be eliminated 
by raising  the  track onto ballast. The  amount by which the subgrade i s  
widened i s  determined on the basis o f  the expected degree of settlement. 

Berms are viewed as a means o f  protecting the slopes of 
enlbankments from creep.  Their use i s  recommended i n  sections w i t h  ground ice 
and in  the  vicinity o f  "maris". The advisability and effectiveness of u s i n g  
berms  have so far  n o t  been confirmed either experimentally or i n  practice. 

The  removal o f  clayey frost-susceptible base soi ls ,  whose bearing 
capacity i s  inadequate, and their subsequent replacement w i t h  draining 



- 264 - 

material,  is  carried o u t  mainly i n  cuts and a t  approaches t o  them.  This 
solution i s  an effective means o f  preventing  deformation o f  the subgrade as  
the base soils  freeze and  thaw.  The thickness o f  the replacement layer must 
be established i n  accordance w i t h  set standards  (Construction Noms, 1973), 
or on the  basis of results of computations which take i n t o  account the 
condition and properties o f  the base soils and the  size o f  the  external  load. 
The cuts must also be provided with reliable  drainage. 

The slopes  are  stabilized by setting  their  angle on the  basis of 
permafrost  displacement characteristic values af ter  i t  has  thawed, and by 
p l a n t i n g  grass on the  slopes. Clayey soils  usually have a h i g h  moisture 
content af ter  thawing. For this  reason i t  i s  advisable t o  grade the  slopes 
t o  the  required  angle and stabil ize them w i t h  vegetation 1-2 seasons af te r  
construction of the cut and formation o f  a new active  layer along i t s  
perimeter  (Peretrukhin, Potatueva, 1974). 

DRAINAGE 

Structures and fac i l i t i es  f o r  draining and channelling water i n  
sections w i t h  complex permafrost and soil conditions should be selected and 
located  in such a way as t o  cause minimal disruption of the  natural  surface 
and groundwater regime. All possibility must be  removed o f  f lood ing  
non-swampy areas or draining swampy locations i n  sections w i t h  ice  rich 
permafrost or w i t h  ground ice. 

Decreasing the number o f  structures for channelling water and 
passing surface water from one reservoir t o  another using drainage  channels 
i s  not permitted w f t h i n  such sections. I t  is preferable t o  allow free 
transverse  circulation of surface and suprapermafrost water. W i t h  th is  aim, 
i t  i s  recommended that, i n  addition t o  the usual channelling structures, 
transverse  drainage  cuts be  made, us ing  stony soil and located along local 
depressions and runoff belts which intersect  the railway line,  i f  the  entire 
embankment i s  made o f  non-draining soils (Merenkov e t  a1 .) 1975). 

The surface depth of ground ice must  be taken i n t o  account when 
establishing  the depth of drainage ditches. Drainage ditches may n o t  be used 
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i n  sections where ground ice  lies  close t o  the  surface. I f  embankments are 
constructed  entirely o f  rocky soil along the  entire  extent of a section w i t h  
ground ice  the problem o f  surface water drainage is eliminated. Embankments 
o f  rocky soil do not disturb the  natural regime of  surface and ground watersI 
and the need t o  construct drainage ditches and berms on the  uplant  side of  
the subgrade practically  disappears. 

SECTIONS PRONE TO ICING 

Sections which are prone to  icing  are  portions of the railway l ine 
i n  which icing does or may occur after  construction o f  the  line (Bo1 'shakov, 
Peretrukhin, 1973). Railway lines  usually have t o  be l a i d  beyond the  bounds 
of areas which are prone t o  icing, However, for engineering and economic 
reasons, this i s  not  always possible. As a result ,  i t  is  necessary t o  
consider  the various types of icing and their  effect on the subgrade 
(Peretru k h i  n ,  1966). 

In sections which are prone t o  icing,  the subgrade must be 

designed and constructed as an integral  part of the  drainage,  channelling and 
anti-icing  structures and fac i l i t i es .  Changes i n  permafrost, so i l ,  and 
hydrogeological conditions which  can occur as  the  result o f  the  construction 
of road and other  structures must  be taken i n t o  consideration. 

The greatest changes occur i n  the  vicinity o f  cuts and drainage 
ditches which intersect  the f l o w  of groundwater and which significantly  alter 
the  freezing and thawing conditions of the  soils o f  the  active  layer. 
Changes i n  permafrost, soi l ,  and hydrogeological conditions  also Occur i n  
sections where the embankments are constructed of clayey soils,  as a result 
o f  the decreased cross  section o f  the permeable layer i n  the subgrade base. 
Icing i s  most l ike ly  t o  occur i n  such sections  after  the  construction of  
railway line  structures or dur ing  earth moving operations. 

I t  must  be kept i n  mind d u r i n g  the design stage t h a t  the primary 
aim i n  sections which are prone t o  icing, is  t o  protect  the subgrade from the 
direct  effects o f  the  icing.  Anti-icing  structures  (fence,  earth  barriers) 
are used for this purpose. Their location and design are based on the 
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or ig in ,   d ischarge,  and paths o f  f low  of t h e  water  which  feed  the areas o f  
i c i n g ,  and  on t h e   l o c a l   t e r r a i n .  The an t i - i c i ng   s t ruc tu res   shou ld  be so 

l oca ted  as  t o  also serve as guides f o r  the  f low o f  unfrozen  water.   Locat ion 
o f  t he  fence of e a r t h   b a r r i e r   a t  a n   a n g l e   r a t h e r   t h a n   p a r a l l e l   t o   t h e   s l o p e  
g ives the base o f  the   f ence   o r   ba r r i e r   t he   necessa ry   l ong i tud ina l   i nc l i ne ,  
w h i c h   f a c i l i t a t e s  the  concentrat ion o f  w a t e r   f l o w i n g   o n   t h e   i c i n g   a n d   i t s  
d i v e r s i o n   i n   t h e   d e s i r e d   d i r e c t i o n  (away from  the  subgrade o r  toward a 

dra in ) .  The most e f f e c t i v e   a n t i - i c i n g  measure i s  t h e   i n t e r c e p t i o n   o r  damning 
o f  ground  (subterranean)  water  (by means o f  d r a i n s   o r  deep d i t ches )  and i t s  
d i v e r s i o n   i n  a concentrated  stream  (through  pipes or covered  races)  downslope 
from  the  subgrade. I n   o r d e r  fo r  such a n t i - i c i n g  measures t o  be  well-founded, 
however, re l i ab le   da ta   mus t  be ava i lab le   on  the hydrogeological,   permafrost, 
and s o i l   c o n d i t i o n s   i n   t h e   s e c t i o n   u n d e r   c o n s i d e r a t i o n .  

The brows o f  embankments i n  sect ions  which  are  prone t o  i c i ng   mus t  

be a t   l e a s t  0.5 m h i g h e r   t h a n   t h e   i c i n g  surface, if i t  will f o r m   i n   t h e  
i m n e d i a t e   v i c i n i t y  of t h e  subgrade. The use o f  rocky,   coarse  gra ined  or  
sandy s o i l s   i s  recomended. Berms and the  necessary  reinforcement  must  be 
included  on  the  downslope  side i n  the  des ign o f  embankments c o n s t r u c t e d   o f  
clayey  and  other  non-draining  soi ls  (Peretrukhin,  1966). 

CONCLUSIONS 

The problem of ensur ing   the   s t rength  and s t a b i l i t y  o f  t h e   r a i l w a y  
subgrade  involves a number o f  quest ions,   including:  determinat ion o f  t h e  
l i n e   s e c t i o n s   i n  which  deformations  are l i k e l y  t o  occu r ;   f o recas t i ng   o f  
changes i n  t h e  local permafrost, s o i l  and  hydrogeological  condit ions a s  t h e  
r e s u l t  of  cons t ruc t i on  o f  r a i l r o a d   s t r u c t u r e s ;   q u a n t i t a t i v e   e v a l u a t i o n   o f   t h e  
i n t e r a c t i o n  o f  t he   subgrade   w i th   t he   so i l s  of t h e  a c t i v e   l a y e r  and t h e  
permafrost;  designation and c a l c u l a t i o n  o f  measures t o  prevent  deformat ions. 

The ava i l ab le   i ndus t r i a l   expe r ience  and the   p resen t   l eve l  o f  
knowledge i n   t h e   f i e l d  o f  engineering  geocryology make i t  poss ib le  t o  a r r i v e  
a t   p o s i t i v e   s o l u t i o n s  t o  t h e   m a j o r i t y  o f  problems  which  arise i n   t h e  course 
o f  surveying a r a i l w a y   l i n e  and des ign ing   the  subgrade. The need t o  opt im ize  
engineer ing  solut ions,  however, w i t h   t h e   a i m  o f  decreasing  work  volume, 
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length o f  construction, building c o s t s ,  and operational expenses to maintain 
the  subgrade (which ensure  uninterrupted  train traffic at  the proper  speed i n  
sections  with complex natural conditions), requires additional research. 
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CONSTRUCTION OF EARTH EMBANKMENTS FOR HIGHWAYS IN WESTERN SIBERIA 

B.1. POPov, N.F. Savko, N.M. Tupitsyn, Yu.K. Kleer and A.S. Plotskii 
All-Union Research Institute o f  Roads  and  Highways ((Smsk Branch), U.S.S.R. 

The rapid  rates of development o f  o i l  and gas extraction i n  
northern  regions i n  Western Siberia have called for  accelerated  construction 
o f  highways w i t h  improved surfaces.  Exceptionally compl icated  natural 
conditions (a universally swampy terrain,  the presence of continuous 
Permafrost and permafrost islands, a prolonged winter period w i t h  low a i r  
temperatures,  a short wet sumer and a lack o f  high-grade free-draining 
soils)   are a characteristic  feature o f  these  regions. 

Insufficient experience o f  designing and b u i l d i n g  highways i n  th i s  
region made i t  necessary for the Omsk Branch of the A1 1-Union Research 
Institute of Roads and Highways t o  carry o u t  special  investigations based 
upon the idea o f  effective  utilisation o f  the  potential o f  nature and of weak 
ground (unfrozen and ice-saturated permafrost peatland) as the foundation for 
highway construction. 

A specific  feature of the  climate i n  the  region north o f  58'1 i s  a 
negative  average annual balance o f  atmospheric heat,  indicating  the  existence 
o f  a permafrost layer. In Western Siberia, However, the southern  permafrost 
boundary passes along 64'N. The absence of  permafrost, o r  i t s  occurrence as  
islands only between 58'N and 64'N i s  due t o  the  thick snow cover ( u p  t o  
70 - 80 cm) here d u r i n g  the  winter  period;  this  protects  the waterlogged 
topsoil from excessive  cooling and reduces the depth o f  ground freezing 
substantially. 

North o f  64'N, permafrost i s  widespread over enormous areas of 
forest-tundra and tundra. The variety o f  types o f  tundra, among which 

Proceedings Thi rd  International Conference on Permafrost, 
Vol . 1 , pp. 854 - 857, 1978. 
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peat-h i l locky,   h i l locky,  humnocky dwar f   b i rch types, and tundra  wi th  
non-sorted  c i rc les  are  the most f requent ly encountered, g i v e s   r i s e   t o  a 
variety  of  permafrost  temperature  conditions and t o  various  depths o f  
permafrost  occurrence a t  the end o f  the warm season, 

I n  zones of d iscont inuous  distr ibut ion,   the  temperature of t he  
permafrost i s  above -2OC and the  depth  of  seasonal  thawing  varies from 0.5 m 
i n   the   peat lands  t o  3 m i n  sandy ground.  Thermokarst 5 s widespread.  Areas 
occupied  by t a l i k s  account f o r  up t o  30 - 40% o f   t h e   t e r r i t o r y  and are  
confined t o   r i v e r   f l o o d p l a i n s  and sand ter races  wi th  a souther ly   o r  
south-westerly  aspect. 

I n  zones of continuous  distr ibution,  the  temperature of  t h e  
permafrost ( a t  a depth o f  10 - 12 m) i s  -2  t o  -5OC o r  lower;  the  depth o f  
seasonal  thawing i n  the  peatlands does no t  exceed 0.3 - 0.5 m and 2.0 - 1.5 m 
i n   c l a y  and sandy ground, Frost mounds ranging i n  height from 0.7 t o  20 m 
are  widespread, and thermokarst phenomena can be seen everywhere. 

The ear th  embankment should  be  designed  according t o  the fo l low ing  
well-known p r inc ip les  o f  these  c l imat ic  and permafrost  conditions: 

- f i r s t l y ,  the upper l eve l   o f   the   permaf ros t   shou ld  be brought 
up t o  the base o f   t h e  fill and kep t   a t   t ha t   l eve l   t h roughou t  
the  per iod of road use; 

- secondly, the  depth o f  foundation  ground  thawing should be 
res t r i c ted .  

Theoretical  studies have shown t h a t  a r e a l   o p p o r t u n i t y   e x i s t s   f o r  
a r t i f i c i a l  formation of frozen  foundations  under an earth embankment o r  
marshes when there i s  a negative  average  annual a i r  temperature  balance, 
This can be achieved by control   led  increases i n   t h e   s e v e r i t y   o f  temperature 
condi t ions and by increasing  the  depth t o  which  peaty  ground  freezes w i t h i n  
the  road  tone,  This  hypothesis can  be  implemented i n   p r a c t i c e  i f  the  surface 
o f  the  marsh (mari) i s   sys temat i ca l l y   c lea red   o f  snow dur ing  the  winter  
per iod and special  peat  slabs  (foundations)  are  frozen  onto it. 
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The structure o f  a highway  on a frozen  foundation  includes  the 
following  (Figure 1 ) :  the road surface, an earth embankment of  mineral s o i l ,  
a frozen-on  peat s lab,  a peat  foundation  consisting o f  frozen and unfrozen 
layers of the natural  peat bed (or  ice-rich soils), and lateral   insulating 
banks of peat. The type I structure i s  provided on type 1-11 marshes, and 
the  type I 1  st ructure  i n  permafrost zones represented by frozen  peatlands. 

Figure 1 

Cross sections of roads on frozen foundattons: 
a )  - s t a t e  dur ing  the construction  period; b )  - d i t t o ,  i n  the process o f  
operation a t  t h e  end o f  the warm season; l - frozen  peat  layer; 2 - froten-on 
peat  slab; 3 - side banks o f  peat; 4 - mineral sofl f i l l ;  5 - road surface; 6 - side borrow p i t ;  7 - unfrozen layer o f  peat; 8 - unfrozen layers o f  peat 
slab; 9 - limit of frozen  peat  foundation;  10 - mineral bottom o f  marsh;  11 - 
permafrost table  after  construction o f  road. 

The frozen  layer of the peat  foundation and the frozen-on s lab  
spreads  the  load from the weight o f  the  f i l l ,  and the  vehicles upon the  
unfrozen  foundation layers,  which reduces the  extent o f  settlement. Using a 
frozen-on slab i n  the lower part  o f  the  f i l l  reduces  the amount o f  mineral 
soil  brought i n  and  makes i t  possible t o  keep the mineral part of the f i l l  
c lear  of t h e  zone o f  constant wetting. Having regard t o  the f a c t   t h a t  the 
strength  characteristics o f  frozen peat   are   far   superior   to  those o f  unfrozen 
peat and mineral soi ls ,   the   overal l   s tabi l i ty  o f  a structure w i t h  a frozen 
foundation i s  greater  than, for example, the s t a b i l i t y  o f  f l o a t i n g   f i l l  on 
marshes. 
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The design  parameters o f  roads on frozen  foundations  are  f ixed 
according t o  heat  engineering and strength  calculat ions,   taking  into  account 
the   c l ima t i c   cond i t i ons   i n  the construction  region,  the  type of marshes, 
the i r   depth  and the   l eve l  o f  long-standing  water,  the  physical and mechanical 
p roper t ies   o f   the   peats  and mineral   soi ls,  and the  composition and i n t e n s i t y  
o f  t h e   t r a f f i c .  

The r e s u l t s  o f  extensive  experimental  construction work and 
observations o f  the  operat ion o f  roads On frozen  foundations Over many years 
have revealed  the  conditions  which  must be observed t o  guarantee the  s t rength 
and s t a b i l i t y  o f  roads  during the course of construct ion and operation: 

Bw 3 Bgr M + 2b; Bw Bus 

hgr + "f + Hfr 3  he^ 
t O Q O C  0 

hul t ' hth 

where Hf i s   t he   t h i ckness  o f  the  frozen-on  peat slab, m; 

hel i s  the  e levat ion o f  t he  t o p  o f   t h e  peat s lab above the 
calculated  water  level  i n   t h e  marsh, m, defined  subject t o  the  
cond i t ion   tha t   the   minera l   so i l  does not  exceed the  permit ted 
moisture  content of the boundary w i t h   t h e  peat; 
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hCWl is the calcul'hted water level i n  the marsh, m ,  i n  the 
absence o f  long-standing surface water (over 20 days);  the 
surface o f  t h e  marsh and hcwl = 0 i s  adopted as  the  calculated 
1 eve1 ; 

Sf and S, is  the  settlement o f  the  peat  foundation and o f  the 
frozen-on peat slab with maximum thawing from above d u r i n g  the 
construction  period, m ;  

H f r  i s   the  thickness o f  the  frozen  peat  layer, m a  which i s  
fixed according t o  the load-bearing  capacity o f  the  peat 
(see Table I ) ;  

Bw i s   the  required width  of  t h e  frozen  peat  slab dur ing  
construction o f  the  earth embankment, m ;  

BM is the width of  the mineral par t  of  the f i l l  a t   t he  
base, m ;  
gr 

b i s  the width of the shoulders for the  protective peat 
banks; b = 3hgr ,  where h i s  the  height of the mineral 
par t  of the f i l l  a t  the edge, m; 

gr 

h is  the permitted depth of  thawing of the frozen-on slab 
t o  ensure  the  required  structural  strength  in  operation, m ;  
h is  from 0.25 t o  0.5 m ,  depending upon the road category; 

P 

P 

B i s  the m i n i m u m  slab w i d t h   a t  which  buoyancy of the 
structure  is  maintained d u r i n g  the period o f  construction 
and stabilisation o f  settlement, m; Bus g24 m ;  

US 

Hel i s  the f i l l  depth a t  which unacceptable elastic 
deformations are  eliminated, m ;  

to i s  t h e  mean annual temperature o f  the frozen  foundation 
on a base thawing  seasonally from above, calculated from 
mean climatic  data over many years , OC; 
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hth i s  the  depth  of   thawing i n   t h e  frozen-on  peat slab 
i n  a year averaged  over many years, m; 

h i s   t he   t h i ckness  o f  the  road  surface, m; 

h i s   t h e   t h i c k n e s s  o f  the  mineral   sot1  layer  a long  the 
road ax is ,  m; 

h i h   i s   t h e   d e p t h  o f  thawing o f   t h e   m u l t i l a y e r   r o a d   s t r u c t u r e  
from above i n  the  wannest (calculated)  year, m; 

hfr i s   t h e  depth o f  f reez ing  o f   the  mul t i layer   road  s t ructure 
from above, m; 

su 

9 r  

hul t i s  the  ut   t fmate  th ickness o f  the  frozen  peat  slab,  which 
i s  s e t   t o  ensure  s t rength,   s tab i l i ty  and fat igue  resistance 
dur ing  the  per iod o f  operat ion of the  s t ructure  a f ter   complete 
consol idat ion o f  the peat foundation, m; hult var ies f r o m  0.6 
t o  0.3 m, depend1 ng upon the  type o f  road  cover and the  type 
o f  marsh; 

hH i s  the  extent   o f   thawing o f  the  f rozen  foundat ion from 
below due t o   t h e   i n f l u x  of heat  from  the  unfrozen  peat  layer, 
m; f o r   c o n d i t i o n s   i n  Western S ibe r ia  hH > 0.1 m. 

TABLE I 

Minimum thickness of peat  foundation 

Resistance t o  shear o f  
upper  peat  layer as 
determined 9y a compressor >O.l  0.1- <O .05 
rsh ¶ kgf/cm 0.05 

Hd3 m 1 .oo 1.15 1.30 

Minimum Hfr, m 0.40 0.45 0.50 
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These values  are found by calculation, using "Method 
R@cOmndatiOns for the Design  and Construction of Roads an Frozen 
Foundations i n  Marshy Regions i n  Western Siberia" (Moscow, 1975) a s  a guide. 

In permafrost  regions where the  act ive  layer  i s  shallow  there i s  
no necessity for freezing-on the peat  slabs;  the  foundation  materials are 
kept  frozen by b u i l d i n g  u p  the  earth embankment t o  the height  required by 
heat  engineering  calculations, which i s  from 2 t o  3 m .  

Investigations by the Omsk Branch o f  the All-Union Research 
Ins t i t u t e  of Roads and  Highways have shown tha t   the  depth of  f i l l s  and 
consequently  the amount o f  earthmoving and i t s  cost can be substant ia l ly  
reduced i f  insulating  layers o f  natural or ar t i f ic ia l   mater ia l s   a re  used 
extensively i n  the structures.  In these  circumstances  the  structure o f  the 
earth embankment includes a levell ing sand layer and an insulating  covering 
of p las t ic  foam, expanded polystyrene or polyurethane  slabs, above which i s  
l a id  a soil   layer of calculated  thickness  (Figure 2) .  

Figure 2 

Structure of earth embankment w i t h  p las t ic  foam 
(expanded polystyrene)  insulating  layer: 

1 - f i l l  soil ;  2 - levelling  (erecting)  layer o f  sand; 3 - insulating  layer 
of p las t ic  foam o r  polyurethane; 4 - ice-bearing  suglinok; 5 - permafrost 
table  before  construction; 6 - the same, after  construction. 

In areas w i t h  f r o s t  mounds the  structure  of the ear th  embankment 
i s  fixed according to   t he i r  dimensions. On ice-bearing  suglinok  foundations 
where small frost mounds ( u p  t o  0.4 - 0.6 rn i n  height and u p  t o  4 m i n  
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diameter) are  present,  these are preserved in  the  foundation. To prevent the 
inf i l t ra t ion  of rainfall t o  the frost mound, the lower part  of the f i l l   i s  
made u p  of a layer o f  clay  soil equal i n  thickness t o  the height of the mound 
plus 0.2 - 0.3 m. An insulating  layer i s  provided i f  the diameter of the 
mound i s  5 - 6 m and i t s  height reaches 1 m or more. 

Where i t  is  impossible t o  skirt  an active f h s t  mound 
(hydrolaccolith) of large  size (over 8 m i n  height) i t  is  removed and an 
insulating  layer of art if icial  or natural  materials (moss, peat) i s  provided 
i n  the lower pa r t  of the  earth embankment. 

The thickness adopted for the  insulating  layer of  peat-moss i s  
0.25 - 0.30 m i n  the consolidated state,  and the depth o f  the f i l l  i s  
calculated by the formula 

where H I , *  i s  the  calculated depth o f  thawing of f i l l  soil and 
insulating  layer  respectively, m ;  

H is the  thickness of  the  seasonally thawing active 
layer, m ;  
a.1 

rc i s  a coefficient  defining the thermal influence of the 
covering (a dimension1 ess Val ue) ; 

Sf i s  the  settlement o f  the foundation soils, i n  fractions 
of uni ty ;  

sd i s  the permitted settlement for coverings of various 
types, m; 

h2 i s  the  thickness o f  the  insulating  layer, m .  

In broken terrain where there  are unstable  slopes with gradients 
from 1 : 5 t o  1 : 10 and downslope  movements (a solifluction phenomenon) o f  
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f i n e  sands , supes and ice-bearing  sugl  inoks,  the  earth embankment i s  designed 
w i t h  a bui l t -up  shoulder o f  peat-moss on the  lower   s ide and a raised  frozen 
ridge;  the  dimensions o f  these  are  f ixed  by  heat  engineer ing  calculat ions.  
The width  o f   the  shoulder   a t   the  top must no t  be less  than 3 m and i t s   h e i g h t  
no t  more than  two-thirds  of  the  height o f   t h e  f i l l .  The surface of t he  
shoulder i s  covered w i t h   c l a y   s o i l   w i t h  a layer  th ickness o f  0.15 - 0.2 m. A 
f rozen  r idge 2 III wide a t  the  top i s  constructed a t  a distance  of   not  more 
than 20 m from  the base o f  the fill and i s  prov ided  wi th  an i n s u l a t i n g   l a y e r  
o f  peat-moss ir. i t s  foundations. 

The construct ion o f  roads  on  frozen  foundations  (see  Figure  1)  can 
be d iv ided  in to   four   s tages   in   t ime.  The preparat ion work (working  over  the 
bog surface,  clearing snow,  moss and t rees  from the  road zone) i s  completed 
i n   t h e   f i r s t  stage and the  peat  s lab i s  f rozen on l aye r   by   l aye r  
(autumn-winter  period); i n   t h e  second state  (pre-spr ing  per iod)  the  earth 
embankment i s   b u i l t  up  from minera l   so i l s  t o  p a r t  o f  i t s  height and t h e  
i nsu la t i ng   s ide  banks o f  peat  are  constructed. 

I n   t h e   t h i r d   s t a g e  (summer) the   ea r th  embankment i s  b u i l t  up t o  

i t s  designed  height. The fourth  stage  ( laying  the  road  surface)  can  be 
de layed  inde f in i te ly ,   to   a l low  fo r   the   conso l ida t ion   o f   sed iments .  

When crossing  shal low  lakes  the  water i s  frozen and a dry   t rench  
i s  made i n   t h e   f i r s t  stage o f   cons t ruc t ion ;   the  weak bottom  deposits  are 
frozen and the 1 ower p a r t   o f   t h e   p e a t  f ill i s  f rozen on 1 ayer  by 1 ayer . 

I n   t y p e  I and I 1  bogs the peat  s lab i s  usual ly  f rozen on i n  two 
stages,  digging  the  peat from borrow p i t s  on  the two  sides. I n   o t h e r  cases 
the  peat i s  obtained i n  open diggings i n   t y p e  I bogs  and transported t o  t h e  
const ruct ion s i t e  by dump trucks.  The peat i s  kept i n  r i d g e s   f o r  2 - 3 days 
to   e l iminate  mois ture,   then  leve l led  by a bul ldozer.  

Each peat  s lab  layer  ( th ickness 0.3 - 0.6 m) must b e   c a r e f u l l y  

consol idated  by  t ractor  t racks and frozen  throughout i t s  depth. The peat  
s lab i s  f i n a l l y   f i n i s h e d  off by  transverse  bul ldozer  runs,  giving  the  surface 
a crescent shape; only  then does l ay ing   o f   t he   upper   pa r t   o f   t he   m ' i ne ra l   so i l  
fill begin. 
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From 1972 t o  1976 dozen of  kilometres o f  highway on frozen 
foundations i n  bogs  and shallow  lakes were bu i l t  and kept under observation 
i n  oil-bearing regions i n  the Central Ob' d i s t r i c t .  The condition o f  the 
roads and traffic  conditions on them are   sat isfactory.  The observations 
confirm tha t  a once frozen  peat  foundation of thickness (Hf  + H f r )  i s  reduced 
by ( h t h  + h H )  every  year by the end o f  the warm period, b u t  i s  restored  to 
(Hf  + H f r )  by the end o f  the winter period when the earth embankment i s  of 
optimum thickness by virtue of the excess  cold i n  regions  north o f  58'N. 

There a re  two periods i n  the  construction of  an earth embankment 
w i t h  insulating  layers (see Figure 2 ) :  a preparatory  period and the main 
period. The preparatory  period i s  assigned t o  the  beginning o f  winter, when 
the d e p t h  of  freezing o f  the  active  layer i s  n o t  l e s s  than 30 - 40 cm and 
f ree  manoeuvring of road-building  vehicles and equipment becomes possible. 

During the  preparatory  period the road zone i s  cleared  of snow, 
bushes and trees, t h e  approach roads t o  the open-cut workings a r e  b u i l t ,  the 
natural insulating  material i s  procured, drainage instal la t ions  (di tches ,  
ridges e tc . )  a r e   bu i l t ,  and la rge   f ros t  mounds a r e  removed. 

Snow, bushes and trees a re  removed only t o  the w i d t h  o f   t h e   f i l l  
foundat ion;  g rubb ing  ou t  stumps i s  forbidden. In winter  special winter 
roadways should be used as the approach roads t o  the open-cut workings, b u t  
by the b e g i n n i n g  o f  summer a temporary  earthmoving  road 8 m wide a t  the top 
and 0.6 m h i g h  i s  la id .  The natural  insulating  material i s  procured from 
sectors not l e s s  than 100 m from the  l ine of the highway. As a preliminary 
the surface o f  the sectors i s  cleared  of snow and the moss-peat i s  piled u p  
by bulldozers. The frost mounds a r e  removed  by blasting or by mechanised 
methods. 

The main period i s  assigned t o  the middle and the second half o f  
the  winter, when freezing of the act ive  layer   soi ls  is  practically complete 
and conditions  favourable t o  preserving the permafrost i n  the road s t ructure  
foundation are  created.  An earth embankment re ta ining  f rost  mounds i s  
constructed,  observing  the  following  rules:  the lower p a r t  o f  the clay  soi l  
f i l l  i s  b u i l t  up  i n  layers  of 0.3 m from the edges t o  the middle,  each layer  
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being carefully  consolidated. If there i s  provision for insu la t ing  slabs, 
these  are  laid i n  a continuous layer w i t h  alternate joints. The slabs are 
covered w i t h  sand t o  a depth o f  0.5 m .  

The following sequence of operations is  observed when constructing 
an earth embankment i n  sectors where frost mounds  have  been  removed: the 
depression formed by removal o f  the frost mound i s  f i l led i n  w i t h  sandy soil 
and carefully  consolidated;  the peat-moss insulating  layer i s  built u p  t o  the 
f u l l  height and levelled and consolidated by a bulldozer, and the  earth 
embankment i s  built u p .  However, i f  there i s  provision for insulating slabs 
a sand levelling  layer 20 - 25 cm thick without frozen lumps i s  laid and 
consolidated after removal o f  the frost mound, w i t h  grading of the  surface on 
which the  insulating slabs are l a i d  i n  accordance w i t h  the above 
requirements. 

The following procedure i s  used t o  build an earth embankment i n  a 
sloping sector with a built-up shoulder o f  moss-peat: the f i rs t   layer  o f  the 
earth embankment is   buil t  u p  t o  a height o f  0.5 m ,  then a layer o f  peat-moss 
i s  b u i l t  u p  on the  shoulder. The soil is consolidated w i t h  a roller,  the 
peat-moss w i t h  a bulldozer. The  same procedure i s  used for subsequent layers 
of  f i l l .  In a l l  the  structures  the lower layer of  f i l l  i s  budlt u p  
"outwards", subsequent layers being laid longi tudina l ly .  

The soil for  building the  earth embankment i s  dug from open-cut 
workings u s i n g  excavators equipped w i t h  face shovels or dragshovels and 
transported by dump trucks or motor scrapers running on pneumatic t i res .  

These earth embankment structures and b u i l d i n g  techniques have 
undergone extensive practical  testing and have  proved t o  be technically and 
economically efficient: 

- roads on frozen foundat ions reduce the demand for b r ing ing  i n  
mineral soils by 1.5 - 2 times by comparison w i t h  t r a d i t i o n a l  
methods of construction on bogs (complete peat removal, f l oa t ing  
f i l l s ) ;  i n  these circumstances the  rate of highway construction 
increases by a fac to r  of 2 t o  2.5; 
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- insulating slabs o f  artificial  materials from 4 t o  10 cm thick 
perm i t  reductions o f  1 - 1 . 5  m ir, the height of  the mineral part 
o f  the f i l l ;  i n  these circumstances the rate of highway construction 
increases almost threefold. 
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CONSTRUCTION BY THE METHOD OF STABILIZING PERENNIALLY 

FROZEN FOUNDATION SOILS 

G.V. Porkhaev, R.L. Valershtein, V . N .  Eroshenko, A.L. Mindich, 
Yu .S. Mirenburg, V.D. Ponomarev and L .N. Khrustalev 

Research Institute of Foundations and Underground Structures, 
Moscow, U.S.S.F. 

In regions o f  permafrost , all  areas t o  be built over can  be 
divided in to  two groups according t o  the frozen ground conditions:  areas 
where the  layer o f  seasonal freezing and thawing  merges with the permafrost 
soils and areas where there i s  no such  merging. 

Conditions o f  the f i r s t  type govern the choice o f  a method for 
construction of  residential and public  buildings i n  which the foundation 
soils  are kept frozen (Vyalov, 1975). The design takes t h e  form o f  
foundations l a i d  i n  the permafrost soil and the  provision of  ventilated a i r  
spaces or other cooling systems  under the b u i l d i n g .  This method gives 
reliable and long-lasting  structures i f  simultaneous provision i s  made t o  
eliminate  the thermal effects o f  buildings and structures located nearby upon 
the foundat ion so i l s .  I t  is  widely  used i n  northern districts in the 
permafrost region. 

The foundations o f  buildings and structures i n  these districts  are 
permafrost soils, which are i n  the  solidly frozen state and have h i g h  bearing 
capacity. 

There are also examples o f  construction using plastically frozen 
soi ls  as the base for foundations; i n  their natural  state these soils have 
lower bearing capacity and h i g h  deformability  characteristics. However, the 
foundat ion temperature can be reduced i n  a relatively  short time (1-2 years) 

Proceedings T h i r d  International Conference on Permafrost , 
Vol. 1 ,  pp. 859 .. 863, 1978. 
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by  using  the  cool ing system a v a i l a b l e   i n   t h e   b u i l d i n g ,   f o r  example a 
v e n t i l a t e d   a i r  space, t rans fo rm ing   t he   so i l s   f rom  p las t i ca l l y   f rozen   t o  
so l id ly   f rozen and so i n c r e a s i n g   t h e   r e l i a b i l i t y  o f  the  foundation.  Having 
regard t o  t h e   r e l a t i v e l y   s h o r t   p e r i o d   o f   t r a n s i t i o n  from t h e   p l a s t i c a l l y  
f rozen t o  the   so l id ly   f rozen  s ta te  and the  rheolog ica l   proper t ies  o f   the 
f rozen  so i ls ,   large  deformat ions  are  not   to  be expected  dur ing  th is  per iod,  
even a t  loads somewhat i n  excess o f  t h e  ult imate  long-term  strength o f  t h e  
plast ica l ly   f rozen  so i ls .   Deformat ions i n   t h e  foundation  during t h i s  per iod  
may be calculated,  but  as a ru le ,   t hey   a re   i ns ign i f i can t .  

Conditions of the second type do not  unequivocal ly  determine  the 
choice o f  construct ion method. , Here const ruct ion i s   c a r r i e d   o u t   b o t h   w i t h  
the  foundat ion  so i ls   kept   f rozen and by using them i n  the  thawing and  thawed 
s t a t e  (Zhukov, Pnomarev, 1973). 

When the  permafrost  table does no t  l i e  a t   g r e a t   d e p t h  and i s  
w i t h i n  the range of ord ina ry   p i l e   o r   p ie r   f ounda t ions ,  i t  i s  best  t o  keep t h e  
foundat ion  so i ls   f rozen.   In   th is  case the  foundat ion  rests  upon permafrost 
s o i l  and the  unfrozen  layer above i t  i s  kept  f rozen  dur ing  the  per iod o f  use 
by  the  operat ion  of   the  cool ing system i n   t h e   b u i l d i n g   o r   s t r u c t u r e .  

The method o f  keeping  the  ground  frozen can a lso be,  used when t h e  
p e r m a f r o s t   t a b l e   l i e s   a t  great depth, b u t   i n   t h i s  case pre l iminary  f reez ing 
i s  essent ia l .   F i rs t -g roup  cond i t ions   a re   c rea ted   a r t i f i c ia l l y   by   p re l im inary  
f reezing;  the  unfrozen  soi ls o f  the  foundat ion  are  t ransformed  in to   so l id ly  
f rozen   so i l s  and are  then  kept i n   t h a t   s t a t e .   U n t i l   r e c e n t l y  a mechanical 
method was used for pre l im inary   f reez ing ;   th is   ca l led   fo r   g rea t   expend i tu re  
and was therefore used  on a 1 imited  scale. The range o f  app l i ca t i on  of t h i s  
method of preparing  foundations i s  expanding  considerably  with  the 
in t roduc t ion   o f   conduct ing   p i les ,  which make i t  possible t o  f reeze  the ground 
t o  a great  depth  by  natural cold. 

However, a construct ion method us ing  foundat ion  so i ls  i n  the 
thawing and thawed s ta te  i s  more widely used i n  areas where the   l aye r  o f  
seasonal f reez ing and thawing does not  merge with  the  permafrost. The design 
takes  the form o f  foundations l a i d   i n   t h e  unfrozen  layer o f  soil  wi th   an  
underlying  permafrost  layer. 
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If the  underlying  layer  is  relatively  incompressible its thawing 
does not cause additional  deformations, and the foundations operate as i n  
unfrozen ground. Thawing  can  therefore be permitted while  the structure  is 
in use, irrespective o f  the  depth o f  occurrence  of  the permafrost. However, 
this situation is rarely encountered. Normally permafrost produces large 
deformations  when it thaws, and .these  are the  principal cause o f  structural 
failure. Preliminary thawing of  the  pemafrost is carried out to ensure  the 
stability o f  the structure. 

Two f o m s  of thawing can be distinguished:  complete  and partial. 
The former is carried  out  when the permafrost is relatively thin, mainly i n  
permafrost island regions; the latter is used i n  the remaining cases. In 
these circumstances the depth of preliminary  thawing is set so that  the total 
deformation of  the foundation  soils  (settling o f  the unfrozen and thawed 
layers and of the  layer which  thaws  during use) does not exceed the level 
which  endangers the stability o f  the structure. Uneven deformations 
(tilting, sagging,  arching, etc.) present particular dangers  to  the stability 
and operational suitability of  the structure. Reductions i n  the unevenness 
of settling or elimination o f  its e f f e c t  upon  buildings can be achieved as 
follows: by increasing the depth o f  preliminary thawing, strengthening the 
structures of the building, and controlling  unevenness i n  foundation soil 
thawing  during use, i.e., by controlling temperature conditions in the 
foundation. For example, the depth o f  preliminary  thawing for large-panel 
five-  to nine-storey residential buildings to eliminate  inadmissible 
unevenness i n  foundation soil settling  may  reach 25 - 30 m; this  is  not 
acceptable in practice from the technical and economic  viewpoint. 
Strengthening the structure o f  the building i s  also fairly costly and does 
not always lead to the desired results. 

The  most acceptable method is t o  control the  temperature 
conditions in the foundation,  to eliminate inadmissible overall settling o f  
the  foundation soils  while the building i s  i n  use and to prevent uneven 
settl ements  (Porkhaev, 1970). 

Control may be exercised by means o f  cold air spaces, ventilated 
bridges, thermal insulation, and special heat sources (periodically operating 
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pipes or electric  cables  laid around the  perimeter o f  the  building or 
structure). Cold a i r  spaces make i t  possible t o  reduce or even eliminate  the 
thermal effect of the  structure upon the foundat ion.  However,  when 
t emperatures i n  the a i r  space are low there i s  a probability o f  perennial 
ground freezing, which may cause heaving o f  the foundations. 
pi’ 

The temperature conditions i n  cold a i r  spaces must therefore be 
set  on the  basis of minimum probability o f  inadmissible deformations 
resulting from thawing of the permafrost or perennial  freezing o f  unfrozen 
ground. The probability of inadmissible deformations can be reduced by 
increasing  the depth o f  preliminary thawing or the depth a t  which the  
foundations are  lafd,  or b o t h  together, a5 well as by thermal insulation 
around the  perimeter of the  structure and by b r ing ing  ventilated openings and 
special  heat  sources in to  operation, 

However, the thermal effect o f  structures upon their  foundation 
can  be completely eliminated by  means of cold a i r  spaces and other  cooling 
systems (pipes,  channels,  ventilated f i l l s ,  and the  l ike),  thus avoiding 
thawing of the permafrost, i .e, , stabilising  the position of the permafrost 
table a t  i t s  init ial   level,  

T h i s  method of stabilisation involves  positioning  the  foundations 
i n  t he  layer o f  unfrozen ground w i t h  underlying  permafrost  (Khrustalev e t  
a l . ,  1967). 

A cooling  device i s  provided in  the b u i l d i n g  or structure  to 
stabil ise the position of the permafrost table; however, this device i s  
brought i n t o  operation  periodically,  unlike a similar device used i n  
buildings and structures i n  which the foundation soils  are kept i n  the  frozen 
sta te .  

Let us consider  the  operation o f  a cooling  device i n  the form o f  
an a i r  space w i t h  year-round ventilation by way of example. When the 
ventilation holes are open a negative mean annual a i r  temperature i s  
established i n  the   a i r  space, and there   is  perennial  freezing o f  the ground 
i n  the foundat ion of the  building o r  structure. By virtue o f  this  a phase 
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boundary on which the  freezing temperature i s  constantly maintained exists 
above the base of the foundations throughout the period o f  freezing. A 
second  phase  boundary is  found below the  foundations, a t  the  level o f  the 
permafrost. Between the two phase boundaries 1 ies a layer o f  unfrozen ground 
i n  which there  are no temperatuWgradients; consequently there  are no heat 
fluxes through i t .  Obviously the permafrost table  retains  i ts  i n i t i a l  
position while the no-gradient protective  layer  exists. 

The danger of heaving of the foundations  increases i n  proportion 
t o  the  freezing. To avoid this phenomenon, freezing must not exceed a 
certain  value, which i s  governed by the design o f  the foundations t o  res i s t  
the  action of heave forces. The cooling system i s  shut down (the  ventilation 
holes are  closed) when this level i s  reached. The "short-term  permafrost" 
which  has  formed i s  now thawed by the heat from the b u i l d i n g  or structure and 
the whole system returns t o  i t s  init ial   si tuation. The cycle i s  then 
repeated. The rel iabi l i ty  o f  this method i s  determined primarily by the 
depth a t  which the  foundations are  laid and the  duration o f  the  control 
cycle. The course of freezing and thawing is monitored by reference t o  the 
results of soil temperature observations i n  boreholes r long  the outermost and 
middle courses of the foundations. 

Our investigations show that optimal conditions  are  created i f  a 
mean annual a i r  temperature close t o  O°C i s  maintained i n  the air  space when 
the  ventilation holes are  fully open. In this  case  the sum of the degree 
hours i n  summer (positive  temperatures) i s  equal t o  the sum o f  the degree 
hours i n  winter  (negative  temperatures). Taking account of the  difference i n  
thermophysical properties i n  frozen and unfrozen ground, the mean annual 
ground temperature i n  the  layer o f  seasonal  freezing and thawing will be 
somewhat  below O°C: of the  order o f  -0.5 t o  -0.7OC. As a result,  freezing 
of the g round  below the  limit of  seasonal freezing and thawing will  take 
place a t  a relatively slow rate. This rate will be greater a t  the edge of 
the bu i ld ing  or structure t h a n  i n  the middle. 

The course o f  freezing under the edge  and the middle o f  a b u i l d i n g  
or structure can  be defined by the following formula: 
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- 
(cM) or edge ( E $  of the  building F F 
EF is   the depth of freezing of the ground under the middle 

or structure, m; 

i s  the depth o f  seasonal freez 
middle o r  edge o f  the b u i l d i n g  or 
of the  freezing  period, m; 

F i n g  of the ground under the 
structure i n  the f i r s t  year 

T is  the  calculation temperature, assumed t o  be F1 i n  
calculating E,: and 0.5($ + T2) i n  calculating c, OC; F 

T p  i s  the mean annual ground temperatures i n  the  layer o f  
seasonal freezing and thawing  beyond the periphery of the 
bu i ld ing  or structure, OC; 

T is the  duration o f  the  year, 

d F  i s  the  duration o f  the  freet  

Y 
8760 hr; 

i n g  period,  years; 

hF i s  the thermal conductivity  coefficient of the  frozen 
ground, W/m .OC; 
6 i s  the heat o f  melting o f  the  ice, J/kg; 

W i s  the moisture  content o f  the ground, kg/m3. 

With the  ventilation holes closed, the  "short-term  permafrost" 
which  has  formed will thaw d u r i n g  the period pT, which  can be found by the 
formula 
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where d i s  the dura t ion  of the thawing period,  years; T 

t1 i s  the depth o f  seasonal thawing o f  the ground under the 
middle of the bu i ld ing  or structure d u r i n g  t he   f i r s t  year 
of the thawing period, m ;  

T 

Ti is the mean annual ground temperature i n  the 1 ayer o f  

seasonal freezing and thawing within  the  periphery o f  the 
building or structure w i t h  the  ventilation holes i n  the 
air space f u l l y  closed, OC; 

Xu is   the  thermal conductivity  coefficient of  the unfrozen 
ground, W/m .'C. 

I t  is necessary t o  inject supplementary energy i n t o  the ground 
dur ing  the period o f  time du  using special  heaters placed around the 
perimeter o f  the  building or structure t o  ensure  simultaneous thawing under 
the middle and the edge; the magnitude of supplementary energy will be 
directly proportion t o  te. F 

The magnitude of E!  can be considerably reduced by shifting the 
outermost courses i n  the  foundations towards the middle o f  the b u i l d i n g  or 
structure or by installing a ventilated opening  comnunicating with the a i r  
space on the  perimeter o f  the b u i l d i n g  or structure. 

Calculations by the proposed method  show that where T! = -0.5 t o  
-0.7OC freezing a t  the edge o f  the  building 6; will reach a magnitude of t he  
order of 3.5 - 4 m i n  10 years o f  use. 

As the  calculations show, a  depth o f  freezing of 3.5 - 4 m i s   t he  
maximum i n  most cases t o  ensure freedom from heaving i n  the  foundations o f  

the b u i l d i n g ;  the  cooling system i s  therefore shut down and thawing of the 
short-term permafrost which  has  formed begins. The speed o f  thawing will be 
greater than the speed of freezing. Total thawing time will be 1 - 2 years. 
Thus the  total freezing-thawing cycle w i t h  normal pile foundations  will be 
11 - 1 2  years. Wi th  an increase i n  the depth a t  which the foundations are 
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laid  the duration o f  the  control  cycle can  be increased u n t i l  i t  i s  equal t o  
the period of use, 

The maximum preservation  of  the natural frozen-ground conditions 
which  have historically formed by the time the  territory i s  developed i s  one 
of the conditions  contributing t o  increased rel iabi l i ty  o f  b u i l d i n g s  and 
structures  erected us ing  the  stabilisation method. This condition governs 
the  construction technology and the type of foundations used. The’technology 
must ensure  the minimum disturbance of the  soil  surface  layer on the b u i l d i n g  
si te;  the same is true o f  the type o f  foundations. P i  l e  foundations meet 
these requirements most completely (Eroshenko, 1972), a l though the use o f  
other  types of foundations (strips,  piers,  slabs) i s  not ruled out  i n  
principle  if this is dictated by the design or engineering features o f  the 
structures being erected, 

The  method of ensuring the s t a b i l i t y  of buildings and structures 
by stabilising  the permafrost table gives r ise  t o  special requirements for  
pile foundation calculations and designs. The design of pile foundations i s  
specified on the  basis of two conditions: 

1 )  maintaining the necessary  bearing capacity; 

2 )  the  resistance of  the piles t o  heaving  under conditions 
o f  f reezi ng , 

The special  features o f  calculating  pile bearing capacity are  
determined by the  effect upon i t  of  the  layer o f  annual freezing and thawing 
which i s  pierced by the  piles. This effect i s  allowed for  separately  for  the 
period of ground layer  freezing under the b u i l d i n g  ( w i t h  the  cooling  device 
operating) and when this layer thaws ( w i t h  the  cooling device shut down). 

The bearing capacity of a pile will be a t  a minimum i n  the  period 
when the ground under the b u i l d i n g  i s  thawing and i s  defined for  t h i s  period 
w i t h  allowance for negative friction i n  the  layer o f  freezing and thawing,  
which reduces the bearing capacity o f  the  pile: 



- 291 - 

n F + = [ U  c f i l  - u R ~ ~ ; ~  E ,  + R F I ,  
Kr i= l  

where $ i s  the bearing capacity of the  pile, N; 

m and Kr respectively  are  coefficients of  the operating 
conditions and the  reliability o f  the  soil foundation; 

u i s  the perimeter o f  the  pile cross section, m; 

f i  is  the  calculated  resistance o f  the i - t h  layer of  
foundation soil on the  lateral  surface of the pile, Pa; 

l i  is the  thickness o f  the i - t h  layer o f  soil i n  contract 
w i t h  the lateral  surface o f  the  pile, m; 

n i s  the number o f  soil 1 ayers  segregated  over the 1 ength 
of the  pile below the  perennial  freezing  layer; 

R is  the  calculated  resistance o f  the  soil under the 
lower  end o f  the  pile, Pa ; 

F i s  the  cross-sectional  area o f  the  pile a t  i t s  lower 
end, rn ; 2 

RSh.n 
the soil on the  lateral  surface o f  the  pile, Pa. 

is the  calculated  specific  negative  friction of  

The resistance t o  heave forces a t  the maximum depth o f  freezing i s  
checked for the  freezing  period: 

fTi is  the  specific  resistance o f  the unfrozen soil t o  shear 
on the  laterial  surface o f  the  pile i n  the  i - t h  layer, Pa; 

T is  the  specific  tangential heave force i n  the  freezing 
layer, Pa; 
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K is the bearing power utilisation factor. 

If heave force resistance condition (4) i s  not observed, either 
the depth o f  pile embeddment is increased or  the period of freezing is 
reduced, with a corresponding reduction in the  depth of freezing. 

Special design or technological measures (for example, anti-heave 
coatings, protective casings, fills o f  materials without heaving properties) 
may be implemented to eliminate the  adverse  effect of  the layer o f  freezing 
and thawing upon the stability and bearing capacity of the foundation. 

The method o f  laying the engineering utility lines i s  of great 
importance in maintaining the reliability of buildings and structures erected 
using the method of permafrost stabilisation in the foundation, Experience 
shows that  the thermal effect of utility line systems upon permafrost 
foundation soils is one  of  the main causes of deformations i n  buildings or 
structures. The stability of all engineering structures therefore  depends to 
a large extent upon the system o f  laying utility lines. 

In construction using the permafrost stabilisation method the  main 
utility lines and the lead-ins and outlets i n  the buildings are la id  either 
underground (in ducts giving complete or partial access ventilated with 
outside  air) or above ground (in boxes and on trestles). The underground 
laying o f  engineering utility lines is based upon the  same method o f  
permafrost stabilisation, for which the duct ventilation conditions are 
specified to maintain an average air temperature f n  the duct which eliminates 
freezing and thawing o f  the soil outside its walls. Provision i s  made in the 
duct for  the removal of possible emergency discharges from the buildings. 

Utility lines within blocks of buildings are located on the 
service floors or i n  the ventilated air spaces o f  the buildings; unification 
o f  residential groups by the interlocking o f  buildings is  used for  this 
purpose during development. This  also provides the opportunity for shielding 
the built-up areas from the prevailing wind and for creating a  favourable 
microclimate to make  the residents' life  more comfortable. 
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Thus the f low o f  heat t o   t h e   s o i l   b o t h  from the  bu i ld ings and  from 
the  u t i l i t y   l i nes   i s   p rac t i ca l l y   e l im ina ted ,   ensu r ing   re l i ab le   f ounda t ions .  
In   add i t ion ,   the  access  channels make i t  possible t o  r e a c h   t h e   u t i l i t y   l i n e s  
throughout   the i r   length;   the  probabi l i ty  of accidents i s  reduced t o  a minimum 
and r e 1   i a b i l  i ty  , convenience and economy i n  use a r e  increased , 

Le t  us g ive an example of the  construct ion i n  recent  years  of a 
set t lement   for  6000 workers, us ing  the  permafrost   s tab i l isat ion method. The 
settlement was made up of f ive-s torey  large-panel   bu i ld ings  in ter lock ing  wi th  
each other.  The bui ld ings were equipped w i th   se rv i ce   f l oo rs  and w i t h   a i r  
spaces ven t i l a ted   w i th   ou ts ide   a i r   (F igu re  1 ) .  

Special a i r  holes  are  provided i n   t h e  base of t he   bu i l d ings   t o  
v e n t i l a t e  the a i r  spaces; t h e   s i t e  and number o f  holes  are  calculated on the  
basis of the  necess i ty   for   mainta in ing a mean annual air  temperature of O°C 

i n  t h e   a i r  space. To el iminate  the danger o f  blockage by snow, the  holes  are 
i n   t h e  form  of z-shaped channels i n   t h e   w a l l s  o f  the   serv ice   f loor  and the  
v e n t i l a t e d   a i r  space, the  leve l  o f  the   ou ter  opening  being 2.5 m on  average 
above the  p lanning  level .  The holes are equipped w i th   l ouv red   g ra t i ngs   f o r  
opening and closing, t o  con t ro l   t he   ven t i l a t i on  regime. 

The t e r r i t o r y  o f  the  sett lement i s  an  area o f   g r e a t   v a r i e t y  and 
complexity as regards  frozen ground. The permafrost   table i s   a t  various 
depths  (over  10 - 12 rn i n  about 60% o f   t h e   t e r r i t o r y ) .  There i s  extensive 
short-term  permafrost t o  a depth o f  up t o  6 - 7 m, occupying more than   ha l f  
of t h e   e n t i r e   t e r r i t o r y ,  The upper pa r t   o f   t he   geo log i ca l   sec t i on  ( t o  a 
depth of 5 - 7 m) i s  represented  by  sugl  inoks, lower down ( t o  10 - 15 m) by 
sand and gravel soils, and a l s o   i n   i n d i v i d u a l  cases by supes, sugl  inoks and 
clays. 

Under these  conditions,  the  permafrost  table i n  t h e   b u i l d i n g  
foundation was l e v e l   l e d  by preliminary  thawing o f  the  ground t o  a depth of up 
t o  10 m from the day surface i n   i nd i v idua l   sec to rs .  

The foundations of  the  bu i ld ings were o f  dr iven  ferroconcrete 
p i l e s  30 x 30 cm i n  cross  section and 6 - 8 m long sunk i n  unfrozen  ground 
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w i t h  underlying  permafrost. In these circumstances the lower  ends of  the 
piles were not less t h a t  2 - 4 nl above the permafrost table (depending upon 
soil type and condition). Construction was carried out  wi thou t  d i g g i n g  
foundation pits f o r  the  buildings, w i t h  the pilework a t  the  level of the 
rough marks or somewhat higher. As a preliminary, a f i l l  o f  coarse  material 
not less than 0.5 m thick was laid on the b u i l d i n g  s i tes  on the undisturbed 
vegetation. 

The main u t i l i t i e s  were  housed i n  a double-level ventilated  duct, 
b o t h  levels g i v i n g  ful l  access  (see Figure 1). The upper level  carried  the 
heating and the hot and cold water supply pipes, while the sewage  system and 
the  electrical system and telephone cables were l a i d  i n  the lower level; 
provision was also made for the removal o f  possible emergency discharges. 
The main duct was connected t o  the group of interlocking  buildings by a 
single-1 
systems 
f 1 oors ; 
Lawns 6 

eve1 access  duct for j o i n i n g  the u t i  
within  the blocks o f  bu i ld ings  were 
this became possible as a result 
m wide w i t h  shrubs were laid around 

l i t i e s  t o  the b u i l d i n g .  All the 
housed i n  the  building  service 
of interlocking  the  buildings. 
the  perimeters o f  the  buildings 

t o  reduce the depth of freezing under their  edges. 

Construction using the foundation  permafrost stabilisation method 
has provided a capability for effecting major planning and technical  indices. 
The length of  outside sanitary and engineering u t i 1  i t y  1 ines was reduced by 
4.5 times. The amount of preliminary thawing was reduced t o  a minimum, and 
construction time was reduced by half a year. This permitted considerable 
savings i n  capital expenditure and labour resources i n  building the 
settlement . Part  of  the settlement is  shown i n  Figure 2 .  

Using the  construction method w i t h  foundation permafrost 
stabil isation provides an opportunity for effecting  substantial improvements 
i n  a l l  the main technical and economic indices o f  construction,  especially i n  
sectors w i t h  complex frozen-ground conditions. This predetermines the 
possibility of making extensive use o f  the method i n  the frozen-ground 
conditions mentioned; as a rule  these are typical of the southern zone o f  
permafrost distribution, which has the  greatest  potential from the p o i n t  o f  
view of i t s  rapid industrial development. 
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Design o f  residential bullding ensuring stabilisation of permafrost table. 
1 - ventilated air space; 2 - duct with  partial access for heat 
and water supply lines; 3 - single-level  ventilated duct; 
4 - ventilation  well; 5 - double-level access duct; 6 - temperature 
boreholes; 7 - upper surface of permafrost. 

Figure 2 

Part o f  the facade of the block o f  buildings. 
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LONG-TERM SETTLEMENT OF FOUNDATIONS ON PERMAFROST 

S .S. Vyalov 
Research Institute of Foundations and Underground Structures, 

Moscow, U.S.S.R. 

Frozen  and especially  plastic fratten soi ls  a r e  capable o f  
developing long-term creep  settlement. To study this  type o f  settlement, the 
author carried out  f ie ld   tes ts  on model foundations  constructed i n  plastic 
frozen soils and subjected t o  constant  loads. The t es t s  were started i n  the 
f i f t i e s  in Igarka and lasted for 19 years. The experimental method  and the 
results of accompanying experiments under laboratory  conditions were described 
previously (Vyalov, 1959). The present paper contains the results f o r  the 
entire period of testing and discusses  the field and laboratory  data  obtained. 

I t  was shown i n  laboratory  tests (Vyalov, 1959) that  settlement o f  

frozen soi ls  du r ing  a penetration  test is  a sum total  of  initial 
conditionally  instantaneous and progressive parts: S = So + S ( t ) ,  a l l  of  
which include a recoverable e las t ic  component Se and a non-recoverable plastic 
component Sp, so t h a t  total  settlement is  equal t o  S = Se + Sp. 

The recoverable  part of settlement is the  result o f  e las t ic  
compression of hard particles and ice, reversible displacement of particles 
and reversible phase transitions of ice t o  water a t  high pressure poin ts .  The  
non-recoverable part is  due, on the one  hand, t o  volumetric  creep o f  the  soil 
skeleton (displacement o f  particles  along',  films of unfrozen water) and 
squeezing o u t  ( f i l t r a t ion )  of unfrozen water replenished w i t h  ice melting a t  
stress  concentration points. This i s  accompanied by a change i n  the porosity 
of soil .  On the  other hand, non-recoverable deformation is   the   resul t  o f  
shear cree'p o f  frozen soil caused by non-reversible and progressive 
displacement of mineral particles along films of bound water and by ice  flow. 

Proceedings Third International Conference on Permafrost, 
V O l .  1 ,  pp. 899 - 903, 1978. 
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These displacements disturb the structural bonds and lead t o  structural 
defects, such as micro- and macrocracks and other  damages. In other words, 
they weaken the  structure. On the  other hand, displacement of  particles, 
especially  those  related t o  volumetric compression, 1 ead t o  a rearrangement 
and a more  compact packing, elimination of defects and formation o f  new bonds, 
5 .e.,  the  structure  is  strengthened. If the  strengthening  effect 
predominates, settlement is  attenuating, If weakening is   the  predominant 
effect,  settlement is  non-attenuating, which will w i t h  time  lead t o  failure of 
the  subsoil: a network o f  cracks will appear followed by regular  settlement. 

Settlement of frozen soils w i t h  time can be expressed w i t h  the  help 
o f  the following  equation 

where D i s  a parameter 
subsoil under the  local 
function  (core) of creep; 

o f  hereditary  creep: 
S t 

d 0 
- D IflP(t)l+. J f P ( 0  I Q ( t 4 d  fl l  (1) 

characterizing the performance conditions of the 
load; f [ P ( t ) ]  i s  a function of load;  Q(t - 5 )  i s  a 
and E, i s  an integration  variable. 

By analogy w i t h  the well-known Schleicher formula, which describes 
settlement of an elastic semispace, D may be taken (as confirmed by 
experiment) as 0 = (1 - v ) w ,  where v i s  the Poisson coefficient, and w i s  a 
coefficient which  depends on the shape and f lexibil i ty of the  plate. For a 
round ( i n  p lan  view) r i g i d  plate w = 0.79. 

2 

Function f ( P )  can  be taken as 

where m < 7 and A are parameters. Let us assunle t h a t  m i s  constant for a 
given soil , and i s  independent o f  temperature and time. The parameter A, 
however, i s  a function of the temperature of frozen soil which reflects  the 
effect o f  the la t te r  on the  settlement: 

where Q(Pa) i s  the value o f  A a t  Q = 0 ;  /e /  i s  t he  temperature o f  frozen soil  
i n  OC without a minus sign; b(°C-l/m) and ~1 are parameters and ~1 = 0.5. 
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The function o f  t ime Q(t - #> can be wr i t ten   as   fo l lows:  

The form o f  equation (4) will depend on the  values o f  Tl I T2 and  n. 
A t  n = 1 , T1 E T and T p  = 6, we have Q(t - 5 )  = SIT + (t - -5) 1, which  on 
subs t i tu t ing   th is   express ion   in to  (1) leads t o  a logar i thmic law o f  
settlement . A t  n = 2 ,  T =T, T2 = [T( 6 - 1)  Pm5, we have 
Q(t - E )  = T ( 6  - 1 ) x n+(t - &)I  and from (1) we obta in  a 
l inear - f rac t iona l  law. F ina l ly ,  a t  n = 1 - 6, T, = 0 and T2 = ( f36/TB)1/1-8 we 
obta in  

-1 

Q(t  - 6) - -gsrB( t  - tf)P-' ) ( 5 )  

which  yields  an  exponential law of settlement. 

Equation (5 )  provides  best agreement with  experimental data 
Subst i tu t ing  th is   express ion ( a t  T = 1)  into (1) and tak ing  f ( P )  as i t  i s  
given i n  equation (2) ,  we obta in  for a general case of var iab le  load P = P(t) 
and variable  temperature 8 = 9 ( t )  the fo l lowing  equat ion o f  settlement: 

where Ace] i s  determlned from equation (4) with allowances for t he  f a c t  t h a t  e 
varies with  t ime. 

I f  P and e are  constant,  equation (6) assumes the   fo l low ing  form: 

Equation (7) can be represented as fo l lows:  

S P 
d E(P, t) ' ' -= (1 - " 2 ) W  

where E ( P , t )  i s  a var iab le modulus of deformation  equal t o  
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A t  t = 0, E ( P , t )  = (Ap"')'Im and equation (7 )  defines  the  initial 
set t l  anent 

S 
d 
- = (1 - v2)w(P/A)Vm 

A t  m = 1 ,  the modulus E ( P , t )  assumes the value of the modulus of  
linear deformation E ( P , t )  = E = A and equation (10) i s  transformed t o  the 
Schleicher formula o f  settlement o f  linearly-defornled semispace: 

-=.(I S - v2)w P/E. 
d 

Equation  (10) reflects  the  so-called  "accelerating1' law o f  creep: 
settlement develops indefinitely b u t  a t  a steadily decreasing rate. The 
validity of this law was confirmed by our penetration  tests a t  the Igarka 
underground laboratory (Figures 1 and 2 ) .  Use was  made o f  round ( i n  plan 
view) plates. The experimental soils were undisturbed  frozen  supes,  suglinok 
and dense clays whose temperature ranged from -0.4' t o  -7 .6OC.  The t e s t s  were 
carried o u t  on slabs of soil enclosed (inmured?) i n  the  ltfloorll of  the 
underground laboratory (using plates 50, 70 and 100 mm i n  diameter) or by 
pressing  the  plates (500 mn i n  diameter)  directly i n t o  the "floor" composed of  
frozen clay. 

Figure 1 shows the development o f  settlement o f  frozen soil under a 
constant load. Figure 2 i l lustrates the  relationship between settlement and 
the load obtained from tests  w i t h  step-like loading.  The curves i n  Figures 2a 
and 2b were obtained  in tests w i t h  different durations of  loading steps and 
illustrate  the changes i n  the modulus E ( P , t )  w i t h  time. The curves i n  Figures 
l a  and 2a demonstrate the important role o f  creep  settlement. For example, 
the  settlement developed i n  72 hours  exceeded t h a t  developed i n  the course of  
a 30 min loading period by a factor o f  8. If compared w i t h  the i n i t i a l  
conditionally-instantaneous  values,  the long-term settlement i s  found t o  be 
several magnitudes greater. 

Figure 2c i l lustrates the  results o f  unloading after each loading 
stage, which  made i t  possible t o  distinguish between recoverable and 
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Figure 1 

Development o f  settlement w i t h  time i n  convential (a  and 
logari thmgc (b )  coordinates.  Plate under constant 1 oad 

P = 13 x 10 Pa in dense clay. e: -7.6'C(1) and -0.4OC (2 ) .  

F igure  2 

Settlement a s  a function o f  load. 
a - S - P curves for various moments o f  time t: 

30 rnin ( l ) ,  7 2  hr ( 2 ) ;  
b - same i n  logarithmic  coordinates; 

c - S - P curves  separated  into the recoverable ( S e )  and 
nonrecoverable ( Sp) components. 

Plate  (d = 505 m) on dense clay (e = -0.6OC). 
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nonrecoverable parts o f  settlement. We can see t h a t  nonreversible  settlement 
i s  the predominant type. Consequently, equations (6)  t o  (8) can be  used t o  
describe  settlement under a constant or an increasing load. To describe  the 
unloading process, allowance should be made for t h e  separation of settlement 
i n t o  recoverable and nonrecoverable parts. 

The validity o f  equation (7 )  i s  confirmed by the  straightening o u t  
o f  the experimental S - t and S - P curves i f  these  are  plotted i n  1 ogarithmic 
coordinates. Figures l b  and 2b show t h a t  the experimental poin ts  fa l l  on the 
I n  S - I n  t and I n  S - I n  P straight lines, which confirms the v a l i d i t y  o f  
expressions (2 )  and (5) and  hence o f  equation (7 ) .  

Let  us note t ha t  the  angle o f  slope of the I n  S - I n  P straight 
lines  for  different durations o f  time (see Figure 2b) i s  about the same. This 
confirms the assumption t h a t  the parameter m i s  independent o f  time t .  The 
values of m were  found t o  be 0.5 - 0.6 for supes, 0.7 for  suglinok and 
0.8 - 0.9 for dense clay. 

The parameter i s  given by the  angle of  slope of the I n  S - I n  t 
straight  line  (see Figure 1 b ) .  For dense frozen  clay i t  i s  0.21 . Strictly 
speaking, 13 depends on the load ,  which is  discussed i n  detail i n  our paper t o  
be presented i n  Section 4 of this Conference. In this paper we derive a 
generalized  equation of  deformation o f  frozen soil based on the physical 
meaning of the  process. However , i n a smal 1 range o f  stresses, we can take 
f 3  = const.and i n  this case the deformation equation will assume the form o f  
equation (7) .  

In the  derivation o f  equations (6)  and ( 7 )  i t  was also assumed t h a t  
the Poisson coefficient v was constant. This assumption  has l i t t l e  e f f e c t  on 
the  calculation  results,  slnce even i f  we assume t h a t  v does  change (due t o  
differences in the mechanisms o f  volumetric and shear  deformation),  e.g. 
w i t h i n  the range 0.3 4 v $ 0.5, the value o f  (1 - v ) would merely  change from 
0.91 t o  0.75. However, i f  i t  i s  desired t o  allow for  these changes, the 
variable value v ( P , t )  must be included i n  equation (6)  under the  integral 
sign. 

2 
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On the whole, however, equations (6) and (7) describe  the 
development of settlement o f  frozen soil sufficiently well w i t h i n  the range o f  
stresses normally applied t o  subsoils. Let us note that  the exponential law 
o f  deformation was checked for  different types of deformation and was 
confinned by other  investigators, e,g. Ladanyi (1975). 

In the  case of large loads, the S - P curve has an inflection which 
is  clearly  visible i n  the  logarithmic p l o t  i n  Figure 2b. This inflection 
reflects  the development of  nonattenuating  creep  settlement and can be 
regarded as an indication t h a t  the load has  reached the  ultimate  value P,. 

RESULTS OF FIELD TESTS 

The long-term f ie ld   tes ts  were started i n  1952 a t  the Igarka 
permafrost station and were continued for almost 20 years*. The tests 
consisted i n  pressing  three r i g i d  plates (d = 705 mm) i n to  permafrost. The 
plates were installed a t  a depth of 2 , 9 5  m on t o p  of a 2 m thick  layer of  
supes w i t h  massive and fine-reticulate  structure  resting on a pebble bed 80 cm 
i n  thickness. Beneath the pebbles there was dense varved clay. The moisture 
and ice  content o f  supes ranged from 20 t o  30% (occasionally 35%). In a few 
places, where there were ice  inclusions, i t  reached 50 - 60%. The depth of 
seasonal thawing a t  the locations of plates 2 and 3 was 1.5 m.  Plate 1 was 
located on a section w i t h  discontinous permafrost. 

The load on each plate was transmitted by means of a powerful 
lever,  the  short end of which  was anchored i n  permafrost. As anchors we used 
two 89 mm steel pipes w i t h  welded-on ragbolts and provided w i t h  anchor plates. 
The plpes were installed in 15 m boreholes and subsequently  frozen i n ,  The 
load on a plate was transmitted through a standpipe. To prevent the  la t ter  
from adfreeting t o  the ground, i t  was provided w i t h  a casing f i l l ed  w i t h  
grease.  Settlement o f  each plate was measured by means of three d i a l  gauges I 

whose readings were  checked by leveling. The da ta  given i n  this paper are 
average values of three measurements. 

* The author i s  grateful t o  A.M. Pchelintsev, former director of the  station 
for his assistance. 
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The soil temperature was measured w i t h  the he1 p of thermocouples i n 
the  plates and slow-reading thermometers mounted i n  the boreholes a t  depths o f  

0 - 0.5 - 1.0 - 1.5 - 2.75 m beneath the bottom o f  the  plates. 

The natural  soil temperature a t  the  level of  the bottom o f  plate 1 
was - 0 . 1 O C  and -0,lo t o  -0.3OC beneath plates 2 and 3 .  The plates were 
installed a t  the end of  sumner  and dur ing  installation  the  soil temperature 
rose t o  O°C. However, i t  eventually  returned t o  i t s  original value and  was 
maintained for a  period of 9 t o  10 years by i n s u l a t i n g  the ground surface w i t h  
sawdust which  was replaced every year. 

After 9 years the amount o f  sawdust was reduced t o  determine the 
effect of changes i n  the thermal  regime o f  soil on i t s  settlement. This 
resulted i n  a  gradual  cooling of soi l .  After 17 years, sawdust was removed 
completely and the  surface was cleared from snow, which led t o  a sharp  drop i n  
soi 1  temperature . 

The temperature regime of soil beneath the  plates a t  a depth of  
0.5 m was as follows. 

# 

Plate 1 Plate 2 Plate 3 
1953 - 1963 -0.1' t o  -0.2OC -0.3' t o  -0 .5OC -0.4' t o  -0.6OC 
1964 - 1968 -0.3' t o  -0.5OC -0.5' t o  -0 ,7OC -0.7' t o  -0.8OC 
1969 - 1971 -1.0' t o  -1 .5OC -0.8' t o  -1.3OC -1.3' t o  -3.3OC 

We should note that  the temperature a t  a  depth of 2.75 m was almost the same 
as above (except the l a s t  3 years). 

The loads were applied i n steps and then kept constant, The 
ini t ia l  load on plate 1 was P = 1.3 x lo5  Pa (10 5 Pa = 1 kg/crnz) which  was 
la ter  increased t o  P = 2.5 x 10 5 Pa. The 1 oad on plate 2 was 
P = 1.25 - 2.5 - 3.75 x 10 Pa. The 1 oad on plate 3 was 
P = 1.1 - 2.0 - 3.0 - 4.0 x 10 Pa. The l a s t  values of the  loads were kept 5 

constant for the remainder of the t e s t .  The ini t ia l  loads on plates 1 and 2 
were applied u n t i l  settlement was stabilized. The loads on plate 3 were 
app l i ed  for equal periods of time (48 hours). 

5 



- 305 - 

The f i n a l  loads were such  as t o  approximately  correspond t o  the 
ul t imate  long-term  strength o f  subsoi l  beneath s t ructures Ps = Pa. These 
values were determined i n  laboratory  penetratlon tes ts   by   the  method of N.A. 
Tsytovich (1973)  and from  the  equation 

where c i s  the  equivalent  cohesion, Y i s  t he   un i t   we igh t  o f  f r ozen   so i l ,  h 
i s  the dep th   o f  the foundation.  Experiments showed t h a t   f o r  supes 
P = 3.0 x I O 5  Pa a t  e = -0,lo t o  -0.2OC and Pm = 5.0 x 10 Pa a t  e = -0.5OC. 

eq 

5 
m 

Settlement of  a l l   t h r e e   p l a t e s  i n  t h e   f i r s t  year o f  t e s t i n g  and 
changes i n  soil temperature  beneath the p la tes   a re  shown i n  Figure 3 ,  

Sett lement o f  p la tes 1 ,  2 an$ 3 i n  t h e  first year  o f  t es t i ng .  
Load P ,  l o 5  (kg/cm ) increas ing i n  steps. 

a - development of set t lement  wi th  t ime;  
b - changes i n   s o i l  temperature immediately  beneath  the  plate 

(cont inuous  l ine)  and a t  a depth o f  0.5 m (do t ted  l i n e ) .  

Let us f i r s t  of a l l  note the  t ime o f  t he  increase i n  sett lement 
even under small  loads. For example, sett lement o f  p l a t e  1 under t h e   i n i t i a l  
load P = 1.3 x l o 5  Pa was j u s t  7 mm bu t   s tab i l i zed   on l y  after 6 months. 

Settlement of plate 2 under the loads of 1.25 and 2.5 x l o5  was 
5 .5  llpll and 21 m and was stabflired after 1100 and 4000 hours  respectively. 
The increase i n   t h e  load t o  3.75 x 10 Pa resu l ted  in nonattenuating 5 
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s e t t l e ~ e n t .  Let US note that  the  increase i n  settlement a t   t h i s  loading stage 
Was less than that a t  the preceding stage. I t  i s  possible t h a t  this was due 
t o  a slight drop i n  temperature beneath the  plate (Figure 3b) or t o  some other 
unknown causes. 

The load on plate 3 was applied i n  short stages a so that i t s  final 
value of P = 4.0 x 10 Pa was reached quickly. The plate was settling very 
rapidly,  especially i n  the i n i t i a l  period, since  the load P = 4.0 x lo5 Pa was 
a p p l i e d  when the soil temperature beneath the  plate was O'C. 

5 

The data i n  Figure 3 was used t o  plot  the  relationship between 
settlement and load (Figure  4a). The p l o t  shows two curves. The upper curve 
was constructed from data on the increments i n  settlement dur ing  the 48-hour 
loading stages, The  second curve was plotted from long-term loading stages of 
pla tes  1 and 2 (prior t o  stabilization of settlement);  the  last  points on the 
curve a t  the highest loads correspond t o  settlement  after 19 years of testing. 
The difference i n  the shape of curves illustrates  the  effect o f  the  time 
factor (as i n  Figure 2a) 

Figure 4 
a P 
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P l o t t i n g  the S - P curves i n  logarithmic  coordinates (Figure 4b) 
produced straight lines which confirmed the applicability of the step function 
(2) .  We should note tha t  the lg S. - lg P lines for different moments of time 
have the same angle o f  slope (as i n  Figure 2b). This confirms t ha t  the 
parameter m i n  formula (2 )  i s  independent o f  time. The value o f  t h i s  
parameter was found t o  be 0.57 which i s  also i n  good agreement with values 
determined i n  laboratory t e s t s .  

Further settlement o f  experimental plates throughout the testing 
period i s  shown i n  Figure 5.  The summary curves are given i n  Figure 6 
together with  changes i n  the mean annual temperature a t  a depth o f  0.5 m 
beneath the plates. 

Figure 5 

s. tu 

5. c m  

Settlement o f  plates   l (a) ,  2 ( b )  and 3 ( c ) .  
Dates 

1 - 31 .XII. 1953; 2 - 31.XII. 1955; 3 - 31 . X I I .  1957; 4 - 31 .XII. 1959; 
5 - 31.XII. 1961; 6 31 .XII. 1963; 7 - 31 .XII.  1965; 8 - 31 .XII. 1967; 

9 - 31.XII. 1969; 10 - 4.VIII. 1971. 
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Figure 6 

m 

1 

Sumnary diagram showing the settlement of plates 
1 ( a ) ,  2 ( b )  and  3(c) and changes i n   s o i l  temperature. 

As may be seen from these  diagrams, the  development o f  sett lement 
was cont inuous   bu t   a t  a s teadi ly   decreas ing  ra te and  stopped on ly  when t h e  
s o i l  temperature  reached -1.5' t o  -2OC ( i n  1969). I n  fact ,  the   p la tes  were 
s l i g h t l y   u p l i f t e d  due t o  heaving o f  f rozen  so i l  as i t s  temperature was 
dropping . 

settlemen t 

The t e s t  was terminated i n  1971. 

When ana lyz ing   the   curves   i l l us t ra t ing   the  development o f  
w i th   t ime i t  was found that   the  curve for p l a t e  1 had an i n f l e c t i o n  

corresponding t o  a t ime  per iod o f  9 - 10 years. The i n f l e c t i o n  was due t o  a 

change i n  t h e   s o i l  temperature.  Settlement o f  plates 2 and 3 was a f fec ted   by  
t h i s  temperature change t o  a lesser  degree so that  t h e i r  S - t curves  remained 
s u f f i c i e n t l y  smooth. To determine  the form o f  the  settlement-load  curves, we 
checked t h e   a p p l i c a b i l i t y  o f  the  t ime  funct ion (4). Depending on the  values 
of T1 , T2 and n, the  settlement  equation assumed ( i f  t h e   i n i t i a l   l o a d  was 
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s = 6tf3. 

All three  equations were found t o  be vat i d ,  although the  
exponential  equation (13) agreed w i t h  the experiment best, and this was 
confirnled by the  fact  that the S - t curves  yielded distinct  straight  l ines 
when p lo t t ed  i n  logarithmic  coordinates I n  S - I n  t. 

The experiments yielded the following values of parameters i n  
equation (13): for  plate 2,  6 5 2,725 and 13 = 0.167; for  plate 3 ,  6 = 4.595 
and B = 0.137. As we can see, the  values of B are very similar i n  both cases, 
which indicates tha t  t h i s  parameter i s  stable and is  practically independent 
of temperature and experimental conditions. 

All the aforementtoned factors af fec t  the parameter 6. Hence the 
difference i n  i t s  values from tests 2 and 3 

The S - t curve for plate 1 can also be described by the 
exponential  equation (13) but the parameters o f  this equation change the i r  
values a t  the  inflection  point on the curve (t = 9 years). 

6 

The theoretical curves calculated  from.equation (13) are shoh  a s  
continuous lines i n  Figure 6. 

In accordance with  equations S = (P/A)'Im and S = 6 t e  and us ing  
equation (7) as  the base, we can rewrite the equation of settlement i n  the 
fol 1 owi ng form: 

S/d =-BPVm t (14) 

where B = 0.79 (1 - v2) 

Taking the average experimental values we have" m = 0.57 and 
B 5 0.5 (0.137 + 0.167) = 0.152, For this value o f  B, 6 = 2.829 for plate 2 
and 8 = 4.437 for plate 3, and hence the parameter B = 6/dP1/m will have the 

I 
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I values 3.98 x and 5.58 x for plates 2 and 3 respectively, or, on the 
I average, B = 4 -78 X 1 Om3 ( Pa”/myear*B), if  t i s  given i n  years. 

Let us now calculate  the  settlements from equation (14) using the 
values of parameters  given  above. 

According t o  the latest  edition of the U .S .S.R.  construction  rules 
and norms, pressure on frozen soil beneath a foundation depends on the ratio 
P = mR/kH, where R is  the design strength o f  soi l ,  which for supes i s  taken a s  
3 x 105 Pa a t  8 = -0.3OC and 5 x 105 Pa a t  e = -0.5OC, while m and kH are the 
coefficient o f  performance and the reliability  factor equal t o  1 and 1 .2  
respectively.  If we take the average o f  the  aforementioned values o f  R ,  the 
pressure on the soil will be P = 4.0/1.2 = 3 . 3  x 10 5 Pa. 

S u b s t i t u t i n g  a l l  these init ial  da ta  i n t o  equation (14) we get: 

S/d = 4.78 X lo5 x 3.3  1/0.57t0.152 

The settlements  calculated from this formula are as follows: 

t, years 1 5 10 
settlement , S/d 0.038 0.049 0.054 

t, years 17 25 50 100 
sett l  anent, S/d 0.059 0.063 0.069 0.077 

Thus ,  i n  the  case of investigated soil (supes, e = -0.3’ t o  
-0.5OC), the  settl anent o f  a foundation, for example 
F = 0.25 x B x ZOO2 = 3.14 x 10 crn i n  area, will be S = 15 cm i n  100 years. 
This value is  permissible for structures where differential  settlement does 
not generate any a d d i t i o n a l  forces. However, i t  exceeds the permissible 
values for certain other structures (large-panel buildings, e t c . ) .  The 
settlement can be greatly reduced by cooling the  subsoil, There are several 
methods of cooling but t h i s  is beyond the scope of this paper. 

4 2  
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Conclusions 

1 .  Plast ic  f rozen  subsoi l  i s  capable of developing 'long-term creep 
settlement  which may be considerable and  must be a l lowed  fo r  when designing 
the  foundations.  Therefore, i t  i s  essent ia l  t o  design subgrade consis t ing  o f  
plastic frozen s o i l  w i th   respect  t o  ultimate-permissible  deformations,  as 
stated i n  the Norms, 

2. The pat te rn  o f  settlement o f   p l a s t i c   f r o z e n   s o i l s   w i t h   t i m e   c a n  
be described by the  exponential  law of "accelerat ing  sett lement' l  (7). 

3. Cooling of p las t i c   f rozen   so i l s   no t i ceab ly  reduces the r a t e   o f  
increase in settlement and may terminate the l a t t e r   a l t o g e t h e r ,  The 
sett lement a t  temperatures  which  vary w i t h  time can be calculated f r o m  formula 
(6). The same formula can be used t o  a l l o w   f o r   t h e   v a r i a b i l i t y  of loads. 
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HYDRODYNAMIC AND HYDROCHEMICAL ASSESSMENT OF EXPLOSIONS 
USED I N  TESTING LOW-OUTPUT WELLS I N  PERMAFROST REGIONS 

V .M. Maksimov 
Leningrad Mining Ins t i tu te ,  U.S.S.R. 

Cur ing  prospecting  for groundwater i n  water  bearing levels 
composed of fissured rnagnatic, metamorphic, hard  sedimentary and kars t i f ied 
rocks,  including  suprapermafrost",  intrapermafrost and subpermafrost levels 
i n  permafrost  regions, the wells i n  one and the same water  bearing  level 
often give a h i g h  output i n  some sectors whereas i n  others their output i s  

low or they may even be practically  dry. 

This i s  due to  changes i n  the nature o f  rock fissuring over their 
depth and extent; to  the  presence  of  disjunctive  disturbances i n  some places 
which are  absent from others, t o  the  isolated  nature  of  cracks and cavi t ies  
i n  the same rocks and levels,  t o  lack o f  uniformity i n  crack f i l l i n g  by 
secondary  sand-clay formations, and t o  the seal i n g  o f  open cracks and well 
walls by clay when d r i l l i ng  using clay based mud. 

As numerous examples show,  low output and p r a c t i c a l l y   d q w e l l s  
4 

yield abundant  water and  become sui table  for water supply after  detonating , 
explosive  charges i n  them or a f t e r  torpedo d r i l l i n g .  Three interlinked zones 
a r e  formed as a result  of  explosions i n  hard  rocks which make u p  water 
bearing  levels which have been penetrated  for their entire  thickness  or 
opened u p  by the  well to  some depth or  other:  a crushing  tone,  a  crack 
formation zone and a zone of  elastic  vibrations.  

A number of  formulas o f  reasonable  scientific  validity which have 
been tested suff ic ient ly  i n  practice  are now being used for  calculating the 

* Suprapermafrost  water i n  nonfreezing t a l ik s  i n  fissured  karstified  rocks. 

Proceedings  Third  International Conference on Permafrost , 
Val. 1 pp. 908 - 910, 1978. 
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above named zones ( h u m   e t  a1 , , 1 975 ; Ku turov e t  a1 . , 1 974 ; Pokrovs k i  i , 
1973).  There i s  almost no pub1 ished work especially  devoted t o   t h e  
hydrodynamic  and  hydrochemical assessment of explosions i n  hydrogeological 
wel ls.   This gave r i se   to   the   necess i ty   fo r   wr i t ing   the   p resent   paper ,   wh ich  
examines  hydrodynamic and hydrochemical methods of  assessing  the  detonation 
o f  explosive  charges  or  special  torpedoes i n  we1 1 s during  hydrogeologi  cal 
t es t i ng .  

The main  purpose o f  detonating  explosive  charges o r  torpedoes i n  
hydrogeological we1 1 s i s  to   inc rease  the i r   ou tpu t ,   by  improvements i n   t h e  
f i l t r a t i o n   p r o p e r t i e s  o f  the  rocks a t  the  bottom of the well due t o   t h e  
explosion. As many examples from  various  regions of the U.S.S.R. ( i nc lud ing  
permafrost  regions) show, t h e   e f f e c t  o f  explosions upon the  output o f   w e l l s  
when the  geological  and hydrogeological   condi t ions  for   detonat ion  are 
c o r r e c t l y  assessed i s  extremely  benef ic ia l .  

Af ter   the  explosion  the  outputs o f  exploratory   wel ls   wi th  a low 
f l o w  r a t e  and of operational  wel ls  which have los t   ou tpu t   du r ing   t he i r   use  
increases  by 1.5 - 16 o r  more times  (Lovlya, 1971; Maksimov, 1952, 1974; 
Shlyaifert,   Wol 'nitskaya, 1970). The ef fect iveness o f  explosions i n   t e s t i n g  
hydrogeological  wel ls i s  assessed f rom  the   resu l ts  o f  pumping operations 
before and af ter   the  explos ion,   us ing  the same pump w i t h   t h e  same reduct ion 
i n  water  level  and the same method o f  measuring  the water f low r a t e .  
Hjdrodynamic assessment o f  the  ef fect iveness o f  explosions i s  by  reference t o  
the   we l l   ou tpu t   var ia t ion   coe f f i c ien t  and t h e  Q = f ( S ) ,  S = f (t), and 
S = f ( l n  t) graphs. If the  reduct ion i n   t h e   w a t e r  level i n  the   we l l  i s  t he  
same, t h e   w e l l   o u t p u t   v a r i a t i o n   c o e f f i c i e n t  i s  expressed by the   fo l low ing  
formulas (Maksimov, 1952, 1974, 1976): 

Q2 
n = - ,  

QL ; 92 
n - -  

qt ! 

where Q and Q2 i s  the  wel l   output  before and af ter   the  explosion, 

m /day; 
ql and q2 i s   t h e  well speci f ic   output  before and a f t e r   t h e  
expl os i on, m /day .m . 

!I 

3 
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An analysls o f  the hydrodynamic effect  of the explosion i s  given 
by reference t o  coefficient n .  There are four possible  cases: 

1 )  n 0 ,  the explosion leading t o  a complete loss o f  o u t p u t  from 
the  well;  this  is due t o  the  unsuitability of  the water-bearing 
rocks for explosion treatment  (rock w i t h  a h i g h  content o f  clay 
particles and clay  lenses and streaks); 

2) 1 n > 0 ,  the explosion  leading t o  a negative  result fo r  the 
same reasons as i n  the f i r s t  case; 

3)  n = 1 ,  the explosion failing t o  yield  the proper results  for 
various  reasons:  explosive  charge of insufficient  size, poor 
flushing of the well prior t o  pumping, sealing o f  cracks w i t h  
clay,  etc. ; 

4)  n > 1 , an explosion w i t h  a positive  result, confirming that 
the method of using i t  was correct, 

In the   f i r s t  and second cases,  repeated  explosions  either f a i l  t o  
give a positive  result or yield a slight  increase i n  well o u t p u t ;  i n  t h e  
t h i r d  case,  repeated  explosions  often turn o u t  we1 1 ,  w i t h  an increase i n  
o u t p u t  t o  a level  sufficient for the well t o  be used for water supply 
purposes. 

Assessment o f  the  effectiveness o f  explosions by rei'erence t o  the 
Q = f (S), S = f (t) and S = f ( l n  t )  graphs comes down t o  plottin3 these graphs 
on the same scale before and after  the explosion and  measurement on the Q, t ,  
and I n  t graphs a t  one and the same S.  

When the explosion has a beneficial  effect t h e  curves plotted 
before and after  the explosion occupy different positions on the  graphs. The 
curves after  the explosion,  designated 2 i n  al l   the Figures, l i e  above the 
same curves  before  the explosion (1 ) (Figures 1 I 2 , 3 and 4 ) .  
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Figure 1 

Unpressurized water-bearing 1 evel 

Figure 2 

Pressurized water-bearing level 

Figure 3 

0 '  I I ' t,cyr. 

Restoration o f  water 1 evel i n  well S = f (t) 
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Figure 4 

Logarithmic  graph of 1 eve 1 r e s t o r a t i o n  s = f(1n t) 

I t  i s  most d e s i r a b l e   t o  supplement the hydrodynamic assessment o f  
the  explosion by geophysical methods: e lect ro- ,  photo-, and flowmeter 
logging  before  .and  af ter   the  explosion. When test ing  hydrogeologica l   wel ls  
f o r  supra-,  intra-, and subpermafrost  water recomnended as a source of water 
supply,  hydrochemical assessment of t h e  consequences o f  the  explosion i s  
ob l igatory .   Th is  assessment i s  given by coef f ic lents  u 9  6,  and 4,  which 
define the  changes in water   minera l izat ion and i n   i t s  C1 , SO4, Ca and Mg 
content due t o  the  explosion, The changes i n   m i n e r a l i z a t i o n  are  assessed 
according t o  the  formula 

where M1 i s  the  water  mineral izat ion  before  the  explosion, 
mg/ l i   t re;  
M2 i s   t he   m ine ra l i za t i on   a f te r   t he   exp los ion ,  mg/litre. 

The changes i n  the C 1  SO4, Ca, and Mg concentrations are assessed 
according t o  the  fo l lowing  formulas*:  

* The assessment  can be ca r r i ed  out i n  a s i m i l a r  way fo r  other elements i n  
the  water  being  studied. 
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where ‘’pre-es ’04 pre-e*  Capre-e * and Mgpre..e i s the  pre-expl  osion 
concentration, mg/l I t r e  mg-eq/l i t r e ;  

‘’post-e’ ”4 post-e* ‘apost-e*  and  Mgpost-e i s   the   pos t -exp los ion  
concentration, mg/l i t r e ,  mg-eq/l i t r e ;  

N1 N2¶ N3¶ and N4 are  the  All-Union  State  Standard (GOST 
drinking-water norms for C1 SO4, Ca, and Mg. 

Assessment of the consequences o f  the  explosion i n  terns o f  a s  6, 
and 4 i s  as  fol lows. Where C( = 1 t he re  has been no change i n water 
minera l izat ion  in   the  water-bear ing  leve l   tested;  where u 1 the  water has 
been demineralized by br ing ing  sur face  or   groundwater   wi th  1 ower 1 eve1 s of 
minera l i za t i on  i n t o  the  explosion zone; where cc > 1 the  minera l izat ion has 
increased. The l a t t e r   i s   u s u a l l y  due t o  the i n f l o w   e i t h e r  of mineral ized 
water  from deep levels,   or   water  f rom  the upper so i l   l aye r ,   o r   sa l i ne   wa te r  
from lakes or seas caught  by the  explosion-affected zone. 

Assessment by reference t o  6 and 4 i s  made i n   t h e  same way.  Where 

1 3 ~  = B1 and +2 = the explosion has not  affected  the  composit ion o f  the 
water; where f32 3 fi1 and $2 < +l t h e   q u a l i t y   o f   t h e   w a t e r   i n  terms of  C1 , 
SO4, Ca, and Mg has a1 tered by comparison w i t h  the GOST norms (an improvement 
i n  q u a l i t y  where B2 < , a de te r io ra t i on  where B2 > B1). 

> 

Surface pol   luted  water and bog water,  which 1 owered t h e   q u a l i t y   o f  
the  groundwater recommended f o r  water supply use i n   t h e  water   bear ing  leve l  
studied, was drawn in to   the   exp los ion   a f fec ted  zone i n   p a r t i c u l a r   r e g i o n s  
dur ing  explos ion  test ing o f  hydrogeological we1 1 s, 

This explalns the  necessi ty and v i t a l  importance o f  b a c t e r i a l  
assessment of  underground  water  before and a f te r   t he   exp los ion ;   t h i s  
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assessment can  be  made by reference t o  coefficient $, which reflects changes 
i n  the Coli t i t r e  o f  the water as a result o f  the  explosion: 

Coli t i t r e  before  explosion (12)  

Coli t i t r e  according t o  GOST 

Coli t i t r e   a f t e r  explosion (13) 

Coli t i t r e  according t o  GOST 

$ =  

+ =  

A comparison of  $l and $2 makes i t  possible t o  assess the degree 
of bacterial contamination o f  the groundwater which may occur i n  particular 
regions dur ing  explosion testing o f  hydrogeological wells. 

Let us observe i n  conclusion that assessment of the hydrodynamic 
effect of an explosion, which we have carried o u t  i n  many wells including 
we1 Is in permafrost regions, by reference t o  a coefficient and t o  graphs 
under conditions of steady f i l t ra t ion gives a reliable  picture  of changes in 
the  f i l t ra t ion process i n  the explosion affected zone. 

Methods of assessing  the hydrodynamic effect o f  an explosion have 
been adopted i n  practice  for  testing  exploratory we1 1s and operational  wells 
where o u t p u t  has fallen for some reason or other  (silting-up of f i l t e r s ,  
complete destruction o f  f i l t e r s ,  reductions i n  the cross section of the main 
water-bearing  cracks i n  the bottom zone o f  the  wells when there  are  large 
reductions i n  the  level  in them, e t c . ) .  

The methods o f  assessing  the hydrodynamic effect o f  an explosion 
considered i n  the paper are  also  applicable t o  unsteady f i l t ra t ion ,  which 
occurs i n  the f i rs t  period o f  time i n  pumping operations, a t   t h e   s t a r t  o f  
pumping; however, the piezometric levels and permeability o f  the  earth 
materials  before and after  the explosion must  be known t o  determine well 
o u t p u t .  

Hydrochemical and bacterial assessment o f  explosions for testing 
hydrogeological wells  drilled for supra-, intra-, and subpermafrost  water 
must always accompany  hydrodynamic assessment. 
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The methods of assessing  explosions i n   w e l l s  which have  been 
considered  form  part of  a new l i n e  o f  research being developed by the author 
i n  hydrogeology and the dynamics of underground  water, i nc lud ing   t he  
hydrogeology of the  permafrost  region. 
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THE STABILITY OF UNDERGROUND WORKINGS IN PERMAFROST 

E A .  E l  'chaninov, A.1. Shor and M.A. Rozenbaum 
Mining Institute, MOSCOW, U.S.S.R. 

A comprehensive study o f  the connection between production 
processes and physical phenomena i n  the rock mass i s  vltal t o  further 
improvements i n  production and essential for forecasting  the m i n i n g  
situation. 

The physical and mechanical properties o f  fissured frozen rock are 
closely  1 inked w i t h  the rock temperature,  especially when moisture content 
and fissuring are a t  h i g h  levels. The process of heat  generation and 
dissipation i n  the  frozen rock mass therefore leaves an imprint upon the 
behaviour of the rock i n  the process o f  deformation i tself  and upon i t s  f ina l  
state.  

The shaping o f  temperature conditions i n  a rock mass untouched by 
mining i s  usually linked w i t h  the geographical position o f  the region,  the 
climate,  the  configuration o f  the ground water bodies, the proximity o f  
bodies,  the hydrogeology o f  the deposit, and the depth a t  which the rock 
occurs. Changes in rock temperature by comparison w i t h  the temperature o f  
the untouched mass i n  the zone o f  extraction and preparatory work used t o  be 
regarded as due t o  heat and mass exchange w i t h  the a i r  flowlng through the 
workings, t o  the  reaction o f  t h e  rock with the working parts o f  mining and 
shaft-sinking machines and t o  d r i l l i n g  and shot-firing work. The effect o f  
oxidising processes and 1 iberation o f  gas was also taken i n t o  account. 

U n t i l  recently, however, no study has  been  made and no account 
taken of the  fact t h a t  heat i s  released and dissipated due t o  irreversible 
deformations o f  a rheological  nature i n  the mass i n  which the s ta te  of 
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equi l ibr ium  is   be ing  d is turbed  by  work ings.   Dur ing  min ing work, substant ia l  
volumes and enormous mass forces  par t ic ipate  in   the  deformat ion  processes.  
As e a r l y  as 1933 Academician A.A.  Skochinsk i i   po inted  out   the  necess i ty   for  
taking  account  of  changes i n  rock mass temperature  resul t ing from rock 
subsidence. 

When d r i v i n g  mine  workings,  the  displacement of elementary volumes 
o f  the mass due t o  r e d i s t r i b u t i o n   o f   i t s   s t a t e  o f  st ress and deformation 
begins ahead of   the  work ing  face.  The volumes i n   t h e  zone near  the  working 
face  undergo the  greatest   sh i f ts  and deformations  during  equal  intervals o f  
t ime. The s h i f t  and deformat ion  rates decrease as the  distance  from  the  face 
increases,  dying  out a t  a speci f ic   d is tance  f rom it. The  whole s h i f t  zone 
t r ave l s   w i th   t he  advance of the  face,  passing  consecutively  through each 
p o i n t   i n   t h i s  zone; as a r e s u l t ,  a l l  p o i n t s   i n   t h e  zone go through the  
complete  cyc le   o f   s t ress-  and deformation- and consequently  temperature 
disturbances. 

The actual   s ta te  o f  a p o i n t  depends upon i t s   p o s i t i o n   r e l a t i v e  t o  
the face and t o  the w a l l  of the  workings. 

Heat i s  dissipated from the  preceding  disturbance i n  accordance 
with  t h e   r a t e  o f  advance of the face between successive changes i n  the s t a t e  
o f  the  point;  the  disturbances pass through  ei ther  separately or as 
accumulations. Some of  the  heat  dissipates i n   t h e  mass and some i s  
t ransmi t ted t o  the a i r  flow f rom  the  wal ls o f  the  workings,  depending  upon 
the  s ign of the  temperature  drop. Thus changes i n  the  temperature o f  an 
elementary volume o f   t h e  mass i n  a zone i n  which i t s   s t a t e   o f   s t r e s s  and 
deformation changes depend upon the   d is tance  to   the  face,  remoteness from  the 
wal l  o f  the  workings and t h e   i n t e n s i t y  o f  the  displacements. All these 
cha rac te r i s t i cs  may be included  as boundary condi t ions i n  an a n a l y t i c a l  
so lu t i on  o f  the  associated problem. 

The laws o f  thermodynamics  can be used t o   e s t a b l i s h   t h e  1 i n k  
between deformation and temperature. The macroscopic  theory of  i r r e v e r s i b l e  
processes,  developed i n  recent years, makes i t  poss ib le   to   fo rmula te   the  
problem o f  an i r revers ib le   deformat ion  process  on the basis of a 
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thermodynamfc  approach to  the derivation o f  relationships between stresses 
and deformations which contain temperature  terms. These  problems  have  been 
solved by A.D. Kovalenko for conditions o f  metal deformation on the 
assumption t h a t  the process is adiabatic and the  density of entropy remains 
constant. W i t h i n  the framework o f  the thermodynamics o f  linear  irreversible 
processes he gives  the  derivation o f  an equation o f  unsteady thermal 
conductivity w i t h  a term  dependent upon deformation (Kovalenko, 1968). The 
system of equations  obtained  describes an "associated" problem, i n  which the 
temperature field and the deformation field  are regarded as  interlinked. 

Formulation of the  associated problem for determining the changes 
i n  rock temperature caused by min ing  pressure i n  the underground working o f  
deposits  consists i n  the need for determining 16 functions o f  coordinates Xk 

and time t ,  given preassigned mechanical and thermal effects: six 
deformation tensor components, six  stress  tensor components , three movement 
tensor components, and the  temperature, satisfying  three motion equations, 
six relationships between stresses and deformations , six  relationships 
between deformations and movements, and the thermal conductivity  equation, 
for specific  initial and boundary conditions  reflecting  the law of  stress and 
deformation distribution  in  the zone o f  abutment pressure,  the 1 aw o f  cyclic 
changes i n  the s ta te  o f  the  rock, changes i n  the thermophysical 
characteristics o f  the rock  caused by changes i n  i t s  s ta te  of  stress and 
deformation, and changes i n  the  density of the heat f l u x  i n  a mass disrupted 
by cavities of substantial volume. 

Analytical  solution o f  such a problem clearly involves 
considerable mathematical difficult ies;  we therefore  carried out  in situ mine 
observations t o  study the  nature o f  changes i n  the surrounding rock 
temperature due t o  min ing  pressure under natural conditions. 

The rate of chemical processes i n  frozen rock i s  negligible while 
a negative  temperature i s  maintained; i n  addition,  there i s  no methane i n  the 
frozen mass as a rule. The observations were  made i n  workings insulated from 
the  effect of seasonal fluctuations i n  air temperature. These circumstances 
made i t  possible t o  assess  the changes i n  rock temperature dur ing  the course 
of deformation during m i n i n g .  
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The investigations  consisted o f  recording the temperature o f  the 
wall rocks a t  various  distances from the  walls of the workings and the 
convergence of the roof and footwall  rocks. The magnitude and speed of 
convergence o f  the roof  and footwall  rocks o f  the workings  were adopted as  
the index of rock deformation. 

The measuring stations were located a t  the  face i n  preparatory 
workings, i n  workings adjacent t o  the  cutting  faces, and i n  workings 
separated from them by pil lars.  The workings  where the measuring stations 
were located had the  following  characteristics:  cross-sections from 6 t o  
12 m2, density of timbering from 0 (without timbering) t o  1.5 supports per 
metre, the footwall and roof of the workings were  composed o f  a rg i l l i t es ,  
si1 tstones,  sandstones, and coals o f  various  structures , the  natural 
temperature of the mass i n  the  various workings was  from  0.2OC t o  -6OC, and 
the depth of occurrence was i n  the 60 - 180 rn range. The nature of the 
changes i n  wall  rock temperature i n  the zone o f  intense deformations i n  the 
mass remained the same i n  spite o f  the  diversity o f  the mining conditions. 
The  maximum increase i n  temperature corresponded t o  the maximum deformation 
rates. In the zone affected by cutting, deformation of  the rock and a r i s e  
in i t s  temperature away from the  walls o f  workings insulated from heat 
exchange w i t h  the a i r  flow began simultaneously a t  a distance o f  25 - 45 m in 
front o f  the  face. The  maximum changes were observed a t  a distance of u p  t o  
6 m i n  the  vicinity of  the longwall, The rock temperature was restored t o  
i t s  in i t ia l  level a t  a distance o f  35 - 70 rn behind the longwall. In the 
conditions  studied, i n  the  vicinity o f  the  cutting  face  line i n  the 
"Beringovskaya", "Anadyrskaya", and "Dthebariki-Khai" mines, the  rise  in rock 
mass temperature a t  a maximum speed o f  roof and footwall rock convergence o f  
u p  t o  30 mm/day by the period of main roof caving (40th - 45th extraction 
cycle) was 2.29OC relative t o  t h e  natural temperature of the mass (Figure 1 ). 

When d r i v i n g  preparatory workings , the  rate of convergence and the 
temperature of  the rock diminish as the  distance from the measuring station 
t o  the  face  increases. Under the  conditions  studied,  the changes i n  
temperature and the convergence o f  the rocks ceased simultaneously a t  a 
distance o f  10 - 17 m from the  face. The convergence rate and temperature 
peaks i n  the wall rocks coincide  irrespective of  the  distance t o  the wall o f  
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Figure 1 

TPC V C mmlday 

Changes i n  coal mass temperature and i n  rock convergence 
i n  t h e   v i c i n i t y  of face  workings. 
L i s  the  d istance t o  t h e   c u t t i n g  face l i n e ;  Vc and Vv i s  
t h e   r a t e  o f  convergence o f  the  rocks i n  the  airway and 
conveyor dr i f t ,  mm/day; TM and TM i s   t h e  temperature of  1 2 

the rock mass round the conveyor d r i f t  and the  airway, OC, 

the  workings. The maximum r i s e   i n  temperature  under the condit ions  studied, 
a t  a depth  of 0.2 m f rom  the  wal l  o f  the workings  with a speed o f  face 
advance of 10 - 12 m/day and a speed o f  rock convergence on the face 1 i n e  o f  
5 - 6 m/hr, was 0.6 - 0.9OC (Figure 2). When t h e   r e s u l t s  were analysed,  the 
h igh  corre la t ion  coef f ic ients   conf i rmed  the  ex is tence o f  a c lose   re la t i onsh ip  
between the  temperature o f  the  rocks and the  magnitude and r a t e   o f   t h e i r  
deformation. 

When the  rock  temperature  r ises, even wi th in   the  range of negative 
values, i t s  strength i s  reduced  and i t s   p l a s t i c   p r o p e r t i e s  become more 
clear ly  def ined. Consequently, i n  view of the  non-uniform  stress  state i n  
the  frozen mass, the  heat 1 iberated i n   t h e  course o f  rock  deformation when 
d r i v i n g  mine workings causes  temporary  weakening o f  the  ice-cement bonds and 
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contributes t o  rapid  redistribution of  internal  stresses. Subsequent cooling 
o f  the rocks causes the  partial  restoration of the o l d  ice-cement bonds  and 
the formation o f  new bonds in conformity w i t h  the  stabil  ired temperature. 
Restoring the temperature o f  frozen rock as the  stresses i n  i t  are 
redistributed and as  distance from the zone of intensive  displacements 
increases  therefore  stabilizes and preserves  the workings when they are kept 
a t  negative  temperatures, Nhen organising temperature conditions i n  a mine, 
efforts must be made t o  keep the rock surrounding the workings frozen i n  
addition t o  creating an a i r  temperature above zero a t  the  cutting face. 

Fiqure 2 
b 

20 

/ 2 

Changes i n  temperature o f  air and surrounding rock mass (‘C) according t o  
distance t o  the  face o f  preparatory worklngs. a )  - station No. 1 , T > 1 ; b )  
- station No. 2 ,  T < 1 ;  T i s  the rock temperature, L i s  the  distance t o  the 
face, curve 1 i s  the air  temperature,  curves 2 , 3 ,  and 4 are the rock 
temperatures a t  depths o f  0.2, 1 .O and 1.8 m from the wall o f  the workings. 

This can be done by establishing  local above-zero temperatures i n  
the requislte zones  and through the  use o f  insulating  materials ar.d other 
methods t o  protect  the  frozen rock from the  effects o f  heat. 

The frozen s ta te  o f  the rock and the severe  climate with wide 
seasonal fluctuations i n  a i r  temperature are  decisive  features i n  mining coal 
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deposits i n  permafrost. The frozen s ta te  of the rock predetermines the  close 
dependence of i t s  strength and deformation. properties on the  temperature, 
especially when there i s  a h i g h  moisture  content and fissuring. I t  follows 
that  the  stability o f  the workings is dependent on their  temperature 
conditions. 

Keeping the rock i n  a stable  condition and maintaining'a low 
oxidising process rate  call for the maintenance o f  sub-zero  temperatures i n  
the workings. Maintaining normal operating  conditions for mechanised units, 
pipework for fire-fighting, and starting equipment, and  above a l l ,  improving 
provisions for dus t  suppression and creating  acceptable working conditions 
for the miners call for booster  heating o f  the   a i r .  The booster  heating of  
ventilating air w i t h  central  stoves used i n  the Noril'sk mines led t o  thawing 
of the rocks and t o  loss o f  stabil i ty i n  the workings. The installation and 
operation of the  central  stoves,  the heavy  consumption o f  electric power,  and 
the  necessity for reinforced timbering i n  a l l   the  mine workings led t o  a 
sharp increase i n  the prime cost o f  coal. The additional  outlay amounted t o  
1.09 - 1.4 rubles per ton  mined.  In a d d i t i o n ,  practical experience showed 
booster  heating t o  be the cause o f  endogenous f i res .  Thus the requirements 
imposed upon temperature  conditions i n  mines operating under permafrost 
conditions  are  contradictory. The development o f  efficient temperature 
control systems i n  these mines i s  therefore  unthinkable without taking 
account of a l l  aspects of the  effect o f  a i r  and rock temperature upon working 
conditions and the  efficiency o f  production processes, and also  the 
connection between the  stabil i ty o f  the workings and the temperature of the 
surrounding rocks, and making the  greatest  possible allowance for factors 
which cause their  temperatures t o  change. Work i s  i n  progress a t  the A.A.  
Skochinskii Institute o f  Mining w i t h  a view t o  f i n d i n g  effective ways o f  
regulating temperature conditions i n  mines  and determining suitable 
parameters for them. 

We opted for maximum utilisation o f  the  natural  conditions and t h e  
elements o f  the production system i t se l f  t o  control  the  temperature 
conditions. 
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Figure 3 
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Schematic  diagram o f  mine temperature control. 
1 - installation for local  booster  heating of air; 
2 - heat-storing workings; 3 - extraction  sector, 

For example, a combined system has been  proposed for controlling 
the air temperature i n  a mine  which simultaneously meets a number o f  
contradictory requirements. The system consists of a combination o f  
heat-storing workings* with local  booster  heating fac i l i t i es  (Figure 3 ) .  The 
method of using the  heat-storing workings is   as  follows:  the  ventilating a i r  
passes through special workings and exchanges heat w i t h  the surrounding rock 
mass, acquiring  a temperature close t o  t h a t  o f  the mass. This method 
utilises  the  reserves of heat  (cold) i n  the  mass t o  neutralise  the  effect o f  
seasonal fluctua,tions i n  a i r  temperature, while local  booster  heating, i n  
contrast t o  general mine heating, makes i t  possible t o  protect  all  the 
airways from the e f f e c t s  of  heat. Thus  the system permits maximum 
utilisation o f  the advantages of natural permafrost conditions  (the h i g h  
s tabi l i ty  o f  the frozen rock and the  reserves of heat  in  the mass) even when 

~ 

* Heat-storing workings - refers t o  special  tunnels through which a i r   i s  
circulated t o  be conditioned. The  mass o f  material surrounding the 
tunnel acts as a "heat sink" extracting heat from the air when the a i r  
i s  warmer  and conversely adding heat when the air is  colder. (Tech. Ed.). 

~~ 



- 329 - 

temperatures above zero are  created i n  the  face workings. The fundamentals 
of the method of using heat-exchange  workings were  worked o u t  a t  the 
Institute of Technical and Theoretical  Physics, Academy o f  Sciences of the 
Ukrainian SSR, and the Leningrad Mining Institute. However, the method o f  
controlling temperature conditions by using heat-storing workings has  been 
recognised as the most  economical only for mines w i t h  a low ventilating air 
flow rat@ ( u p  t o  Q 1200 m3/min). This i s  because o f  the sharp increase i n  
expenditures i n  overcoming the aerodynamic resistance of the circuit  i n  these 
workings (proportional t o  Q3) a t  h i g h  air flow rates. 

TO eliminate  the  restrictions w i t h  respect t o  permissible 
temperature  depression which limit the range of application o f  heat-storing 
workings, an analysis has been made of the  factors which  have the  greatest 
effect upon the efficiency o f  the method, Among the  controllable  factors 
these proved t o  be the  cross-sections o f  the workings, the  a i r  flow rate ,  and 
the degree of branching o f  the air flow. An analysis was made o f  the  effect 
of these  factors upon the  length of workings necessary t o  reach a preassigned 
temperature. I t  was based upon a method o f  calculating  the temperature 
conditions i n  the mines o f  the North which was developed a t  the Leningrad 
Mining Institute. The analysis showed t h a t  w i t h  an increase i n  the 
ventilating air flow rate from 500 t o  4000 m3/min the necessary  length o f  the 
workings increased from 340 m t o  5 km w i t h  a cross-section of 4 m2 and from 
500 m t o  7 km w i t h  a cross-section o f  15 m2. 

The calculations were applied t o  conditions i n  the 
"Dmhebariki-Khai" deposit for a workings service 1 i f e  o f  5 years. The 
conditions adopted  were: temperature of  surrounding mass -4.7OC, rock 
moisture  content 8 - 11%, coefficient o f  thermal conductivity o f  rock 
1.9 kcal/m .hr.deg, weight by  volume of rock 2.5 tons/m3, seasonal 
fluctuations  in air temperature from -60' t o  +35'C, and final temperature o f  
ventilating air i n  heat-storing workings -6OC. 

2 

A variable  factor K which defines  the  relationship of necessary 
length L t o  air flow rate Q was calculated. This was done i n  order t o  
simplify  the thermophysical calculations which are needed t o  f i n d  the 
necessary  length of heat-storing workings with various amounts of  air passing 
through them: 
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LI, -- L2 -K (22 I nK, then L,= 
Ll Q1: 

This  factor  gives an opportuni ty  for   substant ia l   s impl i f icat ion o f  
calculat ions i n  engineering  practice, because a l l   t he   i nd i ces  t o  be taken 
i n t o  account and the   res t r i c t ions  which  characterize  actual  mining  conditions 
are   cor re la ted   in  i t  i n   i m p l i c i t  form. The value o f  K can be sa t i s fac to r i l y  
approximated by an expression i n  the form 

where A and B are  constants i n  the  equation. 

For conditions i n  the "Dzhebariki-Khai"  deposit A = 1.79, B = 0.79 
and tl = 0.93. 

The branchhg of t he   ven t i l a t i ng   a i r   i n to  n streams leads t o  a 
reduction of n times i n  the amount o f  a i r  passing  along each o f  the branches 
and the necessary length o f  each branch i s  reduced accordingly. Research on 
the  effect o f  the degree o f  branching upon the necessary length o f  
heat-storing  workings has  shown tha t  branching  involves a reduction i n   t h e  
t o t a l   l e n g t h   o f   t h e   c i r c u i t  o f  wK1l times and i n   t h e   l e n g t h  o f  each of  the 
branches of "Kn" times (where n i s  the number of branches and consequently 
the index of the  reduction i n  t h e   a i r  f low r a t e   i n  each of the branches 
compared wi th  a single  airway), and the aerodynamic resistance of  the 
branched c i r c u i t   i s  reduced by IIKn311 times . 

In  the  conditions  studied,  branching o f  v e n t i l a t i n g   a i r   i n t o  2 ,  3 
and 4 f lows  led   to  a reduction i n  the   to ta l  1 ength o f  the  heat-storing 
workings of 1.39,  1.44  and  1.59 times respectively and t o  a reduction i n  the 
length of each o f  the branches compared wi th  a single  airway o f  2.8, 4.4 and 
6.4 times. I n  these  circumstances  the aerodynamic resistance of the branched 
c i r c u i t   i s  reduced by 10.5, 39 and 101 times  respectively. 

Thus the   res t r i c t i on  on the range of appl icat ion of  the 
heat-storing  workings method i n  terms o f  admissible  depression i s  removed. 
The factor  also makes i t  possible t o  define  the number of branches giv i l rg  the 
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necessary  heating effect for a prescribed  temperature depression. The 
condition for defining  the necessary number o f  branches t o  give  the 
depression nom allocated t o  the  heat-storing workings takes  the form 

where hadm is  the  depression norm for the  heat-storing workings and h,, is  the 
depression for a single working. 

The next step i n  improving the method o f  control was t o  develop a 
system i n  which the reserves of heat  (cold) i n  the outgoing ventilating air  
flow are  utilised and the  rock mass operates as  an intermediate  heat  store. 
Intensification of the heat exchange process i n  this scheme, w i t h  a 
consequent reduction in  the  total  length, i s  achieved by periodic changes i n  
the  direction o f  air movement according t o  a calculated schedule i n  special 
workings, the direction o f  movement o f  ventilating air i n  the whole  mine 
ventilation  circuit remaining unaltered (meeting the requirements of  the 
safety  regulations). The la t te r  s i tuat ion i s  maintained by the presence of a 
cross-over which is  actuated when the next change occurs i n  the  direction of  
flow i n  the heat-exchange workings and by the posi t ion of the vent i la t ing 
doors (Figure 4).  

The outgoing ventilating air  periodically  heats (cools) the rock 
mass surrounding the workings u n t i l  i t s  natural temperature i s  restored  after 
the next cooling (heating) occurs i n  the course of heat exchange with the air 
t h a t  had come i n  dur ing  the previous period. 

In add i t ion ,  an inherent advantage i n  these systems i s  t h a t  t h e  
moisture automatically  freezes on the  walls when there i s  a regular  cycle of 
flow reversal a t  the ends o f  workings adjacent t o  the main airway and the 
haulage dr i f t ;   th i s  promotes air cleaning by crystallisation and the 
consistent flow of moisture in to  the face workings, and this i n  turn reduces 
the dust level i n  the atmosphere i n  them. Since the drop i n  the temperatures 
of the outgoing ventilation flow and the outside a i r  i s  reduced, the  rate of  
icing on the flaps and gates of  the main fan installations  also  decreases. 
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a 
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Basic operational systems of recuperative heat-storing 
workings. 

a) - system 1 ;  b )  - system 2; I - first period of cycle; I1  - second period 
o f  cycle; 1 - main fan; 2 - heat-storing workings; 3 - main airway; 4 - main 
haulage  drift; 5 - thawing (freezing) halos; 6 - automatic ventilation doors. 
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TO improve  ef f ic iency i n  the  use of mine  workings as  heat 
exchangers we provided for t h e   i n s t a l l a t i o n   i n  them o f  special  
temperature-regulating  supports  working on the  heat   p ipe  pr inc ip le .  I n  
systems using  the  outgoing  vent i la t ion  f low  ( recuperat ive systems), p rov i s ion  
i s  made for the transmission o f  heat  energy from t he   ou tgo ing   t o  the incoming 
f l ow  by ba t te r i es  o f  heat  p ipes.  Final ly  the  technical  and  economic 
e f f i c i e n c y  of u s i n g   a l l   t h e  systems i s   q u i t e  obvious when the  heat-exchange 
workings  are so placed  that   they  could be used as  preparatory  workings as t h e  
mine  develops  (Figure 5). 

Figure 5 

Working diagram of p a r t  o f  mice  area, 
1 - heat-storing  workings; 2,3 . . .. , n - ext ract ion  sectors ,  

The s p e c i f i c  purpose and cond i t i ons   o f  work c a l l  ed for t h e  

development o f  a method o f  determining  the optimum parameters o f  heat-stor ing 
workings. A method  has been developed  which  involves  seeking  the minimum 
total   adjusted  expendi ture on shaft  sinking,  supports and the maintenance  and 
v e n t i l a t i o n  o f  such workings  (Figure 6). Its d i s t i n c t i v e   c h a r a c t e r i s t i c s   a r e  
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Figure 6 
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Choosing  an ef f ic ient   cross-sect ion  for   heat-stor ing  workings 
S i s  the  cross-sectional  area o f  the  workings; C1 C c and CC are  t h e  
adjusted  expenditures on vent i la t ion ,   sha f t   s ink ing ,  m$int%nance and the  
t o t a l  ajusted expendttures, 

as  fol lows. The length o f  workings  necessary t o  achteve  the  prescribed 
temperature depends upon the  cross-sectional  area i n  such a way t h a t   t h e  
necessary  length  increases when the  cross-section o f  the  workings  increases. 
The expenditures on shaft  sinking, maintenance and overcoming  aerodynamic 
resistance  therefore depend both upon the  cross-sectional  area o f  these 
workings and upon the  length  which  corresponds to   t h i s   c ross -sec t i on .  

In   addi t ion,   expendi ture on  maintenance is nonl inear ly  dependent 
upon the cross-sectional  area of the  workings, because the  depths o f  t h e  
thawing zone af fect   the loading of the  supports and consequently  the c o s t  of 
maintenance. F ina l ly ,   expendi ture on maintenance i s  not  constant  over  the 
length of the  workings,  since  the  depths of the thawing zone a l te r   a long   t he  
length o f  the ven t i l a t i on   rou te .  

These fundamental p r i nc ip les  formed the  basis o f  the  opt imizat ion 
estimates, The adjusted  expenditures C + Ek were  adopted as t he   t a rge t  
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function. The following limitations were  imposed upon the  variables  studied: 
cross-section from 4 t o  15 tn2, a i r  flow rate 1200 m /min ,  rock temperature 
-4.7'C, seasonal fluctuations i n  temperature from -60 t o  +35OC, and final 
temperature of ventllating  air in  heat-storing workings -6%. Minimizing the 
target  function made i t  possible t o  define  the optimum parameters of 
heat-storing workings for the given conditions:  cross-sections S = 4.7 m 2 

= 1150 m, reducing them  from S = 8.5 m and L = 1400 m and length Lheated 
respectively. 

3 

2 

Using efficient parameters for the  heat-storing workings  which 
have been incorporated i n  the mine area  preparation system gives an annual 
saving of 118,000 rubles for the Yakutugol'  Grcup "Dzhebariki-Khai1I mine 
alone. The saving wi  11 exceed 220,000 rubles per year when these workings 
are used as preparatory workings  once the m i  ne develops . 

Local booster  heating o f  the air may be  one  method o f  protecting 
the workings o f  an entire mine operating i n  permafrost from the effects of  
heat. As has been demonstrated above, i t  is  essential when defining  the 
limits o f  booster  heating o f  ventilating air t o  be fed t o  the longwall t o  
allow f o r  the fact  that  the rock temperature a1 ters due t o  intensive changes 
i n  the  state o f  stress and deformation i n  the mass.  The thermophysical 
characteristics of the rock also a l te r  i n  the deformation zone, This change 
i n  the physical s ta te  o f  the mass (and consequently i n  the  conditions o f  heat 
exchange)  can be taken i n t o  account i n  engineering practice by the 
coefficient o f  unsteady heat exchange k r ,  which i s  determined by Academician 
Sherban's well-known formulas (Sherban', Kremnev, 1959) on the basis o f  
i n  situ studies w i t h  allowance for the change i n  rock temperature found by us 
i n  the zone o f  abutment pressure: 

k., - a 
T@ t4 

foR R w Ro, rrp - ty 

where kr is t h e  Coefficient of unsteady heat exchange, 

1 is the  distance t o  the  cutting  face  line, m; 
Tr is the rock temperature i n  the zone of abutment pressure, OC; 

kcal /m hr. deg ; 2 

T, = l / lf ;T(l)  d l ,  OC; 
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a is  the  heat  transfer  coefficient, kcal/m .deg.hr; 
A is  the thermal conductivity  coefficient of the rock, 

2 

kcal/rn.deg.hr; 
R i s  the equivalent  radius o f  the workings cross-section, m ;  
Tw i s   the  rock temperature on the wall o f  the workings, OC; 

tv is   the  temperature o f  t h e  ventilating  air ,  OC. 

The a i r  temperature a t  the entry t o  the longwall tl necessary t o  
reach the  prescribed temperature a t   the   exi t  can then be calculated by A.N.  
Sherban's formula, having regard t o  our investigations: 

where 
K,UL + ' G p e  I, 

7,- ' G d p  is  the 1 ongwal 1 heat exchange factor; 

K,UL + Gec,l.c 
Tr = * Tf 

'GcfP 
i s  the 1 ongwall temperature factor; 

Ip 

L 
U 

CQ 

Gc 
cC 

IC 

% 
C 

P 

is the  moisture  factor; 
i s  the  length of the  longwall, m;  
is the perimeter of the workings cross-section, m ;  
i s  the  total heat liberated by machine operation,  kcal/hr; 
i s  the coal extraction  rate, kg/hr;  
i s  the  calorific  capacity o f  the  coal, kcal/kg.'C; 
i s  a coefficient, dependent upon the speed of coal removal 
from the longwall ; 
is  the  a i r  consumption by weight; 
i s  the heat  capacity o f  t h e  a i r .  

The calculation showed that i t  was necessary t o  heat the 
ventilating  air t o  tl = +14.6'C i n  order t o  reach t2 = +4OC a t  the end o f  the 
longwall a t  an a i r  consumption rate 8 = 600 rn / m i n ,  a longwall length 
L = 180 m ,  a natural rock tempeature Tn = - 4 . 7 O C ,  and  an average rock 
temperature I n  the zone o f  abutment pressure Tr = -3  .&OC, whereas heating t o  

3 

I 
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tl 2OoC was necessary when no a1 lowance was made f o r  changes i n  kr. We 
suggested u s i n g   t h e   f l u i d   i n   t h e   h y d r a u l i c  systems o f  the  coal   cut ters   as a 
heat-transfer  agent and using  the  hydraul ic system i t s e l f  as an  extended 
heater   fo r   the   loca l   boos ter   heat ing   o f   a i r ,  i n  a d d i t i o n   t o  the well-known 
methods 

CONCLUSIONS 

1. When d r i v i n g  mine work ings,   the  heat   f ie ld  i n  the  f rozen 
country  rocks i s  transformed, f i r s t   i n   t h e  course o f  changes 
i n  the   s ta te  o f  stress and s t r a i n  and then i n  the  course of 
heat and mass exchange w i t h   t h e   v e n t i l a t i n g   a i r ,  

2.  Changes i n   t h e  temperature o f   t h e   r o c k  mass give  informat ion 
on the  deformation  processes  taking  place i n  it. 

3. Restoring  the  temperature of   f rozen  rocks  as  the  s t resses 
i n  them a re   red i s t r i bu ted  and as the  d istance from t he  zone 
of i n t e n s i v e   d l  splacements  increases he1 ps t o  strengthen 
the  ice-cement bonds and so t o  stabi l ise  the  work ings.  

4 .  Methods fo r   the   loca l   boos ter   heat ing  o f  a i r  and o the r  methods 
o f   p r o t e c t i n g   t h e   r o c k  mass from  the effects o f  heat  should 
be  used t o  p rese rve   t he   s tab i l i t y  o f  the  country  rock  surrounding 
mine  workings when above zero  temperatures  are  generated a t  
t h e   c u t t i n g  faces. 
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WATER THAWING OF FROZEN GROUND FOR OPEN PIT AND 
UNDERGROUND MINING IN THE NORTHEAST OF THE U.S.S.R. 

V .I. Emel 'yanov  and G .Z . Per1 ' s  htei n 
All-Union  Research Institute o f  Gold and Rare Metals, 

Magadan, U .S .S ,R, 

Extraction o f  minerals forms the  basis of  the economy i n  the 
enormous North-Eastern territory o f  the U.S.S.R.; extraordinary  severity of 
climate and general distribution o f  permafrost are  vital  features of this 
territory. Under these  conditions, h i g h  outputs from dredges and digging 
equipment i n  open-pit workings and greater  stability i n  underground  workings 
are achieved by preparation using heat and water, which  means a range o f  
measures t o  regulate the strength of earth and rock materials by altering  the 
state o f  aggregation o f  the  inters t i t ia l  solution and the  freezability of 
i ndj vidual rock constituents. 

A number of new problems i n  the  theory and practice of preparing 
frozen ground for working using heat and water have  been solved dur ing  the 
period which  has elapsed since  the Second International Conference on 
Permafrost . 

RESULTS OF THEORETICAL RESEARCH ON THAWING OF FROZEN GROUND 

Development o f  numerical  methods 

The  a1 1-Union Research Institute of Gold and Rare Metals and the 
Special Computer Research Institute, Far Eastern Scientific Centre, Academy 
of Sciences o f  the U.S.S.R. have begun j o i n t  work on developing mathematical 
models for the  principal methods o f  ar t i f ic ia l  thawing and their  

Proceedings Third International Conference on Permafrost , 
" 

Vel . 1 , pp. 929 - 933, 1978. 
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implementation by numerical methods u s i n g   d i g i t a l  computers  (Ignatov e t  al . ,  
1977) 

The problem o f  hydraulic  thawing o f  frozen ground i s  examined i n  a 
generalized  orthogonal system o f  coordinates (x1, x*) ,  The f i l t r a t i o n  speed 
f i e l d  i s  defined from the   so lu t ion  o f  the boundary value  problem f o r   t h e  
equation v (x v 9) -0, 1 

(1) 

where v and Vx2  a r e   t h e   f i l t r a t i o n  speed components i n  three-dimensional 
coordinates, m/hr; K = K(x1sx2,T)Z i s   t h e   f i l t r a t i o n   c o e f f i c i e n t ,  m/hr; $J i s  
the  current  funct ion,  m*/hr, which i s   l i n k e d   w i t h   t h e   h y d r a u l i c  head (ti, m) 
by Cauchy-Riemann condit ions  (Ber e t  a1 . , 1971): 

X 1  

dH 1 W dH 1 

dxl a dx2 dx2 dx1' 
K- I.-- , a K - m  --- 

l / a  i s  a coef f ic ient   equal   to  1 for: a l'planell region and t o  l/xz for an 
axisymnetric  region, 

The temperature f i e l d   i s  described by a Fourier-Kirchhoff  

~ equation: 

where T i s   t h e  temperature, 'C; t i s  the  t ime,  hr ;  Ci and CB are  t h e  
respective  heat  capacit ies o f  a u n i t  o f  volume of  rock and water, 
W.hr/(m3.OC); Ai i s  the thermal   conduct iv i ty   coef f ic ient  of the  rock,  
W/(m.'C); Vi i s   t h e  speed o f  f i l t r a t i o n ,  m/hr, normally V = 0 i n  a f rozen 
zone; N is the power o f  d is t r ibu ted   heat  sources, W/rn3; the index "ill i n 
unfrozen and frozen zones takes the value "T" and "M" respect ive ly .  
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T, TM - 0, (3 1 

X, grad T, - X, gmdTT m . 9 4  -$ J (4) 
d C' 

where d sn/dt is the speed o f  growth of the unfrozen zone on the normal t o  
the  interface, m/hr. 

The -boundary conditions for equations (1 ) and (2)  are prescribed 
according t o  the  specific  versions o f  the thawing scheme. 

An algorithm and program for solving this problem by successive 
interchange o f  steady  states have now been  worked out ;  here b o t h  equations 
are regarded as a particular  case o f  a general e l l ipt ical  equation. 

The difference equation i s  obtained by the  integro-interpolation 
method for  a system of points i n  an  uneven curved orthogonal network selected 
so that the limits of integration  coincide w i t h  the outer  lines of  the 
network (Samarskii,  1971). A scheme "oriented  against  the flow" ensuring 
s tabi l i ty  o f  solution and a f i r s t  order o f  approximation of the differential 
equation t o  the  finite-difference equations is  used for  the  f initedifference 
expression o f  convective terms. 

Convergence o f  the  iterative solution i s  ensured by observing the 
boundary conditions  (for 1 inear systems) and control by the method of 
successive lower relaxation. 

Movement of the phase transition boundary i n  each time step i s  
monitored by the balance method, by virtue o f  which the varying geometry of  
the  unfrozen zone does no t  impair the  stabil i ty of the  solution. 

The results o f  the  calculation  studies can be  used i n  practice t o  
optimfze the  hydraulic thawing parameters. 

The mathematical model described, reproduces we1 1 the t hem1 and 
hydraulic  processes i n  water-bearing open tal  i k s .  Computer calculations  will 
help t o  define more precisely  the  quantitative  principles of subterranean 
water feed  and discharge i n  the  pennafrost zone. 
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Convective heat exchange i n  a water permeable frozen rock mass 

Filtration is often observed i n  frozen water-permeable rock  masses 
both i n  nature and i n  the course o f  the economic  development o f  the 
North-East U.S.S.R. Open-cut  mine terraces  consisting of lumps of frozen 
rock are examples of such  masses. When the water moves, phase transitions 
take  place throughout the volume of material; a single unfrozen and frozen 
zone boundary i s  no t  formed. Either  the frozen fragments thaw gradually or 
an ice  crust forms on their  surfaces f i rs t ,  depending upon the  heat  content 
o f  the  filtration flow and the  initial temperature of the rock. 

The generally accepted methods for quantitative  description of  
convective  heat exchange i n  thawing rocks are n o t  suitable for these cases. 
A mathematical formulation of the problem o f  hydraulic thawing of rocks 
permeable t o  water i n  any s t a t e  of  aggregation i s  given on the basis o f  the  

following  schematization o f  the actual process (Per1 'shtein e t  a1 . 1977): 

the temperature field o f  the  filtration flow is 
one-dimensional ; 

the change i n  the water flow rate a s  a result o f  
freezing (thawing) of the  ice  crusts is negligible; 

the frozen rock fragments are i n  t he  form of spheres 
of equivalent  radius R. 

When these assumptions are made, heat transfer by the water can  be 
described by the following equation: 

(t > 0; 

w i t h  boundary conditions 
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Three zones can be distinguished i n  the sol id   par t   of  the rock: 

the i c e  crust, R *  rl 4 t ( x , t ) ;  

the unfrozen layer,  q ( x , t )  4 r2 +R; 
the frozen  core, 0 + r3 < n(x ,e). 

The thermal conductivity  equation i n  the j - t h  zone o f  t h e  so l id  
component (where 5 = 7 2 ,  3 i n  accordance w i t h  the above subdivision) takes 
the following form: 

1 

'(t >:o) 
The boundary conditions  are written separately 
d is t inguished .  

( 8 )  

fo r  each of the zones 

The unfrozen layer 

T2 (X, R, t) T, (X, * 
(11) 

TZ(q, €1 m . T , ( t l ,  t) 0 (12) 

dT3 aTz drl 
~ 3 -  I -%-I n Q 2 - a ~  drg r=r)  dr, r--q (13) 

Conditions (12) and (1 3) hold true on the external boundary o f  the 
frozen core, and the following a t  the centre: 

A t  the in i t ia l   po in t  i n  time the mass temperature i s  a function O f  

one three-dimensional  coordinate 
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Term q i n  equation (5)  i s  the  density o f  the heat f l u x  from the 
water t o  the  solid components of  t he  rock. The magnitude of q is  determined 
by the following expression, depending upon whether an ice  crust i s  present 
( 5  > R )  or absent ( r  = R ) :  

The specific  surface S(m") remains constant or decreases 
continuously i n  proportion t o  the thawing and breakup o f  the frozen spheres, 
depending upon the  properties of  the rocks. 

The following symbols  were  adopted i n  expressions (5) - (1 6) in 
addi t ion  t o  those given previously: x i s  a coordinate which  coincides w i t h  
the  direction o f  the  filtration speed vector, m;  r i s  the  distance f r o m  the 
centre o f  the  spherical rock fragments, m ;  r and n are  the  respective 
distances f r o m  the  centre o f  the spheres t o  the  surface of the  ice crust and 
the  outer boundary of the frozen core, m ;  Q i s  the heat expended on phase 
transitions i n  a u n i t  of volume, W.hr/m3; k i s  the  coefficient o f  heat 
exchange  between the water and the disintegrating fragments o f  rock, 
W/(rn2.'C); X are  the dimensions o f  the  investigation  region, m. 

I t  i s  doubtful whether the problem can be solved analytically i n  
this formulation. In future, numerical solutions using digital computers are 
proposed. 

Power of heat sources i n  thawing frozen ground by electric  current 

Tubular needle electrodes  are normally  used for thawing large 
masses o f  frozen ground w i t h  currents o f  industrial frequency, inserting them 
i n  a staggered pattern on a network o f  equilateral  triangles. Each electrode 
interacts w i t h  the six neighbouring electrodes, which  are a t  the same 
distance ZR, from it .  

An approximate method o f  assessing  the  intensity o f  Joule  heat 
sources has  been  developed t o  control t he  process (Per1 'shtein Savenko, 
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1977). The zone of influence of ,one needle can  be 1 ikened t o  a cylinder of  
radius R,, w i t h  a level o f  error permissible i n  practical calculations.  The 
effective  potential  difference (Uo, V)  will be equal t o  ha l f  the supply 
voltage. Assuming t h a t  the  electrical  resistance o f  the frozen ground w i t h  
slight  interstitial solution mfneralization does not depend upon the 
temperature (Yakupov, 1973) i t  is easy t o  obtain analytical expressions for 
the electric  field  characteristics, i n  particular the  total power of the 
Soul e heat sources i n  the unfrozen ( Punfrozen ) and frozen ( Pf rOzen ) zones: 

2 In 
r 0  

pT (In - + - In 3) 
P, = , BT/M, (17) 

'T PU 

'0 PT 'T 

2" ~2 'n' In 3 

PM * , B T / M  
4 R 2  pT (In - t phl ln 3) 

R 
'x 'T 

(18) 

'0 PT 'T 

where Punfrozen and 'frozen are the respective specific electrical 
resistances o f  the unfrozen and frozen ground, n.m; ro i s the electrode 
radius 9 runfrozen i s  the radius of the  unfrozen zone, m. 

Figure 1 
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Relationship o f  relative heat release i n  unfrozen zone 
Po t o  dimensionless radius o f  t a l i k  rT/R, 

The graph shown i n  Figure 1 was plotted from formulas (17) and 

(1 8 )  for Pfrozen/Punfrozen = 20 and R3/ro = 100; 

'0 - 'unfrozen  unfrozen + "frozen- 
- /p 
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The graph clearly shows t h a t  expansion of the unfrozen tone i s  
accompanied by an increase i n  unproductive  heating of the thawed ground. In 
the  interests of economy i t  is therefore recommended t h a t  the  electric power 
supply routine should be intermittent or t h a t  the voltage i n  the circuit  
should be gradually reduced. 

DEVELOPMENT AND ADOPTION OF NEW PRACTICAL  RECOMMENDATIONS 

Working of thawing ground layer by layer 

Most of  the frozen ground i n  min ing  and construction  areas i n  the 
North-East of the U.S.S.R. i s  worked by periodic removal o f  layers a s  they 
thaw. The optimum routine for overburden removal  which simultaneously 
ensures a satisfactory rate o f  thawing and sufficient o u t p u t  from the 
equipment  can be selected on the  basis of forecasting ground thawing depths, 
tak ing  in to  account the thermal interaction o f  the ground w i t h  the 
atmsphere. This problem  has  been considered i n  work by V.T. Balobaev, V.A.  
Kudryavtsev, V.S. Luk'yanov, A.V .  Pavlo, G.V.  Porkhaev and other workers. 
Modern  methods of allowing for factors o f  "external"  heat exchange (Kurtner, 
Chudnovskii, 1969; Per1 'shtein,  Stafeev, 1971; Pavlov, Olovin, 1974) make i t  
possible t o  forecast the speed o f  ground thawing from weather s ta t ion data.  
In these circumstances the average surface temperature is  closely dependent 
both upon the  climatic  characteristics and upon the  properties of the ground 
and the duration of thawing (Figure 2a). 

The Al l -Union  Research Institute o f  Gold and Rare  Metals  has made 
a number of thermophysical calculations  applicable t o  climatic  conditions i n  
the extreme North-East o f  the U.S.S.R. Curves showing the  relationship o f  
average surface temperature and depth of  layer thawing t o  time (Figure 2 )  
have  been obtained fo r  four  typical  varieties o f  earth  material. 

These graphs are o f  great  assistance t o  production staff  i n  
plannfng the  preparation o f  frozen ground for bulldozer and scraper working. 
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Figure 2 
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Changes i n  average  ground surface  temperature (a) and 
unfrozen layer  thickness (b) i n   J u l y   a c c o r d i n g   t o   t i m e  
1 - gravel   ( ice  content 125 kg/m ) ; 2 - gravel ( ice  content  
250 kg/m ); 3 - d e t r i t a l  supes (ice content 400 kg/m3); 
4 - peat-covered  suglinok  (ice  content 600 kg/m3). The 
broken l i n e   r e l a t e s  t o  t he  upper reaches of the  Kolyma, 
the s o l i d   l i n e  t o  the  extreme North-East of the U.S.S.R. 

3 
3 

In tens i f i ca t ion  o f  fil tration-drainage  thawine 

In  the  North-East o f  the U.S.S.R., the widespread d i s t r i b u t i o n  of 
coarsely  fragmented  deposits  highly permeable t o  water  favours  the  use of  
fil trat ion-drainage thawing. 

According t o  the simplest method o f  c a l c u l a t i o n   f a r  
f i l t r a t i on -d ra inage  thawing  (Gol'dtmn e t  a l . ,  1970), the f i l t r a t i o n  flow 
r e l a t i v e  heat t ransfer i s  

B, = 1 - f: ,B, exp(-pn Fg), . 
R1 ' 2  

h = l  
where 
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1 t s  the  d istance between t h e   i r r i g a t i o n  and drainage  channels, m; h i s   t h e  
average  thickness of the  aqui fer ,  m. 

As a r u l e ,  Fo < 0.5 in   pract ice.   In   these  c i rcumstances 
expression  (19) can be replaced by the   f o l l ow ing   re la t i onsh ip   w i th  an e r r o r  
o f  n o t  more than 5%: 

This  gives an opportuni ty t o  represent the depth o f  thawing Z by 

the following  formulal  which i s  convenient f o r   a n a l y s i s  and planning: 

I "I ' n 
where y i s  the  depth sf drainage, m. 

Analysis o f  formula  (21) made i t  poss ib le  t o  recommend a reduct ion 

i n   t h e   d e p t h  o f  the  drainage channels, w i t h  a simultaneous  proportional 
increase i n   t h e i r  frequency. I n  these  circumstances  the speed of thawing 
increases,  the amount o f  earthmoving i s  reduced somewhat, and condi t ions  for  
the  grav i ty- f low  d ischarge o f  wate r   a re   g rea t l y   f ac i l i t a ted .  Observance o f  
t he   re la t i onsh ips  y/z > 0.3 and l/t > 2.5 gives  suff iciently  uniform  thawing 
between the  drainage and i r r i g a t i o n  channels. 

I 

Adoption o f  these recommendations makes i t  possible t o  increase 
the   ex ten t   o f   f i l t r a t i on -d ra inage   thaw ing  and yields  substant ia l   savings. 

Indust r ia l   thawing of  frozen ground with preheated  water 

The perfect ion and in t roduc t i on  of a technology  for  thawing  frozen 
ground  using  preheated  water i s  of  great  importance i n   t h e  1 i g h t  of t h e  
prospects of using  atomic  water  heaters,  geothermal  heat  extraction systems, 
and other  cheap energy  sources i n  the immediate future. The f i r s t  examples 
O f  contact-type  low-temperature  heaters  for  preheating  contaminated water 
(w i th  a power of about 3 megawatts)  were  manufactured i n   t h e  Magadan Oblast 
i n  1974. 
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Research was carried o.ut a t  the same time a t  the A1 1 -Union 
Research Institute of Gold and Rare Metals on the  features of heat exchange 
when a high-potential  heat-transfer agent was used  (Kapranov, 1977). The 
maximum possible heat losses t o  the atmosphere from the polygon surface were 
calculated  for  various  technological schemes i n  the upper reaches of the 
Kolyma and the extreme North-East o f  the U.S.S.R. Methods o f  calculating 
thawing  speed w i t h  a recirculating water supply have  been validated . 

Methods of starting a system where there  is  no i n i t i a l  unfrozen 
layer,  organising a recirculating water supply, and other  aspects o f  the 
technology have  been tested and perfected under production conditions. 

This method i s  already making i t  possible t o  smooth o u t  seasonal 
fluctuations and increase  the volumes of overburden removal i n  ta l iks ,  w i t h  
the result that increased annual outputs from earthmoving  equipment and 
substantial savings are being achieved. 

PREPARATION OF ARTIFICIAL SUSHENTSY* 

There are now two well-developed trends i n  combating the seasonal 
freezing o f  unfrozen ground: thermal protection, and reducing the 
interstitial  solution  crystallization temperature by the  injection o f  salts. 
In the  case of coarsely fragmented deposits  there i s  a promising and  
essentially new way: weakening the ground by reducing i t s  moisture content 
before f reeti ng begi  ns . 

Sushentsy, loose deposits which  remain easy t o  separate  after 
freezing,  are encountered i n  many river  valleys  in  the North-East of the 
U.S.S.R. They are  usually composed o f  well-washed shingle-gravel  material. 
The mapping o f  natural sushentsy zones and correct p l a n n i n g  of the overburden 
removal sequence a t  enterprises  is an important source o f  spare capacity for 
increasing the  o u t p u t  o f  earthmoving  equipment dur ing  the autumn-winter 
period (Emel 'yanov , 1973). 

* Sushentsy - dry ,  well drained coarse gravel low moisture content. 
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A range of investigations was completed a t  the All-Union Research 
Ins t i tu te  o f  Gold  and Rare Metals i n  1974-1976 t o  determine whether 
a r t i f i c i a l  sushentsy  could be created, using technology available i n  
1 arge-scal e mining production. 

A full-scale experiment i n  a r t i f i c i a l  sushentsy  preparation was 
carried o u t  i n  the valley o f  the River Berelekh, using hydraulic-needle 
thawing and drainage  of  coarsely fragmented  ground.  Deposits  prepared i n  
this way remained easy to  separate  after  they had frozen  completely. They 
were worked t o  their full  depth  (over 4 m )  by a 100-horsepower bulldozer i n  
February  1975, a t  an a i r  temperature o f  about -5OOC. A t  15-centimetre  layer 
which d i d  not   dif fer   l i thological ly  from t he  rest o f  the bed b u t  which  had 
retained i ts  so l id i ty  was encountered a t  a depth o f  1.5 m .  The i ce  content 
r e l a t ive   t o  a dry  batch i n  two specimens from this layer was 3.19 and 3.46%. 
The total  moisture  content o f  specimens o f  easily  separable  earth  material 
varied from 1 .ll  t o  3.39%. 

The resistance of the frozen ground t o  rapid  shear and fracture  
( a t  a specimen loading speed of u p  t o  20 kgf/(cm2.min) and t o  instantaneous 
shear was studied under laboratory  conditions (Kuril 'chik, Per1 'shtein, 
1976). A mixture of 90% sand-shingle  material (0.4 - 2.5 mm) w i t h  10% 
dust-clay  particles ( c 0.05 mn) i n  the 2 - 10% total  moisture  content by 
weight range was studied. A considerable  increase i n  the strength o f  
specimens when their moisture  content  increased was observed i n  a l l  types o f  
test. The change i n  strength character is t ics  was particularly  abrupt i n  the 
3 - 5% moisture  range  (Figure 3 ) .  

Figure 3 

2 4 6 8 YO W,,% 
Relationship o f  instantaneous  cohesion Q o f  a sand- 
shingle  mixture t o  t o t q  moisture  content W a t  a 
temperature o f  about -1 C.  
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Thus laboratory tests and a full-scale experiment showed that 
frozen ground w i t h  a total moisture  content of u p  t o  3 - 3.5% (the cr i t ical  
moisture  content) remains easy t o  separate even dur ing  severe  frosts. 

Experiments i n  knockdown  columns revealed  the  decisive  role o f  the 
dust-clay  particle  content i n  ground residual  moisture  content and 
established  the h i g h  speed o f  drainage i n  coarsely fragmented alluvial 
deposits i n  the  valley o f  the River Berelekh. 

As a result o f  the f i r s t   s tage  i n  the  investigations,  river  valley 
sectors w i t h  alluvium o f  the following composition are reconmended for the 
preparation o f  ar t i f ic ia l  sushentsy: pebbles and shingles 60 - 80, sand 
15 - 30, d u s t  and clay no t  exceeding 5 - 10%. 

The course of drainage is calculated by a programme developed by 
the numerical methods group a t  the Leningrad  Northern Hydraulic Engineering 
and  Land Reclamation Research Insti tute for Minsk-22 and Minsk-32 computers. 
The f i rs t  computer studies give reliable  indications o f  the poss ib i l i ty  o f  
preparing  sushentsy i n  ground w i t h  a fine-grained f i l l e r ;  this will extend 
the  scales and range o f  application o f  the new technology considerably. 

STUDIES OF ICE LAYER BUILDUP IN UNDERGROUND WORKINGS 

In 1975-1976 the All-Union Research Institute o f  Gold and Rare 
Metals conducted research on heat exchange i n  ice  layer b u i l d u p  by A . I .  
Blinskii's method (1946) i n  three  operational mines. During the experiments 
the  external  air temperature varied from -12 t o  -5OOC and the speed of the 
air  flow i n  the mines from 0.5 t o  2.4 m/sec. The thickness o f  the lining was 
varied i n  the 0.5 - 6 cm range. 

The observations  revealed t h a t  75 - 80% of  the  total amount of 
heat o f  crystallization was carried away by convective heat exchange w i t h  the 
a i r ,  more than 15% was removed by radiant  heat exchange  between the  water-ice 
surface and the roof and wall rocks, and 7% was lost  i n  evaporation. 

I t  was established  that  the effect  o f  the water layer  thickness 
upon the speed of ice b u i l d u p  was more apparent a t  high a i r  f low speeds. 
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Reconmendations for a water feed routine according t o  the a i r  f l o w  r a t e  and 
the cross-sectional  area were made. 

I t  was made clear t h a t  the average rate of  freezing achieved 
(12 cm/day a t  an a i r  temperature o f  abou t  -40') can  be increased by 1.5 - 2 
times by increasing  the speed o f  the a i r  flow. 

Pilot-scheme tests showed that i t  was technically  possible and 
economically expedient t o  use the  flushing of placer mines with ice under 
particular  conditions. 

CONCLUSION 

The  above results of experimental,  theoretical and practical 
development work by specialists from the All-Union  Research Institute of  Gold 
and Rare Metals certainly do not exhaust the whole range o f  problems i n  the 
preparation o f  frozen ground using heat and water. 

The Irkutsk State Rare  Metal Industry Research and Design 
Inst i tute   is  doing much t o  improve the thawing o f  frozen ground by surface 
thermal reclamation, having developed a technology for  protecting unfrozen 
ground from freezing w i t h  solidifying  water-air  froths. The m i n i n g  
themophysics  laboratory of the Leningrad Mining Institute i s  working on the 
problem o f  extracting geothermal  heat, and using i t  t o  thaw frozen  placers. 
Members of the laboratory s t a f f  have developed and tested a new 
explosive-hydraul i c  method of  thawing. The resul ts o f  research by the 
Permafrost Institute,  Siberian  Section, Academy o f  Sciences o f  the U.S.S.R. 
on problems of thawing frozen ground by heat from solar radiation are being 
utilized a t  mining enterprises i n  the North-East of the U.S.S.R. More and 
more use is  being made of  progressive methods of permafrost prospecting now 
being  developed a t  the Permafrost Institute, PNIIS", Moscow State  University, 
and other  organizations i n  the country. 

I t  should be noted t h a t  u n t i l  recently  the methods o f  frozen 
ground preparation using heat and water have  been  used mainly i n  dredging 
areas when working placer  deposits ( w i t h  the exception o f  natural thawing) .  
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Their large-scale  adoption i n t o  practice I n  working placers by sor t ing i s  
only just beginning,  b u t  has already  yielded  appreciable  savings.  Further 
researches t o  extend the theory,  to  develop new technologies, and t o  improve 
existing schemes for the preparation o f  permafrost  placers us ing  heat and 
water are among the main trends i n  s c i en t i f i c  and technical  progress i n  the  
mining industry i n  the North-East of the U.S.S.R. 
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P.I. M e l ' n i k o a ,   I n s t i t u t e  of Permafros t ,   S iber ian   Branch ,  USSR 
Academy of Sc iences  and O.N.. Tolstikhin,   All-Union  Research 
I n s t i t u t e  of Hydrogeology  and  Engineering  Geology 

I n t r o d u c t i o n  

The p u b l i c a t i o n  of the  multivolume  monograph "The Hydro- 
geology o f   t h e  USSR", a series of monographs  on the  morphology 
of pe rmaf ros t   t ha t   summar ize   pape r s   desc r ib ing   t he   d i s t r ibu t ion  
Of i c i n g  phenomena, t o g e t h e r   w i t h   t h e o r e t i c a l  treatises on 
q u e s t i o n s   r e l a t i n g  t o  the   changes   tha t   occur   in   the   hydrogeolog-  
i ca l  parameters  of s t r u c t u r e s  when sub jec t ed  t o  f r e e z i n g  t o  
g rea t   dep ths ,   wh ich  were reported i n   p a p e r s   p r e s e n t e d  a t  t h e  
Second In te rna t iona l   Conference   on  Permafrost (1,2), make it 
p o s s i b l e  t o  e n t e r   i n t o  a d i s c u s s i o n   c o n c e r n i n g   r e g i o n a l   a s p e c t s  
of pe rmaf ros t   hydrogeo logy ,   w i th   spec i f i c   r e f e rence  t o  Eas t e rn  
S i b e r i a .  Before proceeding t o  t h e   e s s e n c e  of t h e   d i s c u s s i o n ,  
however, it seems d e s i r a b l e  t o  c o n s i d e r   t h e   t e r m i n o l o g y   t h a t  
has  been  adopted. W e  sha l l   cons ider   on ly   those   t e rms   which   have  
no t   ye t   been   ex tens ive ly  used i n   t h e   l i t e r a t u r e ,  are capable  of 
b e i n g   v a r i o u s l y   i n t e r p r e t e d ,  or are necessary  t o  o b t a i n   a n  
understanding of the  fundamental  positions t aken  by t h e   a u t h o r s .  

Two c a t e g o r i e s  of s t r u c t u r e s  are  analysed:   hydrogeological  
masses (HM), which are o f t e n  synonymous i n   t h e   l i t e r a t u r e   w i t h  
t h e  term ' b a s i n s   o f   f i s s u r e  waters', a n d   a r t e s i a n   b a s i n s  ( A B ) ,  
w i th   t he i r   t yp ica l   two-s t age   a r r angemen t   i nvo lv ing   t he   p re sence  
of s t r a t a l  waters i n   t h e   s u r f a c e   d e p o s i t s   a n d   f i s s u r e  waters i n  
the basement ( 3 ) .  The i n t e r m e d i a t e   c a t e g o r i e s   o f   s t r u c t u r e s  are 
de f ined  as a d a r t e s i a n   b a s i n s  (AdB)  and  hydrogeological adrnasses 
( A d M ) .  A l t h o u g h   t h e s e   s t r u c t u r e s   c o n t a i n   f i s s u r e  waters and 
s t ra ta l  waters in   app rox ima te ly   equa l   p ropor t ions ,   i n  terms of 
t h e i r   m o r p h o l o g i c a l   f e a t u r e s   t h e y   t e n d  t o  be a r t e s i a n   b a s i n s  o r  
hydrogeological  masses r e s p e c t i v e l y .  

Among t h e   a r t e s i a n  b a s i n s  it is  necessary  t o  d i s t i n g u i s h  
platform  and  intermontane ABS. Not on ly  do t h e y   a l w a y s   d i f f e r  
i n   t h e i r   d i m e n s i o n s .  They also d i f f e r  i n  the   composi t ion  of 
the   su r f ace   cove r ,   t he   hydrochemica l   s ec t ion ,   and   t he   cond i t ions  
of r e c h a r g e ,   t h a t  is, i n  a whole series of a d d i t i o n a l   c h a r a c t e r -  
ist ics which i n  many ways de te rmine   the   hydrogeologica l   parameters  
of t h e s e   s t r u c t u r e s .  

A l s o  p l a c e d   i n  a s p e c i a l   c a t e g o r y  are hydrogeological  
s t r u c t u r e s  of volcanic   or igin.   Being  superimposed  on  var ious 
geologica l .   fo rmat ions ,   these   s t ruc tures   have   been  named 
volcanogenic   superbasins  ( V s B )  . 
Proc. Third International Conf. Permafrost, Vol. 2 ,  1979, p .  19-30 
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T h e  a n a l y s i s  of t h e   p e r m a f r o s t   c h a r a c t e r i s t i c s  i s  based 
p r imar i ly   on   t he  state of d i s c o n t i n u i t y  of t h e  permafrost. Thus, 
w e  d i s t i n g u i s h  a continuous  permafrost   zone, where permafrost 
o c c u r s   i n  a t  least  80  per  c e n t  of t h e  t o t a l  area, a d i scon t inuous  
permafrost  zone,  where i t s  areal range  is between 40  and 80 per 
cen t ,   and  a sporadic permafrost zone, where i s l ands   occup ied  by 
f rozen  earth materials amount t o  less than  40 per cent .  Here, 
permafrost means earth materials of which the f rozen  state (a 
negat ive   t empera ture   on  the C e l s i u s  scale and t h e  presence  of 
ice cement) is typ ica l ,  s u s t a i n e d   a n d   p e r s i s t e n t .  

I t  i s  apparent  from a n   a n a l y s i s  of a l a r g e  body of hydro- 
geological data t ha t  w i t h i n  areas of sporadic and d i scon t inuous  
pe rmaf ros t   t he  l a t t e r  do n o t   e x e r t  a dec i s ive   i n f luence   on  the 
character of t h e   h y d r o g e o l o g i c a l   s t r u c t u r e s  or on their hydro- 
dynamic  parameters. Therefore, no f u r t h e r   a n a l y s i s  i s  made with 
r e s p e c t  t o  such areas. I n  areas of cont inuous  permafrost  t h e  
ques t ion  of the   permafros t   th ickness   and  t h e  dep th  of f r e e z i n g  
of t h e  i n t e r i o r  i s  of dec i s ive   impor t ance   unde r   t he   cond i t ions  
o b t a i n i n g   i n  diverse hydrogeological s t r u c t u r e s .  The fo l lowing  
are d i s t i n g u i s h e d  as  s p e c i f i c   s t r u c t u r e s   o n   t h e  basis of t h e  
c o n d i t i o n s  of f r e e z i n g  ( 4 )  : 

- c ryogeo log ica l  masses, i n  which the permafrost t h i c k n e s s  
is much greater t h a n   t h e   t h i c k n e s s  of the possible r e g i o n a l  
d i s t r i b u t i o n  of the subsur face  waters and the l a t t e r ,  accord ingly ,  
may be conf ined  t o  zones of very d e e p   f a u l t s  o r  t o  areas which 
are s u b j e c t  t o  k a r s t i n g   o f  marbled rocks; 

- c ryogeo log ica l   bas ins ,   be ing  artesian s t r u c t u r e s  i n  which 
the   s ed imen ta ry   su r f ace  is completely  f rozen  and t h e  subsur face  
waters c a n   c o n c e n t r a t e   o n l y   i n  the foundat ion;  

- c r y o a r t e s i a n   b a s i n s ,   i n  which the belt of fresh water i s  
frozen  and  immediately below t h e  permafrost  there are s a l i n e  
waters and   br ines ;  

- a r t e s i a n   b a s i n s  of con t inuous .deep   f r eez ing ,  character- 
i z e d  by the   reg iona l   deve lopment  of a cont inuous permafrost 
zone  and of f resh   and   weakly  brackish subsur face  waters at i t s  
base. 

I n  addi t ion ,  t h e  fo l lowing  terms are used: 

- c ryopegs :   s a l ine  waters and b r i n e s  w i t h  a temperature  
c o n s t a n t l y  below O°C; 

- active layer: a seasonal ly   thawing or seasona l ly  
f r e e z i n g   l a y e r ;  

- permaf ros t ;   e a r th  materials, the f rozen  s ta te  of which 
persists f o r  many years. 

The zoning of E a s t e r n  Siberia is  accomplished on s t r u c t u r a l -  
hydrogeological  pr inciples ,  as r e p r e s e n t e d   i n  composite 
gene ra l i z ing   pape r s  (1,5) and on t h e  map p e r t a i n i n g  t o  them. 
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Distinguished as f i r s t - o r d e r   s t r u c t u r e s   i n  the  area con- 

stituting Eas te rn  Siberia are the East S i b e r i a n  artesian region 
and  the  East Siber ian ,   the   Verkhoyansk-Chukotsk   and   the  
Kamchatka-Koryakh  hydrogeological folded reg ions .  I n  t h e  
remainder of t h i s   r e p o r t  w e  shall  cons ide r  them s u c c e s s i v e l y  
at the boundaries   where  cryogenet ic   processes  are  determining 
the condi t ions   under   which   hydrogeologica l   s t ruc tures  and 
t he   subsu r face  waters wi th in  them are forming. 

1. The East  S i b e r i a n   a r t e s i a n   r e g i o n .  I n  i t s  geo log ica l  
c o n d i t i o n s  t h e  r eg ion  i s  a f a i r l y  complex s t r u c t u r e ,   c h a r a c t e r i z e d  
by t h e   d e v e l o m e n t  of several b a s i n s  f i l l e d  with  sedimentary 
d e p o s i t s  of d i f f e r ing   age ,   o r ig in   and   Compos i t ion ,   and   s epa ra t ed  
from  one  another by s t r u c t u r a l  uplifts of   the  basement .  The 
s t r u c t u r a l   b a s i n s   f o r m   l a r g e  ABS of t h e   p l a t f o r m   t y p e :   t h e  
Angara-Lena, the   Tungusska ,   the   Kotu i ,   the   Yakut ,   the   Olenek   and  
the  Khatanga. The l a r g e s t  of t h e   s t r u c t u r a l   u p l i f t s :   t h e   A n a b a r  
massif, is a s u r f a c e   o u t c r o p  of the   c rys t a l l i ne   and   me tamorph ic  
rocks   o f  t h e  basement  and  extends  over a v a s t  area. I n   t h e  south 
t h e  ABS of t h e  East S i b e r i a n   r e g i o n  are l inked   w i th   t he   Sayan-  
and  the  Baikal-Aldan  hydrogeological  folded  regions.  

The s u r f a c e  of t h e  ABS of Eas t e rn  Siberia i s  composed of 
v a r i o u s l y   a g e d   f o r m a t i o n s ,   d i f f e r i n g   m o r e o v e r ,   i n   t h e   l i t h o l o g i c a l  
composi t ion  of   the  rocks and i n   t h e i r   g e o c h e m i c a l   p r o p e r t i e s .  
W i d e l y   d i s t r i b u t e d   o v e r   t h e  vas t  a rea   o f  the Angara-Lena AB, i n  
the   wes te rn   and   southwes tern   par t s  of the  Yakut  AB and i n   t h e  
e a s t e r n   a n d   s o u t h e a s t e r n   p a r t s  of the  Tungusska aB are Upper 
Proterozoic  and  Paleozoic  (Cambrian - Devonian) terrestrial- 
carbonaceous   and   carbonaceous   format ions ,   f requent ly   ha logenic  
or  c o n t a i n i n g   e s s e n t i a l l y   s u l p h a t i c   m i n e r a l i z a t i o n .  The c e n t r a l  
p a r t  of t h e  Yakut AB - the  Lena-Vilyui  second-order AB - is 
composed o f   t h i c k  series of terrestrial  Mesozoic  formations,  
e s s e n t i a l l y   o f   c o n t i n e n t a l   o r i g i n .  I n  c o n t r a s t  t o  t h e  Lena- 
Vi lyui ,   the   Tungusska  AB c o n s i s t s  of t e r r e s t r i a l - v o l c a n o g e n i c  
d e p o s i t s  of c o n s i d e r a b l e   t h i c k n e s s .   I n   t h e   s e c t i o n   o f   t h e  
Khatanga AB, sandy-c layey   depos i t s  of Mesozoic and  Upper 
Pa leozoic   age  are unde r l a in  by Middle Pa leozoic   ha logenic  
formations.  

The  marked d i v e r s i t y   i n   t h e   c o m p o s i t i o n   a n d   s t r u c t u r e  of t h e  
e a r t h  materials c o n s t i t u t i n g   t h e  East S i b e r i a n   a r t e s i a n   r e g i o n  i s  
fur ther   emphas ized  by morphos t ruc tura l   var ia t ions .   Over  much of 
t h e  area i t s  s u r f a c e  i s  dissected t o  d i f f e r i n g   d e g r e e s   b y   p l a t e a u s ,  
t h e   e l e v a t i o n  of which  decreases  overal l  i n   t h e   b a s i n   o f   t h e   V i l y u i  
and  the  Lena,  where it passes i n i t i a l l y   i n t o  a h igh   and   t hen   i n to  
a low p l a i n   o f  erosion and  erosion-aggradat ion.  

The most e l e v a t e d   p a r t  of t he   su r f ace ,   t he   Pu to rana   P l a t eau ,  
i s  a lava1   tec tonic-denudat iona l   format ion   which ,   in   the   th ickness  
of i t s  basal t  sheets ,   amounting t o  as much a s  2 t o  2 . 5  krn, can  be 
regarded a s  a volcanogenic   superbasin.  

Wi th in   the  areas c o n s i s t i n g  of t e r r e s t r i a l - c a r b o n a c e o u s ,  
e s s e n t i a l l y   h e l o g e n i c   s u r f a c e   f o r m a t i o n s ,   t h e i r   r e l a t i v e l y  deep 
dra inage   has   g iven  rise t o  c o n d i t i o n s   t h a t  a r e  unfavourable  f o r  
the   fo rma t ion  of a t h i c k  be l t  o f   f r e s h  water, w i t h   t h e   r e s u l t  
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t h a t   r e l a t i v e l y  close t o  t h e   s u r f a c e ,  less than  200 m below 
it, t h e r e  are s a l i n e  waters or  b r ines .  An o p p o s i t e   p i c t u r e  was 
observed   wi th in   the  areas c o n s i s t i n g  of p reeminen t ly   con t inen ta l  
format ions ,  for example ,   in   the   Vi lyui   sync l ine ,   where  a t h i c k  
bel t  o f  f r e s h   s u b s u r f a c e  water ex tend ing   fo r  many hundreds of 
metres was able t o  form i n   t h e  Cretaceous and  Upper J u r a s s i c  
d e p o s i t s .  I t  is p r o b a b l e   t h a t   c l o s e l y  similar hydrochemical 
c o n d i t i o n s   o b t a i n e d   w i t h i n   t h e  Putorana  Plateau, the   hydro-  
g e o l o g i c a l   s t r u c t u r e  of which was complicated by t e c t o n i c   v a l l e y s  
f i l l e d  wi th   t h i ck ,   unconso l ida t ed ,   mo las ses - l ike   depos i t s .  
Occupying  an  intermediate   posi t ion were areas devoid  of   halogenic  
or gypsiferous facies wi th in   t he   ca rbonaceous - t e r r e s t r i a l   complex ,  
fo r  example,   on  the  northern limb of the   Aldan   an tec l ine ,   where  
a t  r e l a t i v e l y  small depths ,   weakly   b rackish   su lpha t ic  or c h l o r i d e  
waters might  have  been  expected t o  be p resen t .  Paral le l  w i t h   t h e  
va r i a t ions   i n   t he   hydrochemica l   pa rame te r s ,   cons ide r ing  t h e  
d e e p l y   d i s s e c t e d   n a t u r e  of t h e   s u r f a c e   t e r r a i n  of t h e   p l a t f o r m ,  
the non-uni formi ty   in   the   composi t ion  of t h e   s u r f a c e  material, 
and i t s  t e c t o n i c   d i s l o c a t i o n  by r e g i o n a l   a n d   f e a t h e r i n g   f a u l t s ,  
a subs t an t i a l   va r i a t ion   i n   t he   hydrodynamic   cond i t ions   migh t  also 
be expected. 

A l l  t h a t   h a s   b e e n   s a i d  makes it possible t o  c o n c l u d e   t h a t  a 
f a i r l y  non-uniform  hydrogeological  and  hydrochemical  si tuation 
e x i s t e d   w i t h i n   t h e  East  S i b e r i a n   a r t e s i a n   r e g i o n  by t h e  time 
t h a t  t he  permafrost  zone  began t o  form and  the  surface of t h e  
a r t e s i a n   s t r u c t u r e s  became deeply   f rozen  ( 6 ) .  I n   g e n e r a l   o u t -  
l i n e ,   t h e   p r o c e s s  would  appear t o  have  been as  fo l lows .  

Obv ious ly ,   t he   f r eez ing  of t h e   i n t e r i o r ,   d u e  t o  t h e   g e n e r a l  
coo l ing  of t h e  climate a n d   t h e   i n c r e a s e   i n  i t s  c o n t i n e n t a l i t y  
du r ing   t he   P l e i s tocene ,   mus t  have t aken   p l ace   i n   d i f f e ren t   ways ,  
depending   on   the   loca l ly   p reva i l ing   geomorphologica l ,   hydro-  
geologica l   and   geochemica l   s i tua t ion .  

G iven   t he   ex i s t ence  of the   t h i ck   zone   o f   f r e sh   subsu r face  
waters and  the  low-lying  components of t h e   r e l i e f ,   p a r t i c u l a r l y  
i n   t h e   c e n t r a l   p a r t  of the  Lena-Vilyui  Al3, i n   t h e   c o u r s e  of t h e  
c o o l i n g  of t h e   i n t e r i o r ,   f r e e z i n g  of the   wa te r -bea r ing   ho r i zons  
occur red ,   Th i s  was accompanied by p r e c i p i t a t i o n  from t h e  
f r eez ing   subsu r face  waters of t h e  most d i f f i c u l t y   s o l u b l e  salts 
of calcium  and  magnesium, some ca rbon iza t ion  of t h e   s e c t i o n ,  
d i s t i l l a t i o n  of the   g round ice and   concen t r a t ion   o f   t he   d i s so lved  
s a l t s  i n   f r o n t  of t h e   f r e e z i n g   p l a n e .  Under t h e s e   c o n d i t i o n s  
i t s  t h i c k n e s s   a t t a i n e d  maximum va lues :   up   t o  650 metces, and 
a l l  of t h e  upper water-bearing  horizons  remained  completely 
frozen.  

An o p p o s i t e   p i c t u r e  was observed i n  t h e  areas con ta in ing  
the  carbonaceous and ca rbonaceous - t e r r e s t r i a l   ha logen ic  deposits, 
which are r e l a t i v e l y   p o o r l y   d r a i n e d   a n d   c o n t a i n   s a l i n e  waters 
and b r i n e s  a t  small depths .  Under   such   condi t ions   the   cool ing  
of t h e   i n t e r i o r   l e d   t o   c o m p a r a t i v e l y   r a p i d   f r e e z i n g  of t h e  upper 
p a r t  of the   s ec t ion ,   no rma l ly   ex tend ing  t o  200-300 m ,  fo l lowing  
which, slow and p r o t r a c t e d   c o o l i n g   o f   t h e   s a l i n e  waters and 
br ines   began.   Their   temperature   dropped t o  below O°C and   t he  
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cool ing  gradual ly   encompassed the upper pa r t  of the   hydro-  
g e o l o g i c a l   s e c t i o n  t o  a d e p t h  of 1 4 5 0  m, 

The coo l ing  of t h e  b a s i n s  composed of terrestrial  and 
carbonaceous deposits t h a t  were devoid of b r ines   and   h igh ly  
concen t r a t ed  sa l ine  waters i n   t h e i r   u p p e r   h o r i z o n s  led t o  
g r a d u a l   f r e e z i n g  of t h e  upper part  of t h e   s e c t i o n ,   a n a l o g o u s  
t o  the f r e e z i n g  of t h e  fresh water deposits. The t h i c k n e s s  of 
t h e  permafrost, however,  proved to  be somewhat less and a t  i t s  
base, a be l t  of waters with temperatures below O W ,  i , e .  
cryopegs, a lso o r i g i n a t e d .  I t  was not   such  great t h i c k n e s s ,  
however, as t h i s  o c c u r r e d   i n  the halogen sections. 

S imul taneous ly   wi th  the i n c r e a s e   i n  depth the f r e e z i n g  
encompassed a l l  of the major areas, gradually  advancing  from 
t h e  h i g h e s t  t o  the lowest t racts  and from n o r t h  t o  south ,  
sh r ink ing  the areas of t h e  t a l i k s ,  radical ly  a l t e r i n g  t h e  
cond i t ions   p rov id ing  for an   in te rconnec t ion   be tween t h e  sub- 
s u r f a c e   a n d   s u r f a c e  waters, and also t h e  hydrodynamic s t r u c t u r e  
of the   zone  of impeded and unimpeded water exchange  between  the 
a r t e s i a n   s t r u c t u r e s  of the S i b e r i a n  Platform. I n  the n o r t h e r n  
part  of the East S i b e r i a n   a r t e s i a n   r e g i o n  these processes 
embraced a11 of t h e  a r t e s i a n   s t r u c t u r e s ,   i n d e p e n d e n t l y   o f  their 
c o n s t i t u e n t  materials, while  i n   t h e   s o u t h ,   w i t h i n  t h e  areas con- 
t a i n i n g  the carbonaceous karst d e p o s i t s  t h e  pe rmaf ros t   r e t a ined  
i t s  d i scon t inuous  character and the subsur face  waters - their 
f a i r l y   r a p i d   r e c h a r g e .  

In   con fo rmi ty  w i t h  the  character of t h e  hydrochemical 
s e c t i o n ,   i n  a vast  port ion of the area con ta in ing  t h e  Tungusska 
AB, i n  the western par t  of the Yakut AB,  and i n  the  Kotui ,  the 
Olenek ,   and   in  part ,  the Khatanga ABS, the zone   conta in ing   the  
f r e s h  waters was comple te ly   f rozen ,  a t h i c k  series of cryopegs 
formed a n d   t h e   a r t e s i a n   b a s i n s  passed i n t o  t h e  c r y o a r t e s i a n  
phase of development. 

I n   d i s c u s s i n g  t h e  phenomenon of the deep f r e e z i n g  of 
a r t e s i a n   s t r u c t u r e s   a n d  their t r a n s i t i o n  t o  the c r y o a r t e s i a n  
phase of development, one  cannot  avoid emphasizing t h e  fact t h a t  
t h e  l a t te r  i s  a q u a l i t a t i v e l y  new h y d r o s t r u c t u r a l   f o r m a t i o n ,   t h e  
p r o p e r t i e s  of which are determined by: 

- t h e  presence of a regional  wa te r - r e s i s t i ng   pe rmaf ros t  
Stratum, t h e   t h i c k n e s s  of which varies w i t h  time; 

- the absence of a r eg iona l   and   pe r s i s t en t   zone  of unimpeded 
water exchange  and of the fresh subsur face  waters tha t  t y p i f y  i.t; 

- the presence of a b e l t  of cryopegs : waters and b r i n e s  
below O°C a t  t h e  base of t h e  permafrost ,   and of a l e n s  of cryopegs 
a t  i ts  d i s t a l  limits: 

- the  hydrochemical  and  hydrodynamic processes caused by 
f l u c t u a t i o n s  of the permafrost  base, and by i t s  thawing  and 
f r eez ing   fo l lowing   pe r iods  of warming or cool ing;  
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- the low piezometr ic  levels of the subsur face  waters, o f t e n  
f e a t u r i n g ,  besides a low temperature and h igh   mine ra l i za t ion ,  a 
high gaseous factor as well; 

- the   combining of the subsur face  waters i n  t h e  c ryohydra te  
form . 

Information  about  a l l  of these characteristics, p r o p e r t i e s  
or processes o c c u r r i n g   i n   c r y o a r t e s i a n   s t r u c t u r e s  was publ ished 
i n  the Proceedings of the Second  In te rna t iona l   Conference  (7 )  
and   i n  a number of o t h e r  papers by Soviet  hydrogeologists ( 8 , 9 )  , 
which makes it possible t o  dwell o n   c e r t a i n   a s p e c t s   o n l y  of t h e  
format ion  of t h e  subsu r face  waters of these s t r u c t u r e s .  

One of the most complex and least  s t u d i e d   q u e s t i o n s  i s  the  
hydrodynamic  conditions  under  which t h e  subsu r face  waters form. 
I t  is no t  o u r   i n t e n t i o n   t o   p r o p o s e  a new theory of the mode of 
development of the low piezometr ic  levels of t h e  subsu r face  
waters. Such low levels are typ ica l  of these s t r u c t u r e s   a n d  
have   been   va r ious ly   i n t e rp re t ed  by t h e   i n v e s t i g a t o r s   c o n c e r n e d  
w i t h  t h i s  problem. We merely wish  t o  emphasize t h a t  t h e  
r echa rg ing  of subpermafrost  water from the s u r f a c e  i s  r u l e d   o u t  
under t h e  c o n d i t i o n s   o b t a i n i n g   i n   c r y o a r t e s i a n   s t r u c t u r e s .  

Actua l ly ,   even   in  t h e  most d e e p l y   f r o z e n   a r t e s i a n   b a s i n s ,  
most of which are s i m i l a r l y   c h a r a c t e r i z e d  by low piezometr ic  
levels, the   p re sence  of an open  permeable t a l i k   s u f f i c e s  t o  
permit an   in te rconnec t ion   be tween t h e  s u r f a c e  and subsu r face  
waters. I n  c r y o a r t e s i a n   s t r u c t u r e s  the h ighly  concen t r a t ed  
s a l i n e  waters and brines  have f a i r l y  low below-freezing 
temperatures, i n  some cases reach ing  -140C (Nordvik) , and the 
fresh waters p e r c o l a t i n g  from the sur face   mus t  i nev i t ab ly  f r e e z e  
under   such  condi t ions.  Th i s  has been  confirmed by experiments  
conducted by the I n s t i t u t e  of Permafrost, S i b e r i a n  Branch of the 
USSR Academy of Sc iences ,  a t  one of the deposits i n  t h e  southern  
part of the S i b e r i a n  Platform. I t  would seem t h a t  i n  t h e  absence 
of s u r f a c e   r e c h a r g e ,   i n   t h e  ABS being described a s t a b i l i z a t i o n  
of the hydrodynamic s i tua t ion   shou ld   ensue .  I n  a c t u a l  fac t ,  t h e  
absence of o p p o r t u n i t i e s  f o r  s u r f a c e   r e c h a r g e  does n o t  a t t e s t  t o  
hydrodynamic s t a b i l i t y  i n  t he  s t r u c t u r e s  being discussed. 
Rather ,  the presence  of s a l i n e   s p r i n g s   i n  t h e  b a s i n  of t h e  V i l y u i  
and the Greater and Lesser Tungusska r i v e r s  affords  evidence of 
t h e  enormous p o w e r  of the r e l a t i v e l y   a c t i v e  hydrodynamic regime. 

One of the   causes   o f  t h i s  could  be thawing of t h e  perma- 
f r o s t  from below and the r e s u l t i n g   o r i g i n a t i o n  of the so called 
p r e s s u r e  head def ic i ts .  A s  indicated by f ie ld  data derived i n  
r e c e n t   y e a r s ,  t h i s  thawing of the   pe rmaf ros t  from the base does 
n o t  take place uniformly,   In   any case, t h e  t h i c k n e s s  of t h e  
permafrost above the regional  f a u l t  zones  i s  proving t o  be from 
60 t o  8 0  m less than  it is  away f r o m  t h e  i n f l u e n c e  of t h e s e  
zones. If,  however, t h e  thawing of t h e  permafrost does n o t  
occur   uniformly,  the p r e s s u r e  head def ic i t s  must a lso be non- 
un i fo rmly   d i s t r ibu ted .  They should be maximal where t h i s  
thawing  has   a t ta ined  maximal   values .   Consequent ly ,   in   these 
zones of maximal thawing  and  maximal  pressure head de f i c i t ,  
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there should also e x i s t   z o n e s  of p o t e n t i a l   a b s o r p t i o n .  F i e ld  
data derived i n  the cour se  of exp lo r ing   subsu r face  waters a t  a 
number of sites i n  the w e s t e r n   p a r t  of the Y a k u t   a r t e s i a n   b a s i n  
l end   suppor t  t o  these ideas. Hence it is possible t o  draw a 
somewhat unexpec ted   genera l   conc lus ion:   the  permafrost, being 
a r e g i o n a l   w a t e r - r e s i s t i n g  stratum t h a t  had o r i g i n a t e d  a t  t h e  
s i te  of a zone of unimpeded water exchange ,   s t imula tes  by v i r t u e  
of t h e  dynamic  nature of i t s  development the a c t i v a t i o n  of t h e  
hydrodynamic   p rocesses   i n   t he   uppe r   subpemaf ros t   l eve l s .   I n  
e l i m i n a t i n g  unimpeded water exchange w i t h  the s u r f a c e ,  it con- 
t r i b u t e s  t o  t h e   a c t i v a t i o n  of a n   i n t e r n a l  water exchange. 

What ought t o  be the o r i e n t a t i o n  of t h i s   i n t e r n a l  water 
exchange? I n  order t o  answer t h i s   q u e s t i o n  it is  necessary  t o  
c o n s i d e r  t w o  facts. 

The f i r s t  is t h a t  the def ic i t  of p r e s s u r e  waters always 
o r ig ina t e s   i n   t he   uppe r   subpe rmaf ros t   wa te r -bea r ing   ho r i zons .  
Th i s  was clearly i n d i c a t e d   i n  Volume 20 of "The Hydrogeology of 
the USSR" (10). As a r e s u l t ,  the  p r e s s u r e  heads of the   sub -  
s u r f a c e  waters of t h e  a q u i f e r o u s  horizons o c c u r r i n g  lower down 
the s e c t i o n  are, as  a r u l e ,  larger than  those higher  up. Con- 
sequen t ly ,  the o r i g i n   a n d   d e v e l o p e n t  of a p r e s s u r e  head def ic i t  
t e n d s  t o  g i v e  rise t o  v e r t i c a l   m i g r a t i o n  of t h e  f l u i d s  of the 
hydrogeological   sect ion  f rom below upwards. 

The second fac t  i s  t h a t  maximal  thawing of t h e  permafrost  
i s  traced a long   l inear ly   e longated   zones   cor responding  t o  t h e  
f a u l t  zones.  I t  should be noted t h a t  i n  these zones t h e  water 
c o n d u c t i v i t y  of the  ground  undergoes a twofold or  t h r e e f o l d  
increase.   Consequent ly ,  t h e  o r i g i n   a n d   d e v e l o p e n t  of a 
p r e s s u r e  head def ic i t  leads t o  a second  general   tendency,  which 
i s  f o r  the subsur face  waters t o  overflow a long  t h e  stratum from 
t h e  zones of minimal  thawing  into the zones of maximal  thawing. 

A l l  t h i s  makes it p o s s i b l e  t o  draw y e t  ano the r   gene ra l  
conclusion:  t h e  dynamics of development of permafrost   super-  
imposed on a complex  geostructural   background are conducive t o  
f u r t h e r   c o m p l i c a t i o n  of the   r eg iona l   hydrodynamic   s t ruc tu re  of 
t h e   c r y o a r t e s i a n   b a s i n s   a n d  t o  unevenness   i n   t he  water supply 
t o  t h e  upper p a r t  of the s e c t i o n   c o n t a i n i n g   t h e   s u b p e r m a f r o s t  
waters, t h u s   g r e a t l y   c o m p l i c a t i n g   t h e  possibilities of 
i n s t a l l i n g   m a i n s   s e r v i c e s   i n   t h e   a v a i l a b l e   u n d e r g r o u n d  space. 

What has been said,  however, does n o t   o n l y   a p p l y  t o  t h e  
subpermafrost  part  of t h e  hydrogeologica l   sec t ion .  Hydro- 
geological s u r v e y s   a n d   s p e c i a l   e x p l o r a t o r y   s t u d i e s  have shown 
tha t  i n  the uppe r   pa r t  of the s e c t i o n  a s  well, w i t h i n   t h e  
c o n f i n e s  of t h e  r e g i o n a l   d i s t r i b u t i o n  of the permafrost., there 
have  remained  unfrozen zones with  a p a r t i c u l a r l y   h i g h  water 
conduc t iv i ty .  The n a t u r e  of these zones i s  associated either 
w i t h  U-shaped v a l l e y s  t h a t  are p r i m a r i l y   t e c t o n i c   i n   n a t u r e  
and are f i l l e d  with molasses-like sandy-pebbly deposits, or 
w i t h  f a u l t s ,   c u t t i n g  across the carbonaceous rock mass and 
r i v e r   v a l l e y s  of va ry ing   dep ths   ( t he   bas in   o f  the V i l y u i   R i v e r ) .  
I n  the l a t t e r  case the high p o t e n t i a l  water c o n d u c t i v i t y  is 
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combined   wi th   espec ia l ly  favourable c o n d i t i o n s  of year-round 
recharge ,  which i n t e r f e r e s  with the f r e e z i n g  of these   zones  and 
is  conducive t o  their remaSnSng In the unfrozen state.  There is 
reason  t o  believe tha t  highly 'water-abundant   zones  such as t h e s e  
may a l so  be associated with cer ta in  d i s t i n c t i v e l y   f i s s u r e d  trappe 
bodies and possibly with dikes. I n d i r e c t l y   i n d i c a t i v e  of t h i s  
are the t h i c k   i c i n g s   m a n i f e s t e d   i n  the upper reaches of some of 
the river v a l l e y s   t h a t  have t h e i r   s o u r c e s   i n   t r a p p e   u p l a n d s .  

A r t e s i a n   b a s i n s  of cont inuous   deep   f reez ing ,   such  as t h e  
Lena-Vilyui, over a larger area - t h e  Khatanga,  and  in part, i n  
the wes tern   por t ion  - the Tungusska, resemble c r y o a r t e s i a n   b a s i n s  
i n  a number of t h e i r   f e a t u r e s  and i n   t h e   p r o c e s s e s   o c c u r r i n g  
w i t h i n  them. They d i f f e r   m a i n l y   i n   t h e   a b s e n c e  of a be l t  of 
cryopegs and all of the d i s t i n c t i v e   f e a t u r e s  associated w i t h  t he  
development of such a bel t ,  which have already been  discussed.  
Fur thermore ,   the   p reeminent ly  terrestrial  composition of the 
materials forming the s u r f a c e  of these a r t e s i a n   b a s i n s  results 
i n  a more uniform  thawing of t h e  permafrost and   acco rd ing ly ,   i n  
a more uniform water c o n d u c t i v i t y  of t h e  earth materials a long  
t h e  stratum. 

Ana lys i s  of the s ta t ic  levels of t h e  first subpermafrost  
wa te r -bea r ing   ho r i zon   i nd ica t e s  t h a t  t h e  numerous t a l i k  windows 
t h a t  formed as a r e s u l t  of t h e  thermal i n t e r a c t i o n  of t h e  perma- 
frost w i t h  t h e  r ivers or lakes a t  t h e  s u r f a c e  are n o t  c e n t r e s  of 
r echa rge  of subpermafrost   water-bear ing  horizons,   a l though the 
f r e e z i n g   c o n d i t i o n s  may not  impede t h i s .  The lack of an inter- 
connec t ion  is due t o  t h e   l i t h o l o g i c a l   w a t e r - r e s i s t i n g  s t ra ta ,  
which have a h i g h l y   e f f e c t i v e   s e g r e g a t i n g  role i n  the l imited 
areas where  open ta l iks  are p r e s e n t .   I n   a d d i t i o n ,  the r e s u l t s  
of flow rate o b s e r v a t i o n s   a n d   r a d i o i s o t o p e   s t u d i e s   i n d i c a t e   t h a t  
a n   i n t e n s i f i c a t i o n  of the water exchange i s  p r e s e n t l y   o c c u r r i n g  
a n d   t h a t  t h i s  is associated w i t h  t h e  shaping  and  expansion of 
the r e g i o n  of the p r e s s u r e  head def ic i t  and   w i th   t he  lack of 
hydrodynamic  equilibrium  between the ind iv idua l   e l emen t s  of t he  
complex  pressure head system of t h e s e  artesian b a s i n s  ( 9 ,  
pp. 9 - 1 4 ) .  Consequently, a s  i n  the c r y o a r t e s i a n   b a s i n s ,  t h e  
shaping  and character of the hydrodynamic  s t ructure  of ABS of 
cont inuous deep f r e e z i n g  are i n  many ways determined  by t h e  
dynamics of development of the permafrost .   These a lso determine 
t h e  character of t he  upper par t  of the hydrogeological section : 
above the permafrost and   wi th in  it. I t  i s  more complex i n  these 
s t r u c t u r e s   b e c a u s e  of the presence of numerous l a k e  bas ins   and  
lakes, which may be r e l i c t  or newly formed and  thermokarst ,   but  
which i n  a l l  cases had led t o  t h e  formation of water-bearing 
t a l ik s  below t h e  lakes. Under f a v o u r a b l e   l i t h o l o g i c a l   c o n d i t i o n s :  
the presence  of e a r t h  materials with a high water conduc t iv i ty ,  
u s u a l l y   w i t h i n  a Quaternary  complex of deposits, the t a l i k s  
under the lakes are  u n i t e d   w i t h  the v a l l e y  t a l i k s .  Furthermore,  
complex  supra- and intrapemafrost  b a s i n s  of subsur face  waters 
and  subar tes ian   in t rapermafros t  waters, preeminent ly  of 
l a c u s t r i n e  or condensat ion  recharge,  a lso o r i g i n a t e   w i t h i n  t h e  
permafrost. The d i s c h a r g e  of t h e s e  waters i s  man i fe s t ed   i n  t he  
emergence of s p r i n g s   w i t h  a high r a t e  of discharge, u s u a l l y  
forming large i c i n g s  ( 9 ,  pp. 35-45). 
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I n  the n o r t h - s o u t h   d i r e c t t o n ,  the c x y o a r t e s i a n   b a s i n s  and 
the a r t e s i a n  basins of cont inuous   deep   f reez ing  give way t o  
the   fo l lowing   bas ins   con ta in i ’ng   dbcon t inuous  permafrost: the 
Aldan limb of the Yakut AB,, the Upper  Lena aB, t he   sou the rn   and  
southwestern  margins  of the Tungusska AB.  Thei r  hydrodynamic 
c o n d i t i o n s  are closely similar t o  ABS untouched by deep f r e e z i n g  
and it is  on ly  the hydrochemica l   cond i t ions   t ha t  a t t e s t  t o  t h e  
d i f f e r e n t ,  more seve re  permafrost s i t u a t i o n  t h a t  formerly e x i s t e d  
he re ,  a s i tua t ion   which   cor responded t o  the above described 
hydrogeo log ica l   s t ruc tu res .  

O f  c o n s i d e r a b l e   i n t e r e s t   i n  terms of i t s  permafrost hydro- 
geology is t h e  Anabar Shield.  Thermophys ica l   ca lcu la t ions  made 
by Yu. G. Shastkevich  have shown tha t  the permafros t   th ickness  
exceeds 1 0 0 0  rn there ,   Given   the   condi t ions   under  which t h e  
c r y s t a l l i n e  and  metamorphic  rocks  developed, t h e  p r o b a b i l i t y  of 
appreciable r e s o u r c e s  of subsur face  waters be ing   p re sen t  a t  these 
depths appeared t o  be very low. Because of t h i s  t h e  Anabar 
S h i e l d  was numbered among t h e   c r y o g e o l o g i c a l  masses. However, 
geophys ica l  data derived i n   r e c e n t   y e a r s  a t  the I n s t i t u t e  of 
Permafrost, S iber ian   Branch  of t h e  USSR Academy of Sc iences ,  
have i n d i c a t e d  t ha t  water could n e v e r t h e l e s s  be p r e s e n t  a t  the 
base of the permafrost  of the Anabar  Shield.  

2. The East S iber ian   hydrogeologica l  folded r e g i o n   i n c l u d e s  
the vas t  area embracing  the  Baikal ian  and  Trans-Baikal ian 
r eg ions ,  t h e  Baikal-Patoma Highlands  and  the  Stanovoi  Range, 
The s u r f a c e   t e r r a i n   i n d i c a t e s  t ha t  t h i s  i s  a n  i n t r i c a t e l y  con- 
s t ructed  mountainous area i n   w h i c h ,   a g a i n s t  a background of 
highlands  and  uplands dissected t o  d i f f e r i n g   d e g r e e s ,  there are 
t roughs  with a v a r i a b l e   t e c t o n i c  nature and also a lp ine - type  
ranges  wi th  bald p e a k s ,   r i s i n g  t o  a b s o l u t e   a l t i t u d e s  of between 
2000 and 3000 m. 

By f a r  the greater part  of t h e  r eg ion  is composed of a n c i e n t  
c r y s t a l l i n e  and  metamorphic rocks. Occupying smaller areas a re  
young volcanogenic   and   in t rus ive   format ions ,  added t o  which  about 
8 p e r   c e n t   c o n s i s t s  of normal  sedimentary  complexes,  forming an 
a r t e s i a n   s u r f a c e  of intermontane  basins .   According t o  the period 
of their formation  and their character t h e  l a t t e r  are divided 
i n t o  three main types:  Transbaikal ian,   Southern  Yakut ian  and 
Baika l ian .  

The Transba ika l i an - type   bas ins   have   su r f ace  deposits of up 
t o  2000 m i n   t h i c k n e s s ,  composed of c o n t i n e n t a l   a n d   e f f u s i v e  
format ions  of Ju ras s i c   and  Lower Cretaceous age, The Quaternary  
d e p o s i t s  i n  them are of comparat ively s l i g h t  th ickness   and  do 
n o t  form a r t e s i an   wa te r -bea r ing   ho r i zons .   Fau l t s   f r aming  them 
may be p r e s e n t   o n   t h e   f l a n k s  of t h e   b a s i n s ,  

The Southern  Yakutian-type  basins have a d i s t i n c t i v e   t e c t o n i c  
n a t u r e ,  an asymmetrical s t r u c t u r e   w i t h   s t e e p   g r a d i e n t s   a n d  sub- 
s t an t i a l   me tamorph iza t ion  of t h e  rocks a t  the southern  margins  
a n d   g e n t l e   g r a d i e n t s  a t  the northern  margins .  They are  f i l l e d  
with J u r a s s i c   c o a l - b e a r i n g   d e p o s i t s  of up t o  4000  rn t h i c k ,  
unde r l a in  a t  t he  northern  margins  by.Lower  Cambrian  formations 
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The southern f l a n k  of these basins c o n s i s t s  of a fau l ted   zone .  

T h e  Baikalfan-type basins are connected  with major d i s -  
l o c a t i o n s  o f  t h e  tectonic Blocks and combine  sunken  and  graben 
s t r u c t u r e s ,   u s u a l l y   f r a m e d  by f a u l t s  and f i l l e d  w i t h   t h i c k  
series of Qua te rna ry   depos i t s  ,of l a c u s t r i n e - f   l u v i o g l a c i a l   a n d  
a l l u v i a l  o r i g l n .  

The hydrogeologica l   condi t ions  of t h i s   f o l d e d   r e g i o n  are 
g rea t ly   compl i ca t ed  by f r e e z i n g   o f  the I n t e r i o r ,   w h i c h  i s  h igh ly  
non-uniform,  both i n  t h e  area and the t h i c k n e s s  of the   permafros t .  
The p r i n c i p a l  mechanisms  governing  the formation of t h e  perma- 
frost c o n s i s t   i n   t h e   i n c r e a s e  i n  its overall  t h i c k n e s s   i n   t h e  
sou th -nor th   d i r ec t ion .  However, t h i s   g e n e r a l  mechanism is 
g rea t ly   compl i ca t ed  by the  a l t i t ud ina l   pe rmaf ros t   zon ing .  
R e f l e c t i o n s  of t h i s  a re  a p p a r e n t   i n   t h e   d e e p   f r e e z i n g  of t h e  
mountain masses t o  many hundreds of metres, t h e  decrease i n   t h e  
permafrost   th ickness   and  the  emergence of d i scon t inuous  perma- 
frost on   p la teaus   and   h ighlands   tha t   have  a r e l a t i v e l y   d e p r e s s e d  
s u r f  ace. 

With in   the   Cis -Baika l   Bas in  and t h e  Lena P l a t e a u ,   i n   t h e  
area where  carbonaceous  rocks  have formed the   pe rmaf ros t  i s  
d i scon t inuous ,   a l t hough  i t s  t h i c k n e s s  is q u i t e   c o n s i d e r a b l e  here 
and  amounts t o  n o t  less t han  300 m. The d i s c o n t i n u i t y  of t h e  
p e r m a f r o s t   i n   t h i s  area is  determined  by  the  warming  influence 
of a t m o s p h e r i c   p r e c i p i t a t i o n   s e e p i n g  down through  var ious   k inds  
of k a r s t  cavities. Even t h o u g h   t h e   t a l i k  windows are  n o t  of 
regional   importance,   an  immediate   interconnect ion  has   formed 
between  the surface and subsu r face  waters and   t he   cond i t ions  
for r e p l e n i s h i n g   t h e   r e s o u r c e s  of subsur face  waters are  h igh ly  
favourable .  A similar s i t u a t i o n   c a n  also be o b s e r v e d   i n   t h e  
s o u t h e r n   p a r t   o f   t h e  Uchur-Maya Uplands,   a l though  even  greater  
pe rmaf ros t   t h i cknesses   can  be expec ted   there ,   and   the  water- 
a b s o r b i n g   t a l i k s   c o n n e c t e d   w i t h   k a r s t   c a v i t i e s  are appa ren t ly  
even more loca l i zed  i n  area. 

Wi th in   t he   S t anovo i   H igh lands   and   t he   no r the rn   pa r t  of t h e  
V i t i m  Uplands,   continuous  permafrost   predominates.  Its t h i c k -  
n e s s  i s  close to 1 0 0 0  m in   the   mounta in   ranges .  A t  times it is  
even more t h a n   t h i s   b u t  i n  t h e  river va l leys   and   in te rmontane  
t roughs  it decreases to  130  m. I n   t h e   w e s t e r n ,   C i s - B a i k a l i a n  
p a r t  of the   S tanovoi   Highlands  the permafrost  thickness 
decreases to  1 0 0  m and less, it becomes more d iscont inuous   and  
i n   t h e  immediate coastal s t r i p   t h e r e  are i s l a n d s  of permafrost .  

I n   t h e   s o u t h e r n   p a r t   o f  t h e  V i t i m  Uplands  and  in   the  high-  
lands of t h e  Olekma-Range t h e  permafrost t h i c k n e s s  decreases t o  
300-100 m i n   t he   moun ta ins .   In   t he   sou th ,   t he   wa te r sheds   and  
s o u t h e r l y   f a c i n g   s l o p e s  are f r e q u e n t l y   u n f r o z e n ,   b u t   i n   t h e  
intermontane areas the   pe rmaf ros t   t h i ckness   i nc reases  t o  200-300 rn. 
On the   whole ,   the   permafros t  is discont inuous   here .  

Wi th in   t he  Aldan High lands   t he   pe rmaf ros t   t h i ckness  is a 
direct f u n c t i o n  of t h e   e l e v a t i o n .  A t  a l t i t u d e s  of more than  
900-1000 m t h e   t h i c k n e s s  of the   con t inuous   pe rmaf ros t  is every- 
where   g rea te r   than  200 m ,  r i s i n g  to 800-1000 rn on the   watersheds .  



A t  lower a l t i t u d e s  it decreases t o  50-150 m. The permafrost is 
discont inuous there. Preeminently  discontinuous permafrost also 
e x i s t s  on  the   sou the rn   f ace  of the Stanovoi Range and only  i n  
the mountain ranges  and  systems does it a t  times become continuous 
aga in ,   increas ing  t o  300 m i n  thickness .  

Cons ider tng   the   vas tness  of t h e  East Siberian hydrogeological 
folded region,   the   complexi ty  of the geological  and  permafrost  
condi t ions ,   and   the   l a rge  number of hydrogeological   s t ructures  - 
t h e   a r t e s i a n  bas ins  a lone  number more than 60 - it seems desirable 
to  describe the  hydrogeological   condi t ions  according to  t h e   t y p e s  
of hydrogeological  structures  and the par t icu lar   water -bear ing  
complexes  which  typify them. 

I n  terms of the   cond i t ions  of formation of the subsurface 
waters, hydrogeological masses a re   subd iv ided   i n to  (a) masses 
consis t ing  of   crystal l ine  and  metamorphic   rocks,   and (b) masses, 
the upper part of which c o n s i s t s  of carbonaceous   var ie t ies  of 
rocks.  

(a) Hydrogeological masses composed of c r y s t a l l i n e  and 
metamorphic rocks are, i n  ,the hydrogeological sense, likewise 
non-uniform. The conditions  under  which their subsurface waters 
form are i n  many respects   dependent  on t h e  character of the' 
permafrost. Here, much is  determined by t h e   r e l a t i o n  between 
the permafrost thickness  and the  thickness   of   the   zone of 
r e g i o n a l   f i s s u r i n g ,  which i n  rocks of t h i s  kind is normally 
conf ined   t o  the f i rs t  100 m; by the condi t ions  of dra inage  and 
f r e e z i n g ;  and by the  discont inuousness  of t h e  permafrost. On 
t h e  basis of these condi t ions   the   fo l lowing  types of hydro- 
geological  masses are envisaged. 

Hydrogeological masses expres sed   i n   t he   r e l i e f  by mountain 
s t ruc tu res ,   deep ly  dissected and   s i tua ted  i n  continuous  pema- 
frost, t he   t h i ckness  of which i s  n o t  less than 300-400 m and 
exceeds the thickness  of r e g i o n a l   f i s s u r i n g .  

Such  conditions are t y p i c a l  of the hydrogeological 
s t r u c t u r e s  of t h e  Stanovoi  Highlands  and the northern part of 
t h e  V i t i m  Uplands,  within  the  Aldan  Highlands a t   a l t i t u d e s  of 
more than 900 m, i n  the watershed region of t h e  Stanovoi Range, 
and poss ib ly  i n  the watershed reg ions  of the Yankan-Tukuringra- 
Dzhugda ranges  and  the  mountainous  area formed by t h e  Turun- 
Bureya and o ther   ranges .  

Within  hydrogeological 'masses of t h i s  type, t h e  subsurface 
waters do  not  have a r e g i o n a l   d i s t r i b u t i o n .  They occur   so le ly  
i n   t h e  bottoms of r i v e r   v a l l e y s  where they form in   unconsol idated 
a l l u v i a l ,   f l u v i o g l a c i a l  o r  other v a l l e y  deposits and i n  t h e  
f i s s u r e d  zone i n  the underlying bedrock. The f ac t   t ha t   unde r  
these condi t ions  t h e  zones of i nc reased   f i s su r ing  of c r y s t a l l i n e  
and metamorphic rocks are conf ined   spec i f i ca l ly  t o  r i v e r   v a l l e y s  
i s  due t o  two cons idera t ions .  F i r s t l y ,  t o  t h e  se l ec t ive   e rod ing  
a c t i o n  of t h e   r i v e r   c u r r e n t ,  which is g r e a t e s t  precisely i n  rocks 
w i t h  a high degree of f i s s u r i n g  and a lowered r e s i s t a n c e   t o  
weathering  agents,  and  secondly, t o  the  processes of cryogenous 
reworking of t h e   c r y s t a l l i n e  and metamorphic rocks dur ing   the  
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formation  and  developnent of the permafrost. S i n c e   f i s s u r i n g ,   i n  
i t s  t u r n ,   n o r m a l l y   i n c r e a s e s   i n   z o n e s  of t e c t o n i c   d i s l o c a t i o n s ,  
the river valleys here a re  o f t en   a r r anged   a long  the f a u l t   z o n e  or 
zones of r u p t u r e   d i s l o c a t i o n s   f e a t h e r i n g  them. 

Stable wa te r -bea r ing   ho r i zons   i n   t he   a l luv ia l   and   f i s su red  
rocks under ly ing  the bottom of a r iver val ley can   on ly  form when 
the hydraul ic   and  thermal energy of the flow is s u f f i c i e n t  t o  
create a l a rge   sup rape rmaf ros t  o r  open   t a l ik .   Ac tua l ly ,   such  
f l o w s   o n l y   o r i g i n a t e  where t h e  d ra inage  systems are of a c e r t a i n  
area. Usual ly ,  t h i s  i s  between 50 and 200  squa re   k i lome te r s   bu t  
i n  some cases, it may be larger. Thus, i n  the watershed   reg ions  
of t h e s e  masses, subsur face  waters are u n l i k e l y  t o  occur,   even 
i n   t h e  r iver valleys.  

Another  important factor a f f e c t i n g  the  formation of a t a l i k  
and a d e p e n d a b l e   t a l i k   w a t e r - b e a r i n g   h o r i z o n   i n  a val ley are t h e  
geologica l   condi t ions   under   which   unconsol ida ted  deposits 
accumulate  and t h e  character of the la t te r .  First and  foremost,  
t h i s  means t h e  t h i c k n e s s  of these d e p o s i t s   a n d  their  cross- 
s e c t i o n ,   t h e  water pe rmeab i l i t y ,  t h e  seepage   coe f f i c i en t s   and  
t h e   c h a n g e s   i n  these parameters a l o n g   t h e  valley.  As a r u l e ,  i n  
t h e  mounta in   va l leys  of Eas t e rn  Siberia and w i t h i n  the area be ing  
cons idered ,  these parameters  also vary  appreciably along the  r iver  
v a l l e y s .   I n   p a r t i c u l a r ,   c h a n g e s  are observed i n  t h e  t h i c k n e s s  of 
the unconsol ida ted  deposits and their  dep th  across t h e  valley,  
r i g h t  down t o  t h e  p o i n t  where they wedge ou t .  The i n t e n s i t y   a n d  
dep th  of the f i s s u r i n g   z o n e s  also change, as do t h e  seepage 
c o e f f i c i e n t s  of the a l l u v i a l  deposits. u l t i m a t e l y ,  a change 
o c c u r s   i n   t h e   p o t e n t i a l   c a p a c i t y  of the  water-bear ing  horizons 
under the  r i v e r  bed, and   consequent ly ,   in  t h e  n a t u r a l   r e s o u r c e s  
of t h e  subsu r face  waters f o r m i n g   i n   t h i s  space when it i s  i n  
t h e  unfrozen state. 

One must also bear i n  mind t h a t  i n   v a l l e y s  w i t h  e x t e n s i v e  
development of i c i n g s  the processes l e a d i n g  t o  i c ing   fo rma t ion  
are  conducive t o  a decrease i n  the reserves of subsur face  waters 
du r ing  the period when water supply i s  c r i t i c a l .  

The hydrageologica l  masses, expres sed   i n  t h e  relief by 
mountains of in t e rmed ia t e   he igh t ,   p l a t eaus   and   r e l a t ive ly   weak ly  
dissected uplands,  are  s i t u a t e d   i n   c o n t i n u o u s  or d i scon t inuous  
permafrost .  Its t h i c k n e s s  i s  from 1 0 0  t o  300 m. Very occas- 
i o n a l l y  it i s  greater and may approximate t o  or be less t han  
t h a t  of the zone of r e g i o n a l   f i s s u r i n g ,   S u c h   c o n d i t i o n s  are  
typ ica l  of t h e  hydrogeological s t r u c t u r e s  of t h e  southern  par t  
of the  V i t i m  Uplands ,   the  Olekma Range, the Aldan  Highlands a t  
e l e v a t i o n s  less than  900 m ,  t h e  southern  slopes of t h e  S tanovoi  
Range,  and a cons ide rab le  part of t h e  area c o n t a i n i n g   t h e  Yankan- 
Tukuringra-Dzhagda  ranges  and other moun ta in   s t ruc tu res .  

Within  hydrogeological  masses of this kind t h e  subsu r face  
waters have a r e g i o n a l   d i s t r i b u t i o n  by v i r t u e  of the more 
f a v o u r a b l e   c o n d i t i o n s  of recharge through  open t a l i k s  and 
because of the emergence a t  the permafrost  base of a zone of 
c ryogenous   d i s in t eg ra t ion   and   deep   wea the r ing ,   caused  by r epea ted  
f reez ing   and   thawing  of fresh water i n  t h e  rock f i s s u r e s .  All 
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I t h e  same, i n  these s t r u c t u r e s  qlso the water -bear ing   capac i ty  
of the c r y s t a l l i n e  and metamorphic rocks away from the river 
v a l l e y s  i s  e x t r e m e l y   s l i g h t .  

(b) Hydroseoloqical masses of which the  u p p e r   p a r t  is 
cornposed of carbonaceous rocks are much less widespread.  They 
occur  mostly i n  the e a s t e r n   p a r t  of t h e  region. Tn terms of 
their hydrogeology  they have hard ly   been   s tud ied  a t  a l l .  Never- 
theless, t h e  large number of i c i n g s  recorded on the t r i b u t a r i e s  
of the Gonam and  Uchur rivers, and a lso the high  water-bear ing 
c a p a c i t i e s  of the karst hor izons  of the  Uchur-Maya a r t e s i a n  
basin  and the many forms i n  which active k a r s t  processes are 
mani fes ted ,  are i n d i c a t i v e  of t h e  high po ten t i a l   wa te r -bea r ing  
capacity of t h e  carbonaceous  rocks of hydrogeological  masses. 
Newly formed karst s i n k h o l e s  are also i n d i c a t i v e  of the dis- 
con t inuous   na tu re   o f  the permafros t   wi th in   hydrogeologica l  
masses composed of carbonaceous  formations.  

.1. Basins   in   which  t h e  permafros t   th ickness  i s  less t han  
the t h i c k n e s s  of the sedimentary  surface  and  the  upper  water- 
bearing  complex and less than  the  t h i c k n e s s  of the  fresh water 
zone. T h i s  applies t o  the  Barguza, the Upper Chara and   t he  
Upper Angara   in te rmontane   bas ins   and   cer ta in   o thers .   These  are 
the most f avourab le   hydrogeo log ica l   s t ruc tu res  for  the   fo rma t ion  
a n d   u t i l i z a t i o n  of f r e s h   s u b s u r f a c e  waters. 

3 .  Basins   in   which  the sedimentary cover is completely 
frozen.   There are ve ry  f e w  of t h e s e  i n  t h e   r e g i o n   b e i n g  
d i scussed .  They are t h e  m i n o r   s t r u c t u r a l   d e p r e s s i o n s  of the  
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Aldan  Shield which are f i l l ed  with Jurassic coal -bear ing  deposits. 
The largest is the Gonm Basin, 

Thus, in c o n s i d e r i n g   t h e  overall effect of deep f r e e z i n g  of 
the i n t e r i o r  on t he   hydrogeo log ica l   cond i t ions  of the a r t e s i a n  
b a s i n s ,  it should be noted t h a t   i n  the vast majori ty  of cases 
t h e   f r e e z i n g  of a r t e s i a n   s t r u c t u r e s  does n o t   r u l e  ou t  t h e  
presence  of and p o t e n t i a l i t i e s  o r  u t i l i z i n g   s u b s u r f a c e  waters of 
t h e  sed imentary   sur face ,  although replenishment  of t h e  water 
r e s o u r c e s  i s  hampered and the n a t u r a l   r e s e r v e s  of t h e s e   t e n d  t o  
decrease because of the  frozen part  of t h e  p o t e n t i a l l y  water- 
bear ing  rocks . 

3 .  The  Verkhoyansk-Chukotsk  hydrogeological folded reg' ion 
is a highly   complex   geos t ruc tura l   format ion ,   wi th in   which  are 
d i s t i n g u i s h e d   t h e  Yana-Kolyma and  Anyuisk-Chukotsk  folded 
systems and  the  Okhotsk-Chukotsk  volcanogenic belt .  

The Yana-Kolyma fo lded  system inc ludes  the Verkhoyansk 
a n t i c l i n o r i u m ,  which is expressed  morphological ly  by a cha in  of 
mountains composed preeminent ly  of terrestrial  format ions  of 
Permian  and  Carboniferous age, The  Sette-Deban horst- 
an t ic l inor ium,   which  also inc ludes   carbonaceous   rocks  of Lower 
and Middle Pa leozoic  age, and   the  vast Yana-Sugoi  synclinal 
zone,  expressed by uplands of t h e  same name which   pas s   i n to  
deeply  dissected h ighlands  towards t h e   s o u t h .   F u r t h e r  east i s  
t h e  Kolyma median mass. On the north  and  southwest  it is  framed 
by the Moma-Polousnyi a n t i c l i n a l   z o n e ,   t y p i f i e d  by i n t e n s i v e  
block t e c t o n i c s   a n d  the c o n t r a s t i n g  character of t h e   n e o t e c t o n i c  
movements.  The c e n t r a l   s t r u c t u r e   f r a m i n g  t h e  Kolyma mass i s  the 
Moma-Selennyakh r i f t  d e p r e s s i o n .   E x t e n s i v e l y   o c c u r r i n g   i n  
these s t r u c t u r e s  are terrestrial and volcanogenic   formations of 
Mesozoic  and  Upper  Paleozoic age, carbonaceous karst rocks of 
Middle Paleozoic age and also g r a n i t o i d  bodies, usua l ly   forming  
watershed upland areas. 

The complex geological s t r u c t u r e  is emphasized by t h e  
i n t r i c a t e l y   b u i l t  relief of the Yana-Kolyma folded system, a 
combination of p la teaus   and  high a lp ine - type  watersheds and 
in te rmontane   depress ions ,   conf ined  t o  the river valleys.  Only 
w i t h i n  t h e  sunken   pa r t  of the Kolyma mass does the relief become 
smooth, when it p a s s e s   i n t o   a n   i n c l i n e d  coastal  lowland. 

The Anyuisk-Chukotsk folded system i s  a mountainous r eg ion  
t h a t  inc ludes   fo lded   h igh lands ,  areas of medium a l t i t u d e  and 
hors t -b lock  re l ie f ,  connect ing wi th  d e p r e s s i o n s   a n d   r o l l i n g  
a g g r a d a t i o n a l   p l a i n s .  The system is  composed predominantly of 
terrestrial and volcanogenic-terrestrial folded format ions ,  
most ly  of Mesozoic and  Upper Paleozoic age, and t o  a much lesser 
e x t e n t  of carbonaceous   and   in t rus ive  rocks. 

Predominat ing   in  the Okhotsk-Chukotsk  volcanogenic belt  are 
vo lcan ic  plateaus and h ighlands ,  composed of p reeminen t ly   neu t r a l  
and basic e f f u s i v e s   t h a t  have o v e r l a p p e d   t h e   i n t r i c a t e   b l o c k  
s t r u c t u r e s   b e n e a t h  their base. 
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The overall t e c t o n i c  plan of the ent ixe  area compr is ing   the  
Yana-Chukotsk hydrogeologi’cal folded region is extremely  non- 
uniform  and consists of’  reglor,s w 2 t h  a r e l a t i v e l y  stable neotec-  
t o n i c  regime ( t h e  Kolyma median mass) t h a t  a re  s u b j e c t  t o  slow, 
gent le  subsidence  and of r e g i o n s  subject t o  poorly c o n t r a s t e d  
n e o t e c t o n i c   u p l i f t s   ( t h e  Yana-Sugoi  and Oloi sync l ina l   and  the 
Anyuisk   an t ic l ina l   zones)  , a n d   f i n a l l y ,  of r e g i o n s  of h i g h l y  
c o n t r a s t e d   n e o t e c t o n i c  block movements of great ampli tude,  
t r e n d i n g  towards the zone  where  the Moma-Selennyakh r i f t  
o r i g i n a t e d  (12). A number of t h e   s t r u c t u r e s   o c c u p y   a n   i n t e r -  
mediate p o s i t i o n   i n  terns of t h e  a c t i v i t y  of t h e   n e o t e c t o n i c  
processes. 

SO complex i s  the morphologica l ,   geologica l   and   tec tonic  
s t r u c t u r e  of the Yana-Chukotsk hydrogeological folded r e g i o n  
t h a t  it has even  predetermined  the  complex  permafrost   conditions.  
Over almost t h e   e n t i r e   r e g i o n  the permafrost  i s  cont inuous  and 
i t s  t h i c k n e s s   i n c r e a s e s   i n  the m o u n t a i n s ,   a t t a i n i n g   v a l u e s  of 
400-600 m and more beneath the watersheds, w h i l e   i n  the  t roughs  
it decreases t o  200-400 m. Only i n  the approximately 200  km 
wide coastal t r ac t  of t h e  Sea of Okhotsk does t he   pe rmaf ros t  
assume a t  first a d iscont inuous   charac te r   and   subsequent ly   one  
of i s lands .   Gradual ly ,  t he  hydrogeo log ica l   s t ruc tu re  lose a l l  
semblance of t h e i r   s p e c i f i c a l l y   p e r m a f r o s t   n a t u r e .  

A f t e r   c o n s i d e r i n g  the i n f l u e n c e  of t h e  d e e p   f r e e z i n g   o f   t h e  
i n t e r i o r   o n  the hydrogeo log ica l   s t ruc tu res  of t h i s  par t  of 
E a s t e r n   S i b e r i a  it can be stated t h a t  here, the f r k e z i n g  pro- 
cesses have affected for t h e  most part  hydrogeological  masses 
of vary ing   composi t ion ,   t ec tonic   and   morphologica l   s t ruc ture .  

On the  basis of t e c t o n i c   s t r u c t u r e   a n d   n e o t e c t o n i c  
characterist ics,  the fo l lowing  are d i s t i n g u i s h e d  among t h e  
hydrogeological masses (HM) : 

(1) h o r s t - a n t i c l i n o r i a ,   h i g h l y   d i s t u r b e d   t e c t o n i c a l l y   a n d  
b roken   i n to   i nd iv idua l  blocks corresponding t o  t h e  zones of 
c o n t r a s t i n g   n e o t e c t o n i c  movements. They inc lude  the C h e r s k i i  
Range HM, the Sette-Daban HM, and the Omulevka HM; 

(2 )  a n t i c l i n o r i a   a n d   a n t i c l i n a l   z o n e s   c o r r e s p o n d i n g  t o  
major m o n o l i t h i c   u p l i f t s .  They i n c l u d e ,   i n   p a r t i c u l a r ,  the 
Verkhoyansk, Moma and Kolyma masses and  numerous masses of t h e  
Anyuisk-Chukotsk folded zone; 

( 3 )  s y n c l i n o r i a  and s y n c l i n a l  zones  corresponding t o  weak, 
u n d i f f e r e n t i a t e d   u p l i f t s  and expressed i n  t h e  relief by 
r e l a t i v e l y   w e a k l y  dissected pla teaus   and   h ighlands .  They are 
t h e  Yana-Sugoi   syncl inal   zane,   the  O l o i  sync l ina l   zone   and  
c e r t a i n   o t h e r s .  

Morphologica l ly ,   the  HMs belong t o  high a lp ine - type  
s t r u c t u r e s ,  medium a l t i t u d e   a n d  low mounta in   s t ruc tures   and  
p l a t eaus   and   h igh lands  dissected t o  varying  degrees .  
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Depending on the  composition of t h e  rocks, a l l  of the masses 
can be subdivided as fol lows:  masses c o n s i s t i n g  of carbonaceous 
and t e r r e s t r i a l - c a r b o n a c e o u s ,  terrestrial  and  volcanogenic- 
terrestrial ,  a n d   c r y s t a l l i n e  and metamorphic rocks. 

I t  i s  obvious from t h e  foregoing  t h a t  both the morphology 
and the  geological s t r u c t u r e  of t h e  WMs of t h i s  area are h i g h l y  
d i v e r s e .  The character of a hydrogeo log ica l   s t ruc tu re ,  as a 
n a t u r a l   r e s e r v o i r  of subsu r face  waters, is f u r t h e r  complicated 
by t h e   f r e e z i n g  processes as such   and   by   t he   a l t i t ude  be l t  
p a t t e r n s  of t h e  permafrost .  Thus, e v e n   t h o s e   s t r u c t u r e s  which 
are unique   in  the morphostructural   and  tectonic   sense  proved 
t o  have highly dissimilar permafrost-hydrogeological character- 
istics i n  v a r i o u s  par ts  of them.  Nevertheless,  w e  sha l l  examine 
this i n  g r e a t e r  detai l ,  c o n c e n t r a t i n g  our a t t e n t i o n  on t h e  
regional   consequences of t h e  f r e e z i n g  processes. 

I n   c o n s i d e r i n g   t h e  H M s  of the f i rs t  t y p e  it should be noted 
t h a t   t h e   h i g h l y   c o n t r a s t e d   n a t u r e  of t h e  most r e c e n t  of t h e  
block t e c t o n i c  movements has led t o  some very important  perma- 
f ros t -hydrogeologica l   consequences  of the rearrangement of their  
s t r u c t u r a l   p l a n .  We are s p e a k i n g   f i r s t l y  05 t h e   f r e e z i n g  of 
l 'unhea led l '   fau l t s ,   and   secondly ,  of nar row  va l ley- l ike   g rabens  
a n d   a n c i e n t   b u r i e d   v a l l e y s   f i l l e d   w i t h   t h i c k  series of coarse 
sandy-pebbly deposits. Both consequences of t h e   r e c e n t   b l o c k  
t ec ton ic s   have  led t o  t h e  format ion   wi th in  these s t r u c t u r e s  of 
h igh ly   wa te r - sa tu ra t ed  zones which are  dependable   paths  for  the 
i n t e r l i n k i n g  of the subsur face   and   sur face  waters. T h i s  i s  
traced e s p e c i a l l y   c l e a r l y   i n  HMs composed of carbonaceous  and 
terrestrial  carbonaceous rocks, a c t i v e l y  karsted along zones 
of r e g i o n a l   f a u l t s   a n d  where these i n t e r s e c t  w i t h  f e a t h e r i n g  
f a u l t s .   T h u s ,   t h e  overall  pe rmaf ros t -hydrogeo log ica l   s t ruc tu re  
of HMs such as  t h e s e   a p p e a r s  t o  be as follows: occur r ing   w i th in  
t h e   t h i c k  permafrost are  h i g h l y   s a t u r a t e d   i n t r a p e r m a ' f r o s t  t a l i k s ,  
conf ined  t o  the  f i s su red   zones  of f a u l t s   a n d   b u r i e d   i n   p r e s e n t l y  
e x i s t i n g  river v a l l e y s  f i l l e d  w i t h  t h i c k  series of gravel and 
boulder deposits. These t a l i k s  u s u a l l y   i n t e r s e c t   a n d  a t  the 
p o i n t s  of t h e i r   i n t e r s e c t i o n   c o n d i t i o n s   o r i g i n a t e  which are  most 
f avourab le  for the discharge of s u r f a c e  waters or f o r  their  over- 
flow from one   sa tura ted   zone   in to   another .   Somet imes  t h i s  r e s u l t s  
i n  a non-alignment of the   wa te r sheds  of t he  sur face   and   subsur face  
waters, in   enhanced water exchange a c t i v i t y ,  which has been 
estimated for some of the hydrogeologica l  masses by means of 
i s o t o p i c   a n a l y s e s  of the subsur face  waters (13), and a l so  i n  
h igh   r ead ings  of t h e  re la t ive  i c i n e s s  values, which i n  these 
s t r u c t u r e s  are as much as  seve ra l   pe rcen t .  

A t  t he   pe rmaf ros t  base the water c o n d u c t i v i t y  of t h e  rocks 
i s  also extremely  non-uniform. I t  i n c r e a s e s   i n   f a u l t   z o n e s  
where t h e r e  is evidence of tension  and decreases i n  t h e  blocks 
enclosed  between these f a u l t s .   W i t h i n  the most deeply  f r o z e n  
watershed, where they  are  composed of monol i th ic  rocks, sub- 
permafrost  waters may be non-exis ten t  or presen t   i n   amoun t s  of 
no p r a c t i c a l  significance. 
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The h@rogealoyical S t t u a t i o n   j u s t  described is e s p e c i a l l y  
t y p i c a l  o f  the W s '  of the Chexs;ki'i '  Range, 

The HMs of the second  type ,   cons is t ing  of l a r g e   m o n o l i t h i c  
u p l i f t s ,  are d i s t i n g u i s h e d  from those of the f i rs t  type  by the 
more u n d i s t u r b e d   t e c t o n k s   a n d  for t h i s   r e a s o n   t h e   f a u l t   z o n e s  
cease to  p lay  t h e  d e c i s i v e  role t h a t  they do i n  the  HMs of the 
f i r s t  type.  Accordingly,  i n  the permafrost-hydrogeological   p lan,  
t a l i k  zones  connected wi th  r iver va l l eys   and  the  warming e f f e c t  
Of t he   wa te rcour ses   beg in  t o  play a l e a d i n g  role. I n  s e c t i o n ,  
t h e s e  t a l i k  z o n e s   n o m a l l y  have a two-stage arrangement; the 
upper stage is composed of alluvial d e p o s i t s ,  t h e  lower s t a g e  - 
of the s u b j a c e n t   f i s s u r e d  terrestr$al, c r y s t a l l i n e  or metamorphic 
rocks. As r i v e r   v a l l e y s  have a tendency t o  i n h e r i t  t h e  most 
slackened  zones  and are f r equen t ly   con f ined  t o  f a u l t s ,  it is  
p r e c i s e l y   a l o n g  the valleys that t h e r e  i s  a n   i n c r e a s e   i n  t h e  
water c o n d u c t i v i t y  of the bedrock and   condi t ions  are o r i g i n a t e d  
and  sustained  which  favour  the mig ra t ion  of subsur face  waters 
and the p r e s e r v a t i o n  in t h e  unfrozen state of t h e  reservoirs 
c o n t a i n i n g  them. 

The  morphology of the v a l l e y  t a l i k s  i s  fairly complex. AS 
a r u l e ,   a l o n g  the v a l l e y   o f  a r iver t h e r e  i s  a n   a l t e r n a t i o n  Of 
subpermafrost  t a l i k s  and o p e n   t a l i k s .  I n  the valleys, however, 
the  permafrost  i s  normally much th inne r   t han   benea th  the  neigh- 
bouring watersheds and  conversely,  the degree of f i s s u r i n g  Of 
t h e  rocks is  greater. Th i s  s i t u a t i o n  leads to  a re la t ive 
i n c r e a s e   i n  the  water c o n d u c t i v i t y  of t h e   s u b p e r m a f r o s t   f i s s u r e d  
zone   in  river v a l l e y s  as compared t o  watershed expanses.  There, 
the zone of r e g i o n a l   f i s s u r i n g   ( w e a t h e r i n g )  is usua l ly   comple t e ly  
f rozen .   U l t ima te ly  it leads t o  the s e p a r a t i o n  of a s i n g l e  water- 
bea r ing  system of HMs, t o  l o c a l i z a t i o n  of the water c o n d u c t i v i t y  
of the rocks a long  the r i v e r   v a l l e y s ,   a n d  t o  the  format ion  of 
p r e s s u r e  head s y s t e m s  delimited by the areas of t h e  r ive r  b a s i n s .  

Never the less ,  the permafrost-hydrogeological characteristics 
of the s t r u c t u r e s   b e i n g  described are n o t  l imited t o  these. The 
convec t ive   na tu re  of t h e   t a l i k   z o n e s   p r e d e t e r m i n e d   t h e  decisive 
role of a l t i t u d i n a l   z o n i n g  i n  t h e  d i s t r i b u t i o n  of subsur face  
waters. Ac tua l ly ,  fo r  i n i t i a t i n g  the  formation  and stable 
development of t a l i k s ,  i nc lud ing  the open t a l ik s  needed for the 
recharg ing  of subpermafrost  waters, a s u f f i c i e n t l y   p o w e r f u l  heat 
f l u x  and  consequently a watercourse  is requ i red .  The la t ter  can 
on ly  form when t h e  d ra inage  area is of a cer ta in   magni tude .  On 
the average,  this ranges  from 50 t o  200  k m 2  for t h e  H M s  of the 
Verkhayansk-Chukotsk  hydrogeological folded region.  I n  t h e  
areas framing the watershed expanses   t he re  are no t a l i k s   a n d   t h e  
permafros t   th ickness  is a t  a maximum, as i s  t h e  drainage  capa-  
b i l i t y  of the rock mass. Taken  together ,  a l l  t h i s  i s  i n d i c a t i v e  
of t h e   h i g h l y   p r o b l e m a t i c   n a t u r e  of e f f o r t s  t o  detect a p p r e c i a b l e  
q u a n t i t i e s  of subpermafrost  waters within  watershed  expanses.  
Moreover, as  t h e  t h i c k n e s s  of the   watercourses ,   and   consequent ly  
of the p o t e n t i a l l y   w a t e r - b e a r i n g   a l l u v i a l  deposits as well, 
i n c r e a s e s   i n  the downhil l   d i ' rect ion,  so also do the  parameters  
of the t a l i k  zones hcrease i n  this  d i r e c t i o n .  This  means t h a t  
the abundance of water i n  the r o c k s  of t h e  H M s  i n  t h e  r e g i o n a l  
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plan  also increases .   Thus ,  the morphology of an HM t h a t  has 
become deeply  and cont inuous ly   f rozen  determines the character 
and water abundance of the BMs i n  t w o  ways: t h r o u g h   a l t i t u d i n a l  
zoning and through t h e  p a t t e r n  (morphology) of t h e  r iver d r a i n -  
age. 

Consequently, t h e  permafrost factor ,  superimposed  on t h e  
geological s t r u c t u r e ,  combined w i t h  t h e  morphological p l an  of 
t h e  HM, t o g e t h e r   d e t e r m i n e   t h e   s p e c i f i c  character of t h e  hydro- 
geological s t r u c t u r e  of an  expanse containing H M s .  However, 
when i c i n g   c o n t r o l  i s  being  undertaken,  these c o n s i d e r a t i o n s  
a lso prede termine   in  many r e s p e c t s  t h e  hydro log ic   cyc le  
governing t h e  formation of t h e  subsur face   waters .  

The v a r i a b i l i t y  of t h e  c r o s s - s e c t i o n  of the t a l i k s  and t h e  
non-uniformity of t h e   s e e p a g e   p r o p e r t i e s  of t h e  rocks making  up 
the water-bear ing t a l i k  zones of r i v e r   v a l l e y s ,  which i s  caused 
by t h e   c h a n g e   i n   t h e   l i t h o l o g i c a l   c o m p o s i t i o n  of t h e  a l l u v i a l  
or subjacent bedrocks, leads t o  v a r i a t i o n  of t h e  water con- 
d u c t i v i t y   a l o n g  t h e  l e n g t h  of the t a l i k  zone,  which i s  h igh ly  
t yp ica l  of t h e  HMs of t h e  Verkhoyansk-Chukotsk hydrogeological 
fo lded   r eg ion .  T h i s  phenomenon, i n   t u r n ,  leads t o  t h e  f a l lowing  
s i t u a t i o n :  i n  areas where there is  a re la t ive decrease i n  water 
c o n d u c t i v i t y ,  a discharge of i n t r a p e r m a f r o s t  waters, a n d   i n   t h e  
open t a l i k s  - of subpermafrost  waters a s  well, takes p l a c e   i n t o  
t h e  r iver  v a l l e y ,  so t h a t   t h e y   r e p l e n i s h  t h e  r e s o u r c e s  of t h e  
s u r f a c e   r u n o f f .   B u t   i n  areas where there is a r e l a t i v e  increase 
i n  the water -conduct iv i ty  of t h e  t a l i k  zones  an opposite pheno- 
menon ensues .   In  summer, t h e  reciprocal act ion between t h e  
sur face   and   subsur face   cur ren ts   under  these c o n d i t i o n s  i s  
observed as a c o n s t a n t   f l u c t u a t i o n   i n  t h e  flow rate,  f rom  sec t ion  
l i n e  t o  s e c t i o n   l i n e ,  a l though there is a tendency fo r  it to  
i n c r e a s e  i n  the downstream direction. B u t  i n   w i n t e r ,  w i t h  t h e  
p r e v a i l i n g  low t e m p e r a t u r e s ,   i n  the areas where t h e  subsurface 
waters are  d i scha rged ,   i c ing  formation processes begin t o  
develop,  immobilizing the subsu r face  waters and  removing them 
from c i r c u l a t i o n   u n t i l  t h e  fo l lowing   spr ing   and  summer. I n  t h i s  
case, a consequence of the i c i n g  formation process is  a decrease 
i n  t h e  n a t u r a l   r e s o u r c e s  of subsu r face  waters and  accordingly,  a 
decrease i n  t h e  l e v e l s  of t h e  l a t t e r .  Consequent ly ,   a long w i t h  
t h e  non-uniformity  in  the s p a t i a l  d i s t r i b u t i o n ,  it is  also v a l i d  
t o  speak of t h e  seasonal non-uniformity i n  t h e  d i s t r i b u t i o n  of 
t h e  subsu r face  waters of these permafrost-hydrogeological 
s t r u c t u r e s .  Typical  representatives of s u c h   s t r u c t u r e s  are  t h e  
Verkhoyansk H M s ,  the   Anyuisk hydrogeological AdMs and a number 
of smaller s t r u c t u r e s  of lesser importance. 

Somewhat d i f f e ren t   consequences  of t h e  formation of t h e  
pe rmaf ros t   o r ig ina t ed  i n  s t r u c t u r e s  which, i n  t h e  character of 
the i r  c o n s t i t u e n t  rock material, c l o s e l y  resemble hydrogeological  
masses or  admasses, b u t  i n  terms of t h e  r e l i e f  are  mani fes ted  
a s  p l a t e a u s ,  where the depth t o  which the  r i v e r   v a l l e y s  are  
inc ised  is  comparable t o  t h e  permafrost t h i c k n e s s  (BMs of t h e  
t h i r d  t y p e ) .  The f l u c t u a t i o n s  of t h e  permafrost base during 
t h e  cour se  of i t s  formation and development  have led t o  what 
is a k i n  t o  deep f r o s t  weather ing   in  t h e  d i s i n t e g r a t i o n  of t h e  



- 373 - 

permafrost .  Th i s  r e l a t i v e l y  shallow weathered  zone,  amounting 
t o  a f e w  metres i n   t h i c k n e s s ,  or rarely, s e v e r a l   t e n s  of metres, 
is a main  water-bearing  zone,  interconnected with t h e  s u r f a c e  
through the t a l i k  windows of t h e  val leys .   Consequent ly ,   under  
c e r t a i n   c o n d i t i o n s ,  t h e  permafros t   p rocesses   l ead ing  t o  the 
f r e e z i n g  of the s u b s t a n t i a l  reservoirs a f fo rded  by the a r t e s i a n  
s t r u c t u r e s   a n d   d i s c o n n e c t i n g   t h e   s i n g l e   p r e s s u r e - h e a d  system of 
t h e  HMs, are a factor  i n  t he   fo rma t ion  of a water-bearing  zone 
and   i n   t he   de t e rmina t ion  of i t s  water conduc t iv i ty   and  the 
p r e s s u r e  head characterist ics of the waters c o n t a i n e d   i n  it. I n  
other words, t h e y  a re  a g e n e t i c  factor i n  the formation of the 
permafros t   hydrogeologica l   s t ruc ture .  Th i s  makes it possible t o  
d e f i n e  them as cryogenous  basins  of p r e s s u r e   f i s s u r e  waters. 
Within t he  Verkhoyansk-Chukotsk hydrogeological folded reg ion  
t h e  largest of these are the Yana-Sugoi, the In'yali-Debin  and 
the  Ol 'dzho  basins .  

Similar   consequences of deep f r eez ing   can  also be n o t e d   i n  
the case of o t h e r  structures of the Okhotsk-Chukotsk  volcanogenic 
be l t ,  the t h i c k n e s s  of whose vo lcanogen ic   su r f ace  materials 
exceeds both t h e   d e p t h  t o  which the river d ra inage  i s  inc ised   and  
t h e  permafrost th i ckness .  One can only assume t h a t  a t  t h e  base 
of t h e  l a t t e r  some kind of p r i m a r y   c o n t r a c t i o n a l   f i s s u r e d  s ta te ,  
characterist ic of e f f u s i v e  rocks, i s  developed,  and  consequently,  
even  under the cond i t ions   gene ra t ed  by t h e  deep f r e e z i n g ,  t h e  
volcanogenic   superbasins   have  preserved their  r e g i o n a l  water 
abundance. 

I n  a d d i t i o n  t o  t h e  hydrogeological  masses and t h e  volcano- 
gen ic   supe rbas ins  t h a t  make up t h e  main p a r t  of the  Verkhoyansk- 
Chukotsk  hydrogeological folded r e g i o n ,   a r t e s i a n   s t r u c t u r e s  of 
t h e  platform type   and   e spec ia l ly   t hose  of t h e  in te rmontane   type  
have formed in   cons iderable   numbers .  The hydrogeology of the 
a r t e s i a n   b a s i n s  of the p la t form  type ,   and  a l so  t h a t  of t he  Ko lpa  
and the East S i b e r i a n  Sea, has n o t  been s t u d i e d .  I t  can   on ly  be 
assumed tha t  a t  t h e  permafrost  base of these s t r u c t u r e s  there are  
some weakly brackish  and  low-pressure  water-bearing  complexes.  
The in t e rmon tane   a r t e s i an   bas ins   have   been   r e l a t ive ly  well 
s tud ied .  

The s t r u c t u r a l   p o s i t i o n  of the intermontane ABS i s  such t h a t  
t hey  are confined t o  grabens   and   super imposed   s t ruc tura l   bas ins  
or t o  temporary river val leys   and   e ros iona l   bas ins .   Depending  
on the composition of the   s ed imen ta ry   su r f ace ,  a d i s t i n c t i o n  is 
made between basins whose s u r f a c e  i s  compsed e x c l u s i v e l y  of 
Neogene - Quaternary   depos i t s ,   and  ABS whose s u r f a c e   c o n s i s t s  
fo r  the most part  of Mesozoic terrestrial  and coa l -bear ing  
d e p o s i t s  of preeminent ly  Upper J u r a s s i c  - Cretaceous age. 

Depending  on the r e l a t ion   be tween  t h e  t h i c k n e s s  of t h e  
surface depos i t s   and  t h e  permafrost t h i c k n e s s ,  t h e  intermontane 
ABS of t h e  Verkhoyansk-Chukotsk  hydrogeological folded reg ion  
are subd iv ided   i n to  t w o  groups: ABS, t h e  t h i c k n e s s  of whose 
s u r f a c e  deposits is  g r e a t e r   t h a n  t h a t  of t h e  permafros t ,  w i t h  
t h e  r e s u l t  t h a t  t h e  ABS have  preserved the p r i n c i p a l   f e a t u r e  
which is t y p i c a l  of these s t r u c t u r e s  - the presence of s t ra ta l  
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p r e s s u r e  waters i n  the rocks  of the  sedimentary   sur face  - and 
ABS, t h e  t h i c k n e s s  of whose s u r f a c e   d e p o s i t s  i s  less than  tha t  
of t he  permafrost. Accordingly,  these s t r u c t u r e s  no longer  
d i s p l a y  the p r i n c i p a l   f e a t u r e  of a r t e s i a n   s t r u c t u r e s   a n d  are 
de f ined  a s  c r y o g e o l o g i c a l   b a s i n s ,   t h a t  i s  to   s ay ,   bas ins   wh ich  
are  f r o z e n   t h r o u g h o u t   t h e   e n t i r e   t h i c k n e s s  of the   sed imentary  
s u r f  ace. 

Cryoa r t e s i an   bas ins   con ta in ing  a comple te ly   f rozen  be l t  of 
f r e s h   s u b s u r f a c e  waters are  also p r e s e n t   i n  t he  coastal  areas 
of t he  Verkhoyansk-Chukotsk  hydrogeological fo lded   r eg ion .  

The d i s c o n t i n u i t y   a n d   t h e   d e p t h  of f r e e z i n g  of t h e  inter- 
montane ABS do no t   on ly   de t e rmine  the  character of the hydro- 
geo log ica l   s t ruc tu re   and   t he   hydrochemica l   s ec t ion .  They also  
d e t e r m i n e   i n   l a r g e   m e a s u r e  the c o n d i t i o n s  of r echa rge  of t h e s e  
s t r u c t u r e s .   I n   a c t u a l i t y ,  t h e  water bear ing   hor izons  of the  
ABS of t h e  permafrost i s l a n d s  o r  d iscont inuous   permafros t ,  the 
S i n g l a n s k i i ,  the Lankovskaya,   the  Yama and the P a r e n ' ,  are able 
t o  receive a s t eady   r echa rge   on  t h e  l imbs of t h e  s t r u c t u r e s ,  
t h rough   t he   ove r f low of subsu r face  waters from t h e  upper 
f i s su red   zone  of the  hydrogeological  masses d i r e c t l y   i n t o   t h e  
ho r i zons  of the   s ed imen ta ry   su r f ace .  Where there i s  cont inuous  
permafrost  of g r e a t   t h i c k n e s s  t h i s  f i s su red   zone  i s  completely 
frozen.   Moreover ,   in  t h e  p e r i p h e r a l   p a r t s  of t h e  ABS and  on 
t h e   l i m b s  of t h e  HMs, as  a r e s u l t  of the f r eez ing   p rocesses  a 
wedging o u t  of t h e  t a l i k s  and t h e   s u b s u r f a c e  waters e n c l o s e d   i n  
them is f r e q u e n t l y   o b s e r v e d ,   a n d   t h i c k   l i n e s  of d i s c h a r g e  of t h e  
subsu r face  waters immobilized by i c i n g s   o r i g i n a t e .   T h i s  i s  
e x e m p l i f i e d   i n  the p e r i p h e r a l   p a r t s  of the  ABS of t h e  Moma- 
Selennyakh  system of b a s i n s ,   i n  t h e  Rauchuvan AB and i n  a number 
of others. Consequent ly ,   in  a number of cases t h e  recharge of 
t h e  a r t e s i a n   b a s i n s  from t h e  d i r e c t i o n  of the hydrogeological  
masses framing them is  impeded. I t  does appear  t o  be p o s s i b l e  
i n   t h e   b a s i n - g r a b e n s   a l o n g  t h e  f raming   tec tonic   zones ,   and   in  
other cases, by way of t h e  r e l a t i v e l y   s p a r s e  talik windows o r  
the pressure  head waters of the basement. 

4 .  The Kamchatka-Koryakh  hydrogeological  folded  region 
e x t e n d s   i n t o  the nor thern ,   Koryakh  par t  of E a s t e r n   S i b e r i a .  
Its western  boundary is t h e  boundary of the Okhotsk-Chukotsk 
volcanogenic  bel t .  I n   t h e   e a s t e r n   p a r t ,   t h e   s t r u c t u r e s  of 
the reg ion  extend benea th   t he  level  of the   Be r ing   Sea .  

Within t h a t  p a r t  of the region  which w e  are  cons ide r ing ,  
two major systems of hydrogeo log ica l   s t ruc tu res  are d i s t i n g u i s h e d ;  
i n   t h e  west, the Penzhino-Anadyr '   a r tes ian   reg ion ,   and   in  t h e  east, 
t h e  Koryakh system of hydrogeological  masses and  volcanogenic 
superbas ins .  

The Penzhino-Anadyr '   a r tes ian   reg ion   ex tends   f rom  the  
Anadyr '   Gulf  on  the  Bering  Sea  westward  and  southwestward  to t h e  
Penzhino  Gulf i n  t h e  Sea of Okhotsk and i n c l u d e s  several con- 
t i g u o u s   a r t e s i a n   b a s i n s ,  the  s u r f a c e  of wh ich   cons i s t s  of 
Cenozoic deposits, pa r t ly   s epa ra t ed   f rom one ano the r  by 
hydrogeological  masses. With the except ion  of the  Penzhino ABI 
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a l l  of t h e  Abs of t h i s  r eg ion  are f rozen  t o  great depths .  The 
permafrost  i s  most ly  con t inuous ,   bu t   benea th   t he  lakes and  along 
t h e  v a l l e y s   t h e r e  are  p e r s i s t e n t   o p e n  t a l ik s .  These  ensure water 
exchange  between the s u r f a c e  and subsur face  waters and the 
formation of a f a i r l y  t h i c k  subpermafrost   zone of unimpeded water 
exchange. T h i s  is v e r y   l a r g e l y   d u e  t o  the c e n t r e s  of recharge  Of 
the a r t e s i a n   b a s i n s  of this r e g i o n   g r e a t l y   s u r p a s s i n g  the  c e n t r e s  
of discharge.   Moreover ,   only i n  t h e  coastal  zones do brackish 
waters occur   immediately  beneath  the  permafrost .  

The  Koryakh  system of hydrogeological  masses and  volcano- 
gen ic   supe rbas ins  i s  t y p i f i e d  by the presence  of preeminent ly  
Cretaceous 'and t o  a lesser e x t e n t ,  of Middle Paleozoic terres- 
tr ial ,  h i g h l y   d i s l o c a t e d   a n d  si l icified rocks  forming the  
mountains of t h e  Koryakh  Highlands .   In   t ec tonic   ou t l ine  these 
h i g h l a n d s   e x h i b i t  a block s t r u c t u r e .  I n  t h e  most sunken blocks, 
which a re  f i l l e d  wi th  Paleogene - Neogene  and  Quaternary deposits, 
a r t e s i a n   b a s i n s ,   o f t e n   l i n e a r   s h a p e d ' a n d  wi th  hanging   va l leys ,  
have formed. A p a r t  of t h e   a r t e s i a n   b a s i n s  is known t o  be i n  t h e  
Bering  Sea.  

A l m o s t  no permafrost s t u d i e s  have been  conducted  in  t he  
c e n t r a l   p a r t  of the Roryakh Highlands.  Along the  coast the 
permafrost is discont inuous .  I t  can be i n f e r r e d   f r o m   t h e  d i s -  
t r i b u t i o n  of the i c i n g s  t h a t  the permafrost-hydrogeological  
s i t u a t i o n   i n  t h e  greater par t  of  t h e  HMs of t h i s   r e g i o n  i s  
similar t o  tha t  of t h e  r ema in ing   hydrogeo log ica l   s t ruc tu res  of 
t h e  North-East. Nevertheless, considering t h e  climatic d i f fe r -  
ences, there ought t o  be a somewhat larger number of t a l i k s  here, 
they should be more stable in   p l an   and  i n  section and  consequently,  
provide f o r  better c o n d i t i o n s  of reciprocal ac t ion   be tween the  
su r face   and   subsu r face  waters and for t h e  replenishment  of t h e  
l a t t e r .  

I n  concluding t h i s  d e s c r i p t i o n  of the permafrost-  
hydrogeological  zones of t h e  Verkhoyansk-Chukotsk  and Kamchatka- 
Koryakh hydrogeological folded reg ions ,  we cannot  avoid mention- 
i n g   t h a t   t h e   c l a s s i f i c a t i o n  of some of the s t r u c t u r e s  t ha t  have 
been   d i s t inguished  i s  t e n t a t i v e   a n d   i n  t h e  n a t u r e  of a p r e d i c t i o n .  
This  i s  because they  have no t  ye t   been   adequate ly   s tud ied .  I t  
a p p l i e s   p a r t i c u l a r l y  t o  the  cryogenous  basins  of the p res su re -  
f i s s u r e  waters, c e r t a i n  of which have been  included among the 
a d a r t e s i a n   b a s i n s  by a number of authors  (14). It cannot  be 
r u l e d   o u t  tha t  some of the i n t e r m o n t a n e   a r t e s i a n   s t r u c t u r e s  are 
also closely similar t o  a d a r t e s i a n   s t r u c t u r e s  by virtue of the  
s u b s t a n t i a l   l i t h o g e n e s i s  of t h e  rocks c o n s t i t u t i n g  their  s u r f a c e  
and  because of t h e  predominant role of f i s s u r i n g   i n  the shaping 
of t h e  water c o n d u c t i v i t y  of the hydrogeologica l   sec t ion .  
F i n a l l y ,  given t h e  e x i s t e n c e  of cont inuous permafrost of g r e a t  
th ickness ,   by  no means a l l  of t h e  de ta i l s  of t h e  recharg ing  of 
t h e  intermontane and p la t form type  ar tes ian s t r u c t u r e s   h a v e  as 
ye t   been   a sce r t a ined .  Many of the theories p e r t a i n i n g  t o  the 
recharg ing   of   subsur face  waters are  p r e s e n t l y  i n  the n a t u r e  of 
hypotheses.  
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C'onclu'sions 

From t he   fo rego ing   d i scuss ion  of t h e  hydrogeologica l   reg ions  
of E a s t e r n   S i b e r i a  it i s  possible t o  d i s c e r n  radical  c h a n g e s   t h a t  
have  been  wrought  in the  hydrogeo log ica l   s t ruc tu res  a s  a r e s u l t  
of their f r e e z i n g  t o  great depths   and  through the developnent of 
the permafrost  as such. In summar iz ing   t he   r e su l t s  of t h e  dis- 
cuss ion  it can be noted t ha t  the   consequences  of deep f r e e z i n g  
of t h e   i n t e r i o r  are d i f fe ren t  i n  t h e  case of a r t e s i a n   b a s i n s   a n d  
hydrogeological  masses. T h e s e   d i f f e r e n c e s  i n  t h e   n a t u r e  of the 
change   in  the wa te r -bea r ing   p rope r t i e s  and also other character- 
istics of t h e  two main  groups of hydrogeo log ica l   s t ruc tu res  
comprising artesian basins   and  hydrogeological  masses are  
cons idered  i n  t h e  main  body of the report. 

The changes t ha t  occurred  in the  hydrogeo log ica l   s t ruc tu res  
necess i t a t ed   t he   deve lopmen t  of s p e c i a l   t e c h n i q u e s  f o r  s tudying  
the permafros t -hydrogeologica l   condi t ions .  These range  from 
remote-control led aerospace and   geophys ica l   s tud ies  t o  detailed 
hydrogeological   surveys  and t h e  sea rch  for and  explora t ion  of 
subsu r face  waters. References t o  these   t echn iques  are  conta ined  
i n  a number of monographs   and   spec ia l   ins t ruc t iona l   manuals .  
They are  also b e i n g   u s e d   i n   n u m e r o u s   s t u d i e s   c u r r e n t l y   i n  progress. 
Many of t h e  problems are t h e   s u b j e c t  of con t inu ing   d i scuss ion .  
One of them i n  p a r t i c u l a r  is the   purpose  fo r  which  hydrogeological 
mapping is  carried o u t .  The t r a d i t i o n a l  mapping of a water- 
bea r ing  stratum, horizon or complex i s  s u i t e d  t o  the   pe rmaf ros t  
free s i tua t ion .   Bu t   unde r  the condi t ions   p resented   by   cont inuous  
permafrost, which e n t a i l s   t h e   d i f f e r e n t i a t i o n  of t h e   s e c t i o n   i n t o  
suprapermafrost ,   in t rapermafrost   and  subpermafrost  waters, it 
clearly fa i l s  to  meet t h e  theoretical  requirements  of t h e  survey,  
nor does it provide  for  the practical  u t i l i z a t i o n  of t h e   i n f o r -  
mat ion   tha t   has   been  derived. 

A s t r eng then ing  of the in t e rconnec t ion   be tween   t he   su r f ace  
and the subsurface  (subpermafrost)  waters t h r o u g h   t a l i k  windows 
and  zones has occurred  a s  a r e s u l t  of t h e  f r e e z i n g  of the   hydro-  
g e o l o g i c a l  masses. T h i s  has made it possible t o  narrow down 
t h e  ques t ion   of  t h e  special condi t ions  which  must  be s a t i s f i e d  
i n  order t o  p rese rve  the subsur face  waters and t o  emphasize the  
need for upgrading   the   requi rements  for  p r e s e r v i n g   t h e   s u r f a c e  
waters i n  the   permafros t -hydrogeologica l   reg ions  of Eas t e rn  
Siberia.  C o n v e r s e l y ,   i n   a r t e s i a n   s t r u c t u r e s ,   t h i c k   c o n t i n u o u s  
permafrost  offers reliable p r o t e c t i o n  of t h e   s u b s u r f a c e  waters 
a g a i n s t   p o l l u t i o n   a n d  makes it possible t o  use  t h e  subsur face  
waters (when their  p rope r t i e s   and   r e sources  are satisfactory) 
as a p r i n c i p a l   s o u r c e  of po tab le  water. 

These and many o t h e r   q u e s t i o n s   p e r t a i n i n g  t o  t h e  theo ry  
a n d   p r a c t i c e  of permafrost  hydrogeology w i l l  be more e a s i l y  
resolved w i t h   t h e   p u b l i c a t i o n  of t h e  map of the permafrost 
hydrogeological  zoning of Eas t e rn  Siberia which i s  c u r r e n t l y  
i n   t h e   c o u r s e  of product ion.  The p r i n c i p l e s   t h a t  were used   i n  
the   compi l ing  of this map and the  schematics  of t h e  permafrost 
zoning are e l u c i d a t e d  i n  t h e   p r e s e n t  report. 
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INTERACTION BETWEEN P E W F R O S T  AND BUILDINGS 

S.S. Vyalov 1 

A b s t r a c t  

The  main t a sk   o f   t he '   t heo ry   o f   cons t ruc t ion   on   pe rmaf ros t  
i s  t o  s tudy   t he   p r inc ip l e s   gove rn ing   t he   i n t e rac t ion   be tween  
permafros t   and   bu i ld ings  erected on  them,  and t o  work out   methods 
fo r  c o n t r o l l i n g   t h i s   i n t e r a c t i o n .  Practical  methods f o r   u s i n g  
permafrost  as a foundat ion  fo r  bui ld ings ,   deve loped   and   tes ted  
i n   c o n s t r u c t i o n   p r a c t i c e ,  are  b e i n g   r e a l i z e d   i n   t h e  U . S . S . R .  as 
spec i f i ed   i n   t he   Cons t ruc t ion   S t anda rds   and   Regu la t ions  ( S N i P )  . 
A new e d i t i o n   o f   t h e  S N i P  chapter   on   the   des ign   of   beds   and  
foundat ions  on  permafrost  was issued  on 1 January 1 9 7 8 .  I t  
c o n t a i n s   t h e   t h e o r e t i c a l   a n d   p r a c t i c a l   a c h i e v e m e n t s  of foundat ion  
cons t ruc t ion   on   permafros t   accumula ted   s ince   the   p rev ious  issue 
( i n  1966) . 

The in t e rac t ion   be tween   pe rmaf ros t   and   bu i ld ings   cons i s t s  
of thermal   and  mechanical   act ion of b u i l d i n g s  on permafrost   on 
t h e  one hand ,   t he   s e t t l emen t  of ground  under  the load of 
b u i l d i n g s   a n d   o n   t h e   s t a b i l i t y  and s t r a i n  of b u i l d i n g   s t r u c t u r e s  
on  the  other .   Using  the  thermodynamic  approach,  it is  p o s s i b l e  
t o  e s t a b l i s h  a r e l a t i o n s h i p   b e t w e e n   t h e  work of deformation of 
the  bed,   which i s  caused by t h e   l o a d  of t h e   b u i l d i n g ,   t h e   h e a t  
f l u x   f r o m   t h e   b u i l d i n g ,  and t h e   i n c r e a s e   i n   i n t r i n s i c   e n e r g y  
and  entropy.  Complementing t h i s   r e l a t i o n s h i p   w i t h   t h e   t h e r m a l  
f low  equa t ion   and   t he   rheo log ica l   equa t ion  of state,  it is  
p o s s i b l e  t o  o b t a i n   f u n c t i o n s   w h i c h   d e t e r m i n e   t h e   s t r a i n   a n d  
c r e e p  l i m i t  of t h e  base. One can also t a k e   i n t o   c o n s i d e r a t i o n  
the   var iab le   t empera ture   reg ime  of   the   g round  caused  by t h e  
the rma l   i n f luence   o f   t he   bu i ld ing   and  i t s  v a r i a b l e   l o a d .  I t  is  
then  possible to  examine  the  combined  work of the  ground  and 
bui ld ing .   Such   cons idera t ions   should  become t h e  basis f o r  t h e  
so lu t ion   of   p roblems  involv ing   in te rac t ion   be tween  permafros t  
and   bu i ld ings .  Some of   the   above   cons idera t ions  are a l r e a d y  
being  used a t  t h e   p r e s e n t  time, n o t a b l y   i n   t h e  new S N i P  chap te r .  
Th i s   pape r   examines   t he   pos i t i ons   t aken   i n   t ha t   chap te r .  

1 S c i e n t i f i c   R e s e a r c h   I n s t i t u t e   f o r  
Foundations  and  Underground  Structures,  

Moscow, U . S . S . R .  

Proc. Third International Conf. Permafrost, Vol. 2, 1979, p .  117-136 
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As befo re ,  two p r i n c i p l e s  are accepted  as b a s i c   a s p e c t s  
for t h e   u t i l i z a t i o n  of permafrost  as a foundat ion ,  i .e.  t h e  
p r e s e r v a t i o n  of t h e   f r o z e n  s ta te  of t h e  ground ( p r i n c i p l e  I )  and 
a l lowing  such grounds t o  thaw  du r ing   t he   cons t ruc t ion  ana use  of 
t h e   b u i l d i n g  or p r i o r  t o  t h e   e r e c t i o n  of t h e   b u i l d i n g   ( p r i n c i p l e  
11). The foundat ion  analyses   have  improved  considerably.   These 
c a l c u l a t i o n s  are c a r r i e d   o u t  for two l i m i t i n g  states, i . e ,  
s t r e n g t h  (for p r i n c i p l e  I)  a n d   s t r a i n  (for p r i n c i p l e  11, and for 
p r i n c i p l e  I i n   t h e   p r e s e n c e  of p l a s t i c - f r o z e n  or ice r i ch   g round)  
Moreover, t h e   c a l c u l a t i o n s   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   p r o p e r t i e s  of t h e  soils. The d e s i g n   v a l u e s  based on 
s t r e n g t h   c h a r a c t e r i s t i c s  of permafrost  are improved  considerably.  
Cons t ruc t ion  of and  design  methods  for   foundat ions  under   high 
loads are s t i p u l a t e d .  

A new approach i s  accepted  for t h e   c a l c u l a t i o n s  of thaw 
subsidence of beds   wh ich   t akes   i n to   cons ide ra t ion   t he   p re sence  
of the   pe rmaf ros t   l aye r ,   r ega rded  as a r i g i d  bed, which   under l ies  
the  compressed  thawed  layer of t he  ground. A method for d e t e r -  
min ing   the  reactive p r e s s u r e s  of t h e  thawed  ground  on  the 
foundat ion  i s  proposed ,   and   the   ques t ion  of c o n s i d e r i n g   t h e  
combined a c t i o n  of t h e  thawed  bed  and  bui lding  s t ructure  above 
the  ground i s  examined. 

P a r t i c u l a r   a t t e n t i o n  i s  devoted to  methods of c o n t r o l l i n g  
the  thermal   regime  and  mechanical   propert ies  of permafrost  by 
means of p r e l i m i n a r y   r e f r i g e r a t i o n  i n  case of "high  temperature"  
p e r m a f r o s t ,   i n t e r m i t t e n t   f r e e z i n g ,  etc. ,  or on t h e  cont ra ry ,   by  
means of prel iminary  thawing of beds i n   t h e  case of ice s a t u r a t e d  
pe rmaf ros t ,   wh ich   r e su l t s   i n   g rea t e r   t haw  subs idence ,   and  when 
it i s  n o t  possible to  a p p l y   p r i n c i p l e  I. 

I n   a p p l y i n g   p r i n c i p l e  1 t o  t h e   u t i l i z a t i o n  of permafrost  
beds it is  accepted  t o  a s s i g n  a c e r t a i n   v a l u e  t o  t h e   d e s i g n  
tempera ture  of pe rmaf ros t   i n s t ead  of us ing  i t s  n a t u r a l l y  
o c c u r r i n g   t e m p e r a t u r e .   I n   t h e  case of p l a s t i c   f r o z e n   g r o u n d s  
t h i s   d e s i g n   t e m p e r a t u r e  may be lower t h a n   t h e   n a t u r a l  
temperature   and,   according t o  SNiP r e q u i r e m e n t s ,   r e f r i g e r a t i o n  
must  be a p p l i e d   i n   t h i s  case; o r  it may be h igher  if t h e r e  is 
a t empera tu re   va r i a t ion   i n   t he   g round .   Measures  are proposed 
for maintaining  such  design  temperatures  of the   g round;  a lso 
methods for  t h e  combined c a l c u l a t i o n   f o r   t h e   t h e r m a l -  
t echno log ica l  s ta te  of t h e   b u i l d i n g   a n d   t h e   t h e r m a l  regime of 
the   g round are put   forward ,   and   in   par t icu lar   methods  for t h e  
des ign  of ven t i l a t ed   basemen t s ,  cold f i r s t   f l o o r s ,  and c o o l i n g  
pipes   and ducts. 

The a p p l i c a t i o n  of the  s tandard  has   been  expanded 
cons iderably .  The a p p l i c a t i o n  of t h e  new SNiP  i s  now spreading  
t o  permafrost   types   which are n o t   f a v o u r a b l e  t o  c o n s t r u c t i o n ,  
such a s  s a l t y ,   p e a t y ,  ice r i ch   ( i nc lud ing   g round  ice) 
permafrost  as  well as permaf ros t   i n   r eg ions  of h igh  seismic 
act ivi ty .   Special   design  measures   and  methods  have  been  worked 
o u t  t o  e n s u r e   s t a b i l i t y  of s t ruc tu res   e r ec t ed   unde r   such  perma- 
f r o s t   g r o u n d   c o n d i t i o n s .   D e s i g n   c h a r a c t e r i s t i c s   ( t h e r r n o -  
physical   and  mechanical)  for such   cond i t ions  are given.  
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Definition of the  Problem 

The  study  of  the  principles  governing 
between  permafrost  and  structures  erected 

the  interaction 
on them  and  the 

elaDoration of methods  for  controlling  this  interaction 
constitute  the  main  problems of construction  in  permafrost. 
The  theoretical  treatment  of  this  problem  and  practical 
solutions of the  utilization of permafrost  as  bases  of  structures 
are  being  realized  in  the  USSR as specified  in  the  standard- 
ization  document  Construction  Standards  and  Regulations  (SNiP). 
A new  version  of  the  SNiP  chapter on the  design of bases  and 
foudations  in  permafrost  was  issued  recently  (SNiP, 1976). 
The  purpose of this  paper  is  to  describe  the  principles  upon 
which  the  new  SNiP  chapter  was  based  and  report on the 
achievements of foundation  construction On permafrost  accumulated 
in the  interim. 

The  Thermodynamic  Approach 

Before  beginning  the  discussion  of  the  above  questions I 
shall  look  into  certain  general  theoretical  considerations 
which I consider to constitute  the  theoretical  basis  of  the 
next  phase  in  the  solution  of  this  problem,  despite  the  fact 
that  they  are  not  fully  applied  in  permafrost  construction  yet. 

Thermal  physics,  physical  chemistry,  and  mechanics of 
permafrost  and  ice  are  known  to  constitute  the  theoretical  basis 
of  construction on permafrost. It so happened,  however,  that 
all  these  three  disciplines  have  developed  independently. 
Despite  great  achievements  in  each  of  the  three  areas,  the 
solution of the  overall  problem  was  not  advanced  because of the 
isolation  existing  between  them. 

On  the  one hand  the  interaction  between  buildings  and 
permafrost  consists  of  a  thermal  and  mechanical  (ie  forces) 
action of buildings on the  ground  which  creates  a  thermal 
gradient or a  stress  field,  differing  from  that  occurring  under 
natural  conditions.  The  change  in  temperature  causes  a  change 
in  the  physical  and  mechanical  properties of the ground, and 
the  additional  (to  the  natural)  stresses  deform  the  ground,  and 
the  deformation  is  particularly  high  in cases where the 
temperature  increase  exceeds  the  melting  point.  In its turn, 
the-.ground  settlement  causes  deformation  in  the  building 
structure.  This  is  the  essence of the  action of the  ground on 
the  building. Thus,  thermal and  mechanical  actions are in- 
terrelated. The  best  approach  would be one  which  examines 
thermal,  mechanical,  and  physical  processes  in  combination  with 
each  other  and  obtains  equations  which  interrelate  these 
processes.  Such  an  examination  is  possible  within  the  field 
of  thermodynamics,  since  this  is  precisely  the  science  which 
concerns  itself  with  the  study of mutual  reaction  between 
thermal  and  other  forms of energy,  the  mechanical  being  one  of 
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them.  Thus, the first  and  second  laws  of  thermodynamics  provide 
the  following  relationship  which  relates  the  thermal  and 
deformation  processes: 

B d S a d E  -t & A ,  (1) 

where, 8 is  the  absolute  temperature (K), dS is  the  entropy 
increment, dE is  the  increment of the  intrinsic  energy, 6'A = Gij ,$Ej is the  increment  in  the  strain  deformation  work  (ij = 

1, 2, 3 ) .  It should  be  noted  that  in  its  turn  the  deformation 
work A = A@ + AP  consists of the  elastic  wark A@ = 6. . $czj and 
the  dissipated  work  AP = 6. .& where, €Fj and[? are t h e  
components of the  reversible  (elastic)  and  irreversible  (plastic, 
viscous)  strains.  Therefore, t h e  entropy  increment  may be re- 
garded as  the  summation ds = dCe f dSP,  where  dSe = dQ is  the 
external  entro y increment  resulting  from  the externa thermal 
f lux  Q, and dSf: is the  internal  entropy  increment of the  body 
resulting from the  dissipation of energy,  ie  the  result of the 
conversion of the kinetic  energy of irreversible  deformation  to 
thermal  energy, and also that  resulting from changes  in  the 
microstructure of the  body due to its  deformation. 

1 3  
LJ l j '  1 3  

In  order  to  complete  the  system of equations,  the  law of 
conservation  must  be  complemented  by  determinant  equations,  ie 
state  equations.  One of them is the  Fourier law, which relates 
the  thermal  flux q to the  temperature  gradient 

where,  is  the  coefficient of thermal  conductance.  Another 
such  equation is the  rheological  equation  of  state  which 
establishes  a  relationship  between  the  components of the tensors 
of stress,  strain and of their  velocities,  and also time  and 
temperature. 

The  thermal  conductance  equation 

It is known  that  the  equation  for  convective  thermal  con- 
ductance,  which  can  be  used  to  determine  the  temperature 
distribution  in  the  ground,  can  be  obtained from equation(2). 
Moreover, it is  possible to account for the  phase  transformations 
of the water  contained  in  the  ground by introducing  into  the 
equation  the  heat  content  per  unit  mass  (enthalpy) He, as was 
shown by N.A. Buchko (see the  paper of V.A. Makarov et a1 in 
t h e  proceedings of the  7th  Section of this  conference, 1978 
papers) , 
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Cj+(e)is here  the  effective  thermal  capacity  which  takes  into 
account  both  the  thermal  capacity of the  ground  and  the  latent 
heat of the  ground  moisture. 

The  rheological  equation of state 

In  order  to  develop  equation ( 3 )  it is  necessary  to know 
the laws relating  the  components of stress  and  strain or of 
their  velocities. As a  rule  such laws are  established by 
empirical  means, in such a case  they  possess a phenomenological 
quality  and  are  true  only  for  specific  conditions  and  within 
specific  limits.  The  state  equation  would  be  more  general  if 
the  initial  relationships  between  the  components of stress  and 
strain  (and  temperature)  could be derived  from a consideration 
of  the  physical  essence of the  process, on the basis of the 
kinetic  theory of strain  and longtime failure, for instance 
(Vyalov, 1978). 

According  to  this  theory  the  ground  may  be  regarded as 
a  chaotic  combination of elementary  particles,  mineral  grains 
and  their  aggregates  held  together  by  ice,  and  pockets of non- 
frozen  water. In order to displace  such  elements,  they  must 
be  supplied  with  the  activation  energy U, the greater par t  of 
the  energy of inter-particulate  bonds.  Since  the sizes of the 
elements  are always much  smaller  than  the  volume of any  ground 
considered, it is possible to  apply  the  methods of statistical 
physics  and to consider  that  the  probability  for  the  particles 
to obtain  the  energy U is  subject to Boltzmann's  energy 
distribution law N = N,exp (-U/Ke). The  mean  velocity of dis- 
placement of particles, ie the flow velocity of  the  ground, 
may  be  derived  from  this  equation by means of equations 

where, (7,t) is the variable  viscosity 7 
Formula (7) accountsfor  the  variation of the activation 

energy,  and  hence  also  of  the  viscosity, as a function  of  the 
stress7 and time t, which is related  to  the  changes in the 
microstructure of the  permafrost  during  the  deformation  process. 
Special  microstructure  studies  have  been  carried  out  to  develop 
such changes.  The  principles  governing  the  changes,  obtained as 
a result  of  these  studies,  are  described  in  the  author's  paper 
in  the  proceedings of this  conference.  Suffice  it to mention 
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here  that  the  deformation  process is a consequence of two 
mutually  opposing  processes,  ie  the  weakening of the ground 
structure as a result of the  disturbance of interparticulate 
bonds  and  development of defects  in the structure, and the 
strengthening  cause  by  the  appearance of new  bonds  and  the 
"recovery" of defects.  The  strengthening  leads  to  an 
attenuation of creep  strain,  while  the  weakening  causes a 
development of non-attenuating  progressing  creep  which  ends  with 
the  failure of the  ground..  These  processes  are  described by a 
single  equation  which  defines  also  the  process of deformation 
of the  frozen  ground  as a function  of time 

where,T* is  a  parameter which  is  a function of the  physical 
properties of the  frozen ground  and its temperature,  and t* = 1. 

This  equation is true only for  an  isothermal  process. 
Should,it be  necessary  to take into  account  the  external heat 
flux N@(t) and  the  ground  temperature  change  with  time 8 (t) , the 
thermodynamic equation (1) must be included. Then,  expressing 
the  thermodynamic  forces  in  the  form of a  linear  combination 
of fluxes  we  obtain,  according  to  the  investigations of the 
Leningrad  university (A.I. Chudovskii), the following  deformation 
equation 

Based on thermodynamic concepts it  is  possible  to  derive a lso  
the  equation  for  the  creep  limit of the  frozen  ground  taking 
into account  the  inflow of thermal  fluxes  and  the  resulting 
temperature  changes  with  time. For this  purpose  it  is  necessary 
to  solve  the  equation ( 9 )  with  respect  to  stresses, by intro- 
ducing  the  condition f o r  long term failure. This condition  may 
be  expressed as the  increase  in  the  entropy incrementAs, during 
the  deformation  process, to a certain  critical valueds, which 
is achieved at the  time of failure tx: 

where, k(t) is the rate of increas? in-the entropy  depsity  which 
can be expressed  as  the summation S = S, + Si, where Se = dQ 
is the  external  flux of entropy dve to-heat and mass exchange 
with  the  surrounding  medium,  and Si = Si (2, iP,B,F)  is  the in- 
ternal  source of entropy due to the dissipation  work  Ap  and  free 
energy F .  Assuming  that  the  dissipation  work is expended on 
changing  the ground structure  and  increasing  the  defect  density, 
and making  use of equation ( 8 )  it is possible  to  obtain  the 
equation for long term  failure,  as  was  shown  earlier by the 

= a  
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author  (see  the 1975 proceedings),  in  the  form 

0 

This equation  relates  the  time  preceding  the  failure, t,, 
the  stress a s  a function of time, T(t) ,  and  the  temperature as 
a function of time, 8 (t). 

Taking  advantage  of  thermodynamic  concepts,  we  can  obtain 
the  equation  which  describes  the  thermal  and  mechanical  inter- 
action  between  the  frozen  ground  and  the  building  erected on it. 
Actual  problems  may  be  solved  by  means  df  computers,  while  the 
simplest  cases  may  be  solved  by  analytical  means. A number 
of such  problems  are  discussed  in  the  authors  paper  present& 
at this  conference. G3 

Basic  positions  taken  in  SNiP P-18-76 

The  following are the  basic  positions  taken  in  the new 
S N i P  11-18-76 chapter titled "Bases and Foundations in  Permafrost" 
which  distinguish the new  issue of the  chapter  from the  preceding': 

- improvement of foundation  design  methods  and a significant 
increase  in  the  design  values of the  strength  characteristics 
of frozen  soils; 

- stipulation of the  types of foundations  for  large  loads,  and 
of methods  for  their  design; 

- controlling  thermal  regimes  and  mechanical  properties of 
permafrost beds (by means  of  preliminary  refrigeration or 
thawing) ; 

- elaboration of measures  and  methods  of  thermal  engineering 
design,  including  methods  using  ventilation  ducts, to ensure 
the  maintenance of the  design  temperature  regime of f r o z e n  
ground; 

- elaboration  of  recommendations to allow  construction on 
unfavourable  permafrost,  such as salty,  peaty,  and  ice  rich 
permafrost,  including  ground  ice; 

- elaboration  of  recommendations  for  constructing  in  permafrost 
located in  active  seismic  regions. 

Improvement of foundation  analyses 

The new  SNiP  and  the old issue of the  Construction  Standards 
and  Regulations  accept  two  principles  for  the  utilization of 
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permafrost  beds:  principle I - preservation  of  the  frozen  state 
of the  ground,  and  principle I1 - allowing it to  thaw. 

Bed calculations  are  carried out for  two  limiting  states, 
ie  strength (load bearing  capacity)  and  deformation.  The 
strength  calculation  begins  with  the  condition 

where, N is  the  design load, 9 is  the  load  bearing  capacity of 
the  soil,  and KH is the  reliability  coefficient. 

The  strain  calculation  begins  with  the  condition 

s 4  sap  
where, s is the  settlement  to be determined  by  the  Calculation 
and S is  the  limiting  permissible value of the  strain of the 
building  which  depends on its  construction  features. 

nP 

As a  rule  calculations for  permafrost  which  are  used 
according to principle I are made on the  basis of the  load 
bearing  capacity,  because  such  ground  has  low  compressibility. 
Exceptions  to  this  are  plastic  frozen  and  ice  rich  ground  where 
strongly  noticeable  subsidences  may  occur.  In  such  cases 
calculations  are  carried out for load bearing  capacity  and  for 
strain. It is  known  that  the  thawing  of  frozen  ground  causes 
significant  subsidence. For this reason when  permafrost is 
used  according to principle 11, calculations are carried out 
primarily for  strain. 

Frozen  ground  exhibits  distinct  rheological  properties, 
ie  the  capacity  for  creep  strain  and loss of  resistance  to 
prolonged  loading.  Such  properties  must  absolutely  be  taken 
into  account  in  considerations  to  use  permafrost  as  beds  and 
in  calculations  carried  out  for  this  purpose,  Calculations for  
load  bearing  capacity must be based on  the  creep  limit RW ie 
the load which,  if  exceeded, gives rise to non-attenuating  creep 
causing  failure or cave-ins  (Fig. 1). 

Correspondingly,  the  load  bearing  capacity of the s o i l  
in  equation (12) is determined  by 

where, R is the  design  resistance, R is  the  standard  resistance, 
M > 1  is the  coefficient  for the work  conditions,  and Kr71 is the 
safety  coefficient,  In  its  turn RH = l/n&Ra,i, where,  Rm,i is 

H 
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the  ultimate  creep  limit  obtained  from  the  given  equation,  and 
n  is  the  number of determinations. 

Permafrost  calculations for  strain,  which  take  into  con- 
sideration  the time factor,  are  based on the  condition  that 
settlement  deformation  during  the  service  life-time of the 
building  should not exceed  the  value  stipulated  by  equation (13). 
The  value  of S in this equation  is  given  by S = So + S(t),  where, 
Sois  the  initial  deformation  and  S(t) is the  settlement  which 
develops  during  the  time  t; S(t) is  determined  by creep f o r  
frozen  ground  and  by  consolidation  and  creep for  thawing  ground. 

Foundation  analysis using principle 1 

According  to  SNiP  conservation  of  the  frozen  state  of  bases 
is  achieved by provision  of  ventilated  basements,  refrigerating 
ducts  and pipes,-and also  by  confining  the  thawing  zone  and 
laying  the  foundation  below  this  zone  (see  Fig. 2 ) .  

Ventilated  basements  may  be  used  not  only  to  conserve  the 
natural  temperature  regime  of  the  ground  under  the  building, 
but  also  to  shift  it  in  the  desired  direction. It may be  made 
more  rugged,  for  instance,  and  this  is  already  being  applied 
in  practice.  For  this,  according to G.V. Porkhaev,  the 
following  condition  must  be  fulfilled: 

F 

M = - T  t B  

I C  

where, F, is  the  horizontal  surface  area of the  building, FB 
is the surface  area of the  ventilated area, and M is the 
ventilation  modulus  which  is  calculated as a  function of air 
temperature  in  the  building,  yearly  average  temperature  of 
outside  air,  yearly  average  temperature  of  basement  air, 
heating  pipes  present  in  the  basement,  and  the  thermal  resistance 
of  the  first  storey  floor.  The  method f o r  determining  the value 
of M is  given in S N i P .  

Pile (including  hollow  piles  and  pile  posts of large 
diameter)  and  pillar  foundations  are  the  main  types of foundation 
used  in  construction  employing  principle I. 

The  load  bearing  capacity of the  ground,  used  in  con- 
junction  with  conservation of .the  frozen  state,  is  determined 
by means of formula (14) expressed  in  the  following  form  (which 
was  proposed by S . S .  Vyalov as early as in 1959, and  is  given 
in SNiP,  see Fig. 3 )  : 
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This  formula  is  applicable  to  all  types of pile  foundations 
as well a s  to pillar  foundations. R is  the  design  pressure 
exerted on the  ground by the  lower  end  of  the  pile or by  the 
foot of the  foundation; RCM is the design  shear  resistance  of 
the  frozen  ground  along  the  lateral  surface  of  the  pile or  the 
lateral  edge  of  the  foundation  footing, F is the  cross-sectional 
area of the  pile or  of  the  foundation  footing,  while FCM is the 
surface  area  of  the  frozen  boundary  between  the  ground  and  the 
side of the  foundation. The  summation  symbol  is  used  because 
the type of ground  and  its  temperature  may  vary  along  the  pile 
and,  thus,  the %Mi value  may  be  different for  each  i-th  layer. 

As a rule  the  values of R and RCM are  determined  exper- 
imentally  under f i e l d  or  laboratory  conditions.  However,  the 
Standard  gives  values of these  parameters  which  may be used 
in  absence  of  experimental  data.  Such  values  are  given  in 
SNiP for various  types  of  ground  and  for  various  values of 
their  design  temperaturee * ) .  It is known  that  the  ground 
temperature  with  depth  varies  during  the  year.  Since  the 
Standard  usually  assumes  the  worst  conditions,  the  highest 
monthly  average  temperature of the  year  and  a  given  depth,@  max 
(z), is used fo r  design  purposes in order  that  the  summation 
of the %M value  curve  over  the  entire  length of the pile  be 
a  minimum (see Fig. 3 )  . 

Suchemax values  are  determined  by  means of thermal 
engineering  calculations  based on the  yearly  average  temperature 
of the ground@.. As a  result of the  accumulated  practical 
experience  and of  data  produced  in  special  investigations, the 
values of R and F+M given  in  SNiP P-18-76 are considerably 
higher  than  those  recommended  previously. 

Equation (16) is  simplified for homogeneous  ground,  and 
takes  the  formf'=m (FS + RCMFCM), where R and RCM are  determined 
for  a  certain  equivalent  temperature  which is based on  the 
minimum  area of the  curve RCM along  the  pile  and  is  determined 
by  means  of  thermal  engineering  calculations. 

In the  case  where  determinations of the  load  bearing 
capacity  were  based  on  data  obtained  in  field  trials,  we  obtained 
the  integral  value of the  limiting  long-time  load Pm=PH, whence 

#=%rPB, where Kr is  the  safety  coefficient.  The  coefficient K 
takes  into  account  the  circumstance  that  trials  may  be  carried 
out at a  ground  temperature  which  differs  from  its  design  value. 
For  this  reason it is  assumed  that K =*np/ion,  where jb np is the 
load  bearing  capacity of  the  design  pile  calculated  using 
equation (16) and  tables of values of R and RCM based on the 
design temperafure8,,,; while fori is  the load bearing  capacity 
of  the  experimental  pile,  also  calculated by means of equation 
(16) but  using  temperature  values,$ , recorded  during  the  ex- 
periments. 

* )  In S N i P  t is used fo r  temperature  and  for  time. 
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Piles are  sunk  into  the  permafrost  using various methods, 
such as  steaming,  predrilling of holes  and  filling  them  with 
a soil  grout,  or  driving  piles  into  holes  (when  the  hole  diameter 
is  smaller  than  that of the  pile; this is done only  in  the case 
of  plastic  frozen  ground),  etc.  Sinking  of  piles  into  holes (Of 
large  diameter)  followed  by  pouring of  soil  grout  into the well 
is  the  most  widespread method. 

In  the  case  where  the  grout was prepared  using  the  drilled 
out soil,  shear  resistance (R& values  are  used  which are 
appropriate  to the  type of soil  which  was  drilled  out  for  the 
pile.  For  ready mix sandy  argillaceous or sandy  calcareous 
grouts,  the  load  bearing  capacity  of  the piles  may  be  increased 
using  higher qM values.  The  increase  is  particularly  effective 
in  cases  where  piles  are  driven  into  weak  ground  ice; such a5 
argillaceous,  salty,  peaty,  and  ice  rich  ground.  In  such  cases 
the  calculation of the load bearing  capacity  must  be  based  on 
the condition of equivalence  between  the  shear  resistances of 
the s o i l  grout  along  the  surface  of  the  pile, GS, and  along 
the  interface  with  the  surrounding  ground, RCM, le based on the 
condition %gF,g = RCMFCM, where FCM is the  area of the  adfreeze 
surface  with  the  pile,  and  Fcg  is  the  interface  surface  area 
between  the  grout  and  the  surrounding  ground,  which equals the 
surface  area of the  hole  (see Fig. 4 ) .  

Caluclations  for  the  settlement of pillar  foundations 
erected  according  to  principle  I  are  made  using  equation (17), 
given  below.  The  substantiation  and  experimental  confirmation 
of this  equation,  based on  observations over a  period of 19 
years,  are  reported  in  the author’s paper  presented at this 
Conference  (Proceedings of the  Third  International  Conference 
on Permafrost,  Volume I, 1978). 

where d is the  diameter of the  pile  foundation, /u is Poisson’s 
ratio f o r  frozen  ground, ALe(\))] = a + b/8/n is  the  deformation 
coefficient  which i s  a function of the temperatured, which in 
its  turn  varies  with  time  according to a certain  law@(t)r 
N ( t )  is  the  transient  design  load, 9 is  the  integration  variable, 
and t is the  time. 

P i l e  subsidence  may be calculated using the following 

A 
where, . @  (tg = a + i;/B(t) / is  the  temperature  dependent  strain 
coefficient  which  usually  is a lso  time  dependent, u is the  pile 
surface  area, i s  the  embedment  depth of the p i l e  in  the 
permafrost;  the remaining,notation is the  same  as  in  equation (17). 
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Equations (17) and (18), which  are  particular  cases of 
equation (9), are  used  to  determine  subsidences of pillar and 
pile  foundations,  loaded  with  time  variable  loads.  They  take 
into  account  the  transient  temperature  of  permafrost. 

Foundation  analyses  using  principle I1 

According  to  principle I1 the  ground is allowed  to  thaw 
either  during  the  construction  and use of the  building, or in 
advance  prior  to  its  erection.  The  first  case is used f o r  
permafrost of low  subsidence and  providing  condition (13) is 
fulfilled  during  the  thawing. For ground  of  high  thaw sub- 
sidence SNiP recommends  taking  special  measures to either 
diminish  the  thaw  settlement,  or  to  provide  arrangements  in  the 
building  structure  to  absorb  strong  deformations. 

Settlement  may  be  decreased  by  means of controlling  the 
depth of thaw  using  thermal  insulation,  replacement  of  ice 
saturated  ground  with  sand  and  gravel,  etc.  However,  the  most 
effective  method  is  the  preliminary  thawing of the  ground 
(achieved by means  of  hydro  and  electric  heating). The thawing 
depth  is  selected such that  the  subsequent  subsidence,  after 
thawing,  of  the  underlying  permafrost is located  within  the 
limits  which  satisfy  condition (13). 

The  diminishing of settlement  based  on  condition (13) is 
the  basic  principle of  foundation  construction  on  permafrost. 
Construction  experience  shows  that  thaw  settlement,  particularly 
of  fine  grained  ice  saturated  soil,  causes  intolerable  straining 
of buildings  even  in  the  case  of  the  strongest  reinforced 
structures. For this  reason,  and  above  all, it is  necessary 
to  diminish  the  magnitude of the ground  settlement  by  any 
possible  means,  ie to create a foundation  with  predetermined 
properties. As additional  measures S N i P  allows  the  provision 
of arrangements  which  enable  buildings to absorb  large 
settlements.  These  measures  consist of either  increasing  the 
strength  and  the  overall  spacial  rigidity of the  building, or, 
on the  contrary,  increasing its yielding  capacity  and  flexibility. 
In  the  first  case  we  strive  to  enable  the  building  to  safely. 
absorb  strain  which  is  caused  by  the  additional  stress,  by 
providing  its  structure  with  reinforcing  elements. In the 
second  case  we  attempt  to  prevent  the  appearance  of  additional 
stress  and  to  equalize  any  strain  appearing  in  the  structural 
elements. To this  end  foundation  types  which  use  the  regular 
or crossed strips, or  solid or box-like  slabs,  etc.  are  used 
f o r  rigid  structures,  and  individual  pillar  foundations fo r  
flexible  structures. 

Calculations f o r  beds  using  principle I1 begin  with  the 
determination of the  outline  of  the  permafrost  thaw  zone  under 
the  building  and  its  propagation  with  time.  There are  a  number 
of methods  and  equations  for  such  calculations. The most 
effective  is  the  numerical  method  using  hydraulic  analogs,  or 
computers.  For  everyday  applications,  however, it is  still 
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necessary to use  analytical  methods  in  addition to instrument 
calculations. O n e  such method,  developed by G.V. Porkhaev, is 
given  in  SNiP I I - - l 8 - 7 6 .  It may be  used  to  determine  the  thaw 
depth, fo r  a  given  time  t,  below  the  central  point  of  the 
building H, and  under  the  periphery Hk (see  Fig. 5). The 
calculation  is  reduced  to  the  equations 

where,  K,rc, K F , E h ,  Kk are determined from nomograms and 
tables,  glven  In S iP, as a function  of  design air temperature 
within  the  building  and  yearly  average  temperature  of  the 
permafrost,  thermal  resistance of the  first  storey  floor, 
thermal  conductivity of the frozen and  thawed  ground,  total 
moisture  content of the  ground,  and  building  width B and  length 
L. 

Maximum  thaw  depths  under  the  central  point Hcp and 
periphery  Hkn of the building,  achieved  in  steady  state  heating, 
is  calculated  using  equations 

where,  coefficients K11, cn, 3 kn are  determined  from  nomograms 
and  tables. 

Values of expected  subsidence  are  determined  in  the  next 
calculation  step. 

It should be noted  that  approximation  formulae  are  available 
for  estimating  the  thaw  subsidence of the  frozen  ground.  They 
are based on the  fact  that  the  compressibility 8 =dh/h of sandy 
ground  is  determined by the  relative  difference  between  the 
specific  weight  of  the  shell  structure  of  thawed and densified 
groundrCkeT and  the  specific  weight of t h e  mineral  component 
of the  frozen  ground  in  its  natural stategck.M 

The  compressibility of argillaceous  ground is determined 
by its  porosity,  due to the  meltin?  off and easing out of ice, 
lenses,  and p a r t l y  also of the  ice cement, as a  result  of 
densification  under  its  own  weight  and  load p, as shown  in  the 
following  equation: 
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where, r s  and rw are  the  specific  weights  of  particles  and  water, 
Wp is the  moisture  content  immediately  prior  to  the  compression, 
Ip is  the  plasticity  number, Kg is a  coefficient  which is a 
function of the  load  pressure on the  ground p .  

These  formulae  may  be  used  only  for  estimating  the 
permafrost  conditions of the  site  ground,  selection of the 
construction  principle,  and  similar  purposes.  Settlement 
determinations  required fo r  foundation  design,  must  be  carried 
out using  more  accurate  equations  which  take  into  consideration 
the  nature of stress  distribution  with  the  ground  depth  (see 
Fig. 6 ) .  

Even  though  the  relationship  between  stress  and  strain is, 
strictly  speaking,  non-linear  not  only  for  frozen  but  also fo r  
thawing  ground,  for  purposes  of  simplicity  it  is  permissible 
to  determine  the  settlement of such  ground on  the  basis  of 
linear  deformation.  Previously  this  was  based on  the  system of 
elastic  half-space.  This  is  permissible  also now for the  case 
of thawing to great  depths.  Yet  in  this  case  the  main  system 
is assumed  to  consist  of a weak  (thawed)  ground  layer  which  is 
underlain  by a rigid  (frozen)  permafrost  and  the  stress 
concentration at the  interface  and  the  corresponding  redistribution 
of stresses  are  taken  into  consideration.  The  equation fo r  the 
determination of the  settlement of strip  foundations  is ob- 
tained  by  subdividing  the  thawed  ground  zone  into  i  layers  and 
summing UP the  subsidence of  each  i-th  layer of thickness hi, 
as follows: Tt . .  

i= 1 
s= dpo Mom C (Ki - KLb-1  )(f- Jci) + 

where, po  and p + i  are the  pressure  on  the  ground  under  the 
foundation  footlng  and  the  pressure  due  to  its  own  weight at 
the  i-th  layer  respectively, Ki and  Ki-1  are  coefficients  which 
account for  the  character of the  distribution  of  the  vertical 
stress  due to load  variation  with  depth;  Mom  is  a  coefficient 
which  takes  into  account  the  underlain  rigid  layer  and  which 
is a function of the  ratio H/b, H being  the  depth of  occurrence 
of the  boundary of the  rigid  (frozen)  permafrost;  ai  and  Ai 
are the compressibility  and  thaw  coefficients  of  the  ground 
respectively,Ac is  the  ice  content of the  ground  prior  to  its 
thawing, b is  the  foundation  width. 

Thus, the  first  term of  the  right  hand  side of equation 
( 2 3 )  accounts  for  the  densification  settlement of the  thawed 
ground  which  is due to  the  action  of  the  external load, the 
second  term  accounts  for  the  densification  settlement due to 
the  ground's  own  weight  and  for  the  thaw  settlement,  while 
the  third  term  accounts  for  the  subsidence  due to the  melting 
of ice  lenses and closing of macropores,  and  since  the  closing 
of  macropores  is  incomplete,  the  coefficient  Khi4l is introduced. 

Parameters  a  and A are  obtained  from  field  or  laboratory 
trial  data.  The  latter are  carried out in  a  soil  compression 
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tester,  ie  under  compression  conditions  which  do  not  allow 
lateral  expansion.  Experimental  data  are  plotted on  a 
"compressibility 8 versus load p" plot,  which  is  then  used  to 
determine  a and A .  Experiments are carried out using  samples 
which do not contain  large  ice  lenses;  the  latter  are  determined 
separately  (using  cores  obtained  in  drilling  wells, or by 
measurements  carried out on the  walls of test  pits)  and  are 
accounted  for, as mentioned  before, by the  introduction of the 
special  term  into  equation ( 2 3 )  . 

Field  trials  using  heated  pressuremeters  give  more  reliable 
results  than  laboratory  trials.  Stepped  loading  is  applied to 
these  pressuremeters,  after a thin  layer of soil has  been 
melted. Also in  this  case  the  values of a and A are  determined 
from 6 - p plots.  The  difference  between  laboratory  and  field 
trials  is  that  the  latter  give  the  settlement of the  total  mass 
of the  ground  including  the  ice  layers. For this  reason  in 
settlement  determinations  using  field t r i a l  data,Aci in 
equation ( 2 3 )  must be  assumed  to  equal  zero. 

When  preliminary  thawing is used,  settlement  occurs  (prior 
to  the  erection of the  building)  as a r e s u l t  of the  ground!s 
own  weight  and  is  determined  from  equation ( 2 3 )  where po = 0.  
On  the  other  hand  the  settlement  after  the  erection of the 
building  equals 

s = S n + S g o . ,  
where,  Sn  is  the  settlement of the  ground layer thawed  in  advance 
to a depth  hom  and  which is dependent on the  subsequent  (after 
the erection of the  building)  densification of the ground as a 
result of the  external load; this  settlement is determined  using 
equation ( 2 3 )  where Ai = 0,A ci = 0, and  p6i = 0; Sgon is the 
additional  settlement  of  the ground layer  which  has  thawed, 
during  the  construction  and use of the building, to a depth H - 
hom  (where, H is  the  total  thaw  depth);  this  settlement is 
determined  from  equation ( 2 3 )  . 
Settlement  propagation  with  time 

Equations ( 2 3 )  and ( 2 4 )  give the  final  stabilized  settlement. 
Yet,  the  nature of the progression of the  settlement  with  time 
is of great  importance,  particularly  when  preliminary  thawing 
isused. In this  case  it is important to know whether  the 
settlement  will  terminate  prior  to  the  erection  of  the  building, 
under  the  weight of the  preliminarily  thawed  ground, or  whether 
it  will  continue  to  propagate  during  the  construction  and  use 
of the  building.  In  this  latter  case  the  settlement must be 
taken  into  consideration  in  the  strain  calculations of the 
building. 

The  settlement  progression  with  time  occurs  as a result of 
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the  consolidation S and  creep Scr. It is  permissible to assume 
arbitrarily  that  creep  appears  only  after  the  completion of the 
consolidation  process.  In  this  case  full  settlement  equals 
(Tsytovich, 1973) : 

s(t) = S,+S,+S,+S,) ( 2 5 )  

where, SI = Ah(t) is  the  thaw  settlement  which  is  a  function of 
the  thawing of ice  lenses  and  ice  cement,  and  progresses  with 
the  increasing  thaw  depth;  the  latter  equals  h(t) =Pfi; S2 = 
acx, h(t)p f x2gh2(t)/2]  is  the  densification  settlement  which 
progresses  concurrently  with  the  thawing  under  the  action of 
the  external  load po and  the  weight  of  the  ground, q = rh(t), 
which  depends on the  permeability  coefficient;  coefficients 
x1 and x2 are functions of po  and q;  S3 = S$ UP + S a  uq is the 
additional  densification of the  ground,  which  occurs  concurrently 
with  the  thawing  under  the  action of the  external  load  po  and 
the  weight  of  the  ground q = I l H  (H = hoo  is  the  thaw  depth) ; S g  
= a  (l-xl)Hpo  and Ss = 0.5a (1-x2) H2 are  the  stabilized 
settlements,  and UP and uq are  the  degrees of consolidation  of 
the  ground,  determined  by  the  solutions of the  consolidation 
problem and  dependent on the relationshipA =pJ2c, where, 
c = k#/rba is  the  consolidation  coefficient,  and k + i s  the 
permeability  coefficient. 

S4 is the  creep  settlement  determined  by  the  solution of 
the  creep  theory.  In  many  cases  this  term  may  be  ignored. 

Settlement S2, which  progresses  concurrently  with  the 
thawing,  and  the  thaw  depth h ( t )  are  both  proportional  to  the 
square'root of time;  thus, S(t)/h(t) = const,  The  nature of 
the  consolidation  process  depends  on the parameterh, ie  this 
process is determined  by  the  rate of thawing,  which  depends on 
the  thermal coefficient@ and  the  permeability,  the l a t t e r  
being  dependent  on  the  permeability  coefficient k#. 

low,  then  the  consolidation  continues  after  the  thawing, If 
the  thawing  proceeds  slowly  and k# is  large,  then  the  consolidation 
process  occurs  during  the  thawing  and S p O .  This  case is 
characteristic of thawing of ground  during  the  construction  and 
use  of  the  building,  where  the  thawing  continues  for  a  number 
of years,  and  the  relationship  for  the  settlement  progression 
with  time  is  determined  by  the  thaw  relationship  h (t) = P G .  
The  situation  is  completely  different in the  case  of  thawing 
prior  to  construction.  This  thawing  proceeds  relatively  quickly 
and  if  the  ground  is  argillaceous  and  its  permeability  co- 
efficient  has  a  relatively  low  value,  then  the  consolidation 
will  continue  also  after  the  erection  of  the  building.  Moreover, 
the  consolidation  of  the  thawed  ground, due to  external  load 
will  occur  and,  thus,  the  value of the  additional  settlement 
S3 will  be  high  enough  to  be  noticeable. 

If the  rate of thawing is high,  while  the  coefficient k# is 
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The  combined  interaction  between  buildings  and  the  ground 
must  be  considered  primarily  when  designing building3 for  which 
the  limiting  settlement  is not given and has to be established 
by means of such  calculations. As shown  in  the  paper of V . G .  
Pozovskaya, L.I. Neimark,  and  this  author,  presented at this 
conference,  the  method  used  in  this  case is as follows: 

Considering  a  building of a final  rigidity  the  deformation 
Of the  thawed  (preliminarily or  during  the  construction  and 
use)  ground,  due to the  load of  the  building  and  the  weight  of 
the  ground,  is  determined  using  the  method  explained  above. 
The  contact  interaction  problem  between  the  ground  and  building 
is  then  solved, and the  solution  is  used  to  determine  the 
reaction  of  the  ground  acting on the  foundation.  In  order  to 
simplify  calculations  the  building  is  arbitrarily  replaced by 
a  beam, or a system  of  interconnected  beams,  which is equivalent 
to  the  building  with  respect  to  rigidity  and  static  action. 

Knowing  the  ground  reaction,  the  additional  forces  arising 
in  the  building  structure  (including  the  foundation),  due  to 
non-uniform  settlement,  deviation  angles,  etc.,  are  determined. 
This  non-uniformity  is due to  the  curvilinear  contour of the 
thawing  zone of the  ground  under  the  building  and to the  non- 
homogeneity of the  ground  in  the  area.  The  additional  forces 
are  taken  into  consideration  in  the  design of the  structure. 
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where, c ( x )  is the  coefficient of local  elastic  deformations of 
the  ground  (base  coefficient), W(X) is the  vertical  displacement 
of the  beam, zo is  the  settlement,  due to the  thaw  settlement 
s = Ah(t) . 

The  coefficient c ( x )  is  determined  as  a  function of the 
densification  sett1ement;and  since  this  settlement  progresses 
with  time  (as  the  thaw  depth  and the consolidation  progress  with 
time),  this  coefficient  is also a  function of time.  Furthermore, 
the  coefficient E ( x )  varies  along  the  foundation  length x,  
because  the  contour  of  the  thaw  zone  is  curvilinear;  this  means 
that  also  the  settlement  varies  along  the  length x .  

An analytical  solution  is  available  (see  Fig. 7 )  for  the 
simplest  cases of the  problem  under  consideration. It  is ex- 
plained  in  the  "Manual  for  designing  bases  and  foundations  of 
buildings  and  structures  erected on  permafrost"  (Stroiizdat, 
1969). The  method  is  based on the  substitution of the 
curvilinear  diagram of the  reactive  pressures q ( x )  with a  system 
of concentrated  forces.  This  reduces  the  calculation  scheme to 
that of an  elastic  beam  which  is  acted  upon  by  the  load  from 
above  and  by  the  concentrated  reactive  forces  from  below; the, 
latter  represent  the  action of the base. Such  a  system is solved 
using  the  methods of structural  mechanics.  It  should be noted 
that  an  increase  in  the  rigidity of the  base at any  given  point 
x, under  the  periphery of  the  building, fo r  instance,  where 
the  thaw  depth  is  low and,  therefore, c ( x )  is  high,  causes  an 
increase  in  the  base  reaction G ( x ) .  When  this  reaction  reaches 
its  limiting  value  Fnp,  plastic  flow of the  ground  occurs, 
which  brings  about  a  redistribution of the  reactions and makes 
them  more  uniform.  This  has  a  beneficial  effect on the  function 
of the  foundation.  One of the  beneficial  factors is the  decrease 
in  the  value of the  settlement zo = Rh(t);  this  is  achieved 
best  by  means  of  pre-construction  thawing. 

Computer  solutions of the  problem  are  more  effective;  they 
permit  taking  into  consideration a greater  number of the  factors 
influencing  the  combined  interaction  of  buildings  and  bases. 

Stanchion  piles 

In  presence of rocky  ground at accessible  depths it is 
recommended  to  use  stanchion  piles for  foundations.  Their  lower 
ends  are  embedded  in  rock. In the  case  of  important  buildings 
this  method  is  used  even  when  the rock occurs  quite  deep (up to 
40 m). The  pile  types  used are: sectional  solid  piles,  post 
piles, casing p i l e s ,  and even piles  using  concrete  filled  drill 
wells;  in  the  latter  case  special  precautions  are  taken to en- 
sure  good  setting  and  hardening of  concrete  in  permafrost.  In 
all  these  cases  construction  is  carried out using  principle I1 
(and  measures  to  prevent  floor  settlement). It is  taken  into 
account  that the  thawing  and  settling  ground will react on the 
pile  with  a  negative  friction  which is considered  as  an 
additional  load.  The  load  bearing  capacity of the  pile  is 
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calculated  from  the  formula 

where, R is the  design resistance  of  the  ground(rock)  under  the 
lower  end of the  pile; R C g . ~  is the  negative  friction: F and 

.H is  the cross sectional  area of the p i l e  and  the  area of its 
era1 surface  within  the  limits of the  thaw  zone,  respectively; 

m  and  ml are coefficients  of  working  conditions. 

Calculations of pile  material  strength  must  also be carried 
out fo r  stanchion  piles,  taking  into  account  pile  buckling; 
the  extent  of the latter  depends on pile  length  and  on  the 
quality of the  pile  fastening at both ends. 

Pre-construction  refrigeration of the  ground 

Preliminary  thawing,  one  of  the  methods of controlling 
the  characteristics of permafrost  bases,  was  examined  above. 
Another  method,  which is the  opposite  of  the  one  described, 
uses  refrigeration of the  ground,  which is particularly  expedient 
in  regions of unstable  permafrost. In  such  regions  the  permafrost 
temperature is close to OOC. Lowering the  temperature  increases 
significantly  the load bearing  capacity  of  the  ground  (decreasing 
the  temperature  from -0.3 to -1OC, for  instance,  increases  the 
ground  strength  by  a  factor of 2.5), while  increasing  also  the 
reliability of the  foundation  in case of an unexpected  warming 
of the  ground.  Based on  these  considerations  SNiP  permits 
construction  using  principle f on plastic frozen ground  provided 
that  the  building  is  refrigerated  and  ground  temperature is 
lowered.  Refrigeration  is used also in the case of discontinuous 
permafrost  in  order  to  freeze  the  unfrozen  ground  and  create 
continuous  permafrost. 

Most effective is the  mechanical  refrigeration  using brine, 
which  is  used to freeze  the  ground  around  shafts of various 
mining  excavations  and  foundation  pits  driven  through  quick 
ground.  This  method is, however,  the  most  expensive. For this 
reason it is used  only  in  extreme  cases. 

More effecient is the  refrigeration  method  using  naturally 
occurring  outdoor  cold  air of winter,  ie  exploiting  the  very 
severity of the  northern  climate.  Such  refrigeration  is  feasible 
only  where  the  difference  between  the  average  yearly  temperatures 
of the outdoor air and  permafrost  is  noticeably  high,  ranging 
from 2 to 8 0 C  and  higher  (which is due to the  insulating  effect 
of  plant  and  snow  cover,  etc.). 

Experience shows that,  as a rule, a high  ventilated 
basement  has  the  effect of decreasing the temperature of the 
permafrost  under  the  building  with  passage  of  time. As 
mentioned,  such  decrease  in  temperature  occurs  not  imhediately, 
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but  over a certain  period of time, yet the  design  is  based on 
ground  characteristics  present at the  completion  of  construction. 
For this  reason  ground  refrigeration  must be accomplished  by 
this  time. It is expedient,  therefore, to carry out refriger- 
ation  prior to construction  start  and  to  maintain the lower 
temperature  by  means of a ventilated  basement.  Such  refrigeration 
is  achieved  by  means of systematic  snow  removal,  refrigeration 
of foundation  pits,  blowing cold winter  air  into  boreholes 
prior  to  the  installation of piles  in  them,  etc. A widespread 
practice  uses  periodic  refrigeration of the  ground  by  means of 
cold  air  which  is  pumped  into  the  ground  in  winter  time or left 
to  circulate  by  natural  convection.  The  most  efficient  are 
refrigeration  installations  (thermal  piles)  using  liquid 
(kerosene) or highly  volatile  liquid  (ammonia,  propane,  freon) 
refrigerating  agents  which  are  self-regulating  and  seasonally 
acting.  Such  installations  do  not  consume  energy,  do not 
require  attendance,  and are of relatively  simple  construction. 
Thermal  piles  are  employed  in  the USA and Canada,  and also in 
the USSR for  lowering  the  temperature of plastic  frozen  ground 
in order to  improve  its  load  bearing  capacity  and  reliability," 
for  freezing  unfrozen  ground  in  area of discontinuous  permafrost, 
for  the creation of frozen  cores  in  dams, f o r  the  reestablishment 
of the  frozen  state  under  foundations  where  permafrost  has 
thawed  unexpectedly,  etc.  They  are  used  as  independently  acting 
installations, or mounted  within the body of reinforced  concrete 
or steel  cased  piles (ie proper  thermal  piles). 

The  lower  temperature  achieved  around  the  installation  in 
winter  increases  somewhat  in summer, due to heating  by  the 
surrounding  ground;  yet a general decrease'in the  temperature of 
the ground is  achieved  nevertheless.  In  conjunction  with 
ventilated  foundations  the  method  has  an  extremely  noticeable 
effect,  to  the  extent  that  even  ground  temperatures are lowered 
significantly  during  the  first  year. 

Applications of thermal  piles  is  particularly  effective 
in  the  case of buildings  with  seasonally  varying  loads,  due to 
air  temperature  variations,  wind,  snow,  ice  crust,  and  seasonal 
and  general  ground  adaptation.  Such  loads  apply  predominantly 
to  supports  for  power  transmission  lines,  gas  pipelines,  trestle 
bridges,  etc.  The  appearance of such  loads, or the  occurrence 
of their  extreme  values  concides  with  the  coldest  period of the 
year,  ie  with  the  period  where  the  ground load bearing-capacity 
is at its  maximum,  due  to  refrigeration by means of thermal 
piles. This renders  the  employment of thermal  piles  exceptionally 
effective  for  above  structures. 

Thermal  pile  calculations  must  be  carried out in  two  stages: 
1 - determination of the  temperature of the  ground  field  around 
the  pile  and  its  periodic  variation  with  time; 2 - determination 
of the  creep  limit  and  progressing  settlement,  taking  into 
consideration  the  variable  loads  and  transient  ground  temperature. 

The  first  part of the  above  problem,  which  is  in  the  domain 
of thermal  physics,  is  solved by making  certain  assumptions  and 
using  mathematical  models  in  conjunction  with  computers or 
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analytical  methods.  The  active  winter  and summer periods  and  the 
passive  periods,  when  there is no  change in ground  temperaturer 
are  a11  considered  separately. 

a 

The  second  part,  the  calculation  of  the  Settlement  creep 
limit of the  permafrost  with  consideration  of  the  variable  load 
and  changing  temperature  regime of the  ground, is solved  by 
means  of  equations ( 9 )  and (11). 

The  law  governing  the  temperature  variation of the  ground 
around  the  thermal  pile may be assumed  to  be  cyclic 8 (t) =8  0 - (eo - emax) cos 2rrt where, 8 max andeo are the  maximum  and 
average tempera&: of the ground  respectively,  tl = 1 year. 
The  dependence of the  strength  and  deformation  characteristics, 
f', of the ground on  temperature  are  expressed by means of the 
empirical  equation r (8)  = a -I- b/@/n. Then, the  equation of the 
creep  limit (11) assumes  the  following  form: 

0 
where, T (t) is the  design l oad  N (t) referred  to  the  unit  area F 
of the  lateral  surface of the  pile or the  footing  of  the past 
foundation (t) = KT KH N ( t )  , (where, KT, KH, and m  are  the 
coefficients  of sa?$?& reliability,  and  working  conditions 
respectively,  as  stipulated  by S N i P ) ,  t, is  the  service  lifetime 
of the  structure. 

Equation ( 2 8 ) r  solved by trial and  error,  is  used to cal- 
culate  the load bearing  capacity of the  ground,  which  is 
refrigerated  by  the  thermal  pile,  taking i n t o  consideration the 
cyclic  variation of temperature and transient  load. 

The  law  governing  the  development of the  settlement S with 
time,  taking  into  consideration  the  temperature  variable  and 
time  dependent load, is given  by  equation (9). After a number 
of assumptions  it  takes  the  following form: 

$/I= dC.4.m- 
a'+ 8%jm,/ h 

where, b is  the  width  of  the  foundation  (cross-section of the 
pile)'; w is a  coefficient  which  depends on the  type of foundation 
(pile);  the  remaining  nomenclature  is  the  same as in  equations 
( 2 8 )  and (17). 

Constructibn  under  special  conditions of frozen  ground 

Some  permafrost  exhibits'special  conditions  that  are  un- 
favourable  for  construction.  These  are  plastic  frozen  ground 
with  unstable  temperature  regimes,  and  peaty,  Saline, or ice 
rich  permafrost  ground.  Conditions  for  construction  on  plastic 
frozen  ground  were  examined  above. We  shall  describe  here  the 
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peculiarities  of  peaty,  salty,  and  ice  rich  permafrost  ground 
used as  foundation soils. 

Saline,  peaty, and especially  ice  rich  permafrost  ground, 
and most  particularly  permafrost  containing  ground ice, have 
a number of negative  properties  which  are  unfavourable to 
construction.  Their  utilization as foundations  presents  definite 
difficulties.  For  this  reason  areas  with  such  ground have been 
avoided,  where  possible,  until  recently. As for  ground  ice 
no  structures  were  erected on them. The widespread  construction 
activity going on in  the  North  today  has  made it  necessary  to 
forego  such  selective  practices.  Because of technological  and 
other  considerations  any  type of ground  is  used  today  regardless 
of the characteristics df its  components. For this  reason  it 
was  necessary  to  conduct  a  number  of  investigations on such 
ground  and to work out special  methods  for  their  utilization as 
foundations.  The  resulting  recommendations  are  given  in  the 
new  chapter of SNiP  11-18-76. 

The  peculiarity of peaty  and  saline  permafrost is that, 
due  to  the  plant  remnants  contained  in the former  and  ice 
content of the  latter,  their  freezing  temperatures  are  consider- 
ably lower than  those of regular soils. For  this  reason  they 
are  in  a  plastic  frozen  state  even  at  relatively low temperatures. 
According  to  SNiP  requirements  foundation  calculations  for  such 
grounds must  be  carried out for a bearing  capacity,  based  on 
condition (121, and  also for  a settlement,  based  on  condition 
(13).  Either  post  foundations or pile  foundations  may  be  used. 
In order  to  increase  the  load  bearing  capacity  of  the  piles  in 
the  latter  case,  holes  must be backfilled  with  sandy-calcareous 
grout and not  with  the  mud  from  the  drilled  out  holes.  In  this 
case  calculations  may  be  based  on  the  condition of equality 
between the  shear  resistances of this  grout at the.freezing 
surface  with  the  pile  and  along the contact  surface  with  the 
surrounding  weak  (saline  or peaty) ground.  Since  the  latter 
resistance  is  considerably  lower  than  grout  resistance at the 
surface of the  pile,  it  is  necessary  to  increase  the hole 
diameter in order to respect  the  condition of equality and to 
permit  the  pile  and  the  surrounding  grout  to act as  a  single 
post of  large  diameter (see Fig.4). 

The  design values of the  indicated  characteristics  are 
stipulated  in  the  Standard. It is  recommended  that  the  ultimate 
value of the  limiting  load be obtained  by  means of field  trials. 
The same applies also  to  the  determination  of  the  potential 
settlement of foundations. 

The well-known peculiarity of ice is its  capacity for  
viscous deformation and flow under  any load value  above zero. 
For this  reason  there  was  lack of confidence  regarding  the 
possibility of using  ice rich  grounds,  and  particularly  those 
containing  ground  ice, as foundation so i l s .  It was con- 
sidered  that  such soils would  lead to the  development of end- 
less  and large settlements. Y e t ,  painstaking  research on ice 
(Vyalov et al, 1976) has shown that it has two critical stress 
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values  with  two  strongly  differing  strain  characteristics.  For 
stress values not exceeding a value R ~ i c e  deforms at such  a 
slow rate  that  the  permissible  limit is not  exceeded  during 
a  time  period  which  is  comparable  to  the  useful  lifetime of the 
building (50-100 years). For stress  values  higher  than Rx, but 
not exceedingGA, ice flow occurs at a constant  velocity  and 
transition  to  the  progressive  stage,  which  has  an  accelerating 
velocity., does not occur  (see  Fig. 8). Hence,  calculations  for 
ice  layers  are  carried out for strength  and for strain.  Strength 
calculations  consist of ensuring  that  the  pressure  applied  to 
ice  does  not  exceed  the  value R , and  in  the  case of the  shear 
resistance  along  the  lateral  surface  of  the  foundation - that 
the  value R ~ ~ h i s  not  exceeded.  These  values  are  used  in 
equation (16). Recommended  values  for  them  are  given  in  the 
Standard. 

Either  post  foundations or pile  foundations  may  be  built 
on ground  ice. An obligatory  condition is, however,  that 
direct  contact  between  foundation  and ice be excluded.  For  this 
reason  sand is used  under  the  foundation  footing;  while  in  the 
case of piles  the holes are  backfilled  with  sandy  calcareous 
grout,  and  pile  calculations  are  based on the  strength  equality 
condition. 

Settlement  calculations  for  post  foundations  are based on 
condition (13) . For  this  condition S is taken  to  equal: S = S 
+ Sn,  where, Sy is settlement  dependent  on  the  densification of 
ice  (due  to  the  squeezing out of air  bubbles),  while Sp is 
settlement  due  to  plastic-viscous  flow  of  ice,  curnulatlve  over 
the  useful  lifetime of the  building  Tr,  and  equals Sn = vtr, 
where, v is the  velocity of ice flow, which is a  function of 
load and  of  the  viscosity  coefficient.  The  viscosity  coefficient 
is a-funation of ice  temperature.  The  pressure P9, transmitted 
to  the  ice, is checked. It  must  satisfy  the condition Po$ K & 2 /  
3G4, where, K is a coefficient  which  depends  on  foundation 
dimensions, 

The  pile  settlement is determined  from  data of field  trials. 

A number of buildings  have  been  built on ground  ice  and 
on  saline  and  peaty s o i l s  and are being used i n  a normal 
fashion. 

Regions of high  seismic  activity  (above 7 on the  Richter 
scale)  are  encountered  in  permafrost  territory.  The 
peculiarities  of  base  and  foundation  design  under  these  con- 
ditions  is also considered  in SNiP 11-18-76. 

First of all let  us  note  that  the  seismic  scale  value of 
an  area  depends  on  the  condition of its  permafrost. If the 
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area  consists  of  frozen  ground  with  temperatures  up to -2OC and 
if  this  temperature can be  maintained after the  erection of the 
building,  the  frozen  state of the  soils  has  no  influence  on 
the scale value. If the ground  temperature  has a temperature 
below -2OC, the  seismic  value  of  the  area  will  decrease  by  one 
unit;  but if ground  thaw  is  predicted,  the  seismic  scale  value 
will  increase  by  one  unit.  Based on  these and  other 
considerations,  SNiP  recommends,  as a rule,  the  use  of  principle 
I for  construction  on  permafrost  in  seismic  regions,  ie  with 
conservation of the  frozen  state. If, f o r  technological or 
other  reasons,  it is not possible  to  use  principle I, principle 
11 may  be  applied  but  only on  condition  that  foundations be 
supported on ground  of low compressibility,  ie  on  rocky or 
coarsely  fractured  ground, or in  conjunction  with  preliminary 
thawing  and  densification.  Foundation  calculations  must be 
carried out under  consideration of the  seismic  effect.  The 
load  bearing  capacity of the  foundation is determined  using 
equation (16) and  with  the  inclusion  of  an  additional 
coefficient of working  conditions, m, d 1. Furthermore, a 
verification of cross-sectional  strength of piles  is  made  under 
consideration  of  horizontal  seismic  effect. 

Effect of horizontal  loads 

In  addition to determinations of the  distribution  and  effect 
of the  vertical  load  N,  pile  foundation  calculations  must be 
carried out a l so  for  the  reaction to horizontal loads including 

include  the  following: 
' those  arising  from  seismic  action.  These  calculations  must 

- investigation of the  bending  strength of piles  under  the 
action  of  horizontal  forces  applied  at  the  upper  'end  of  a 
pile  embedded  in the ground; 

- investigation of the  stability of the  pile  embeddment as a 
function  the  ground  resistance to a  pressure  applied to the 
side of the  pile; 

- investigation of the  extent  of  horizontal  displacement at the 
upper  end of th,e  pile  under the condition 

y = yv  
where ~ n p  is  the  limiting  permissible  pile  displacement  which 
depends on the  building  structure  and as established  in  the 
design. 

When  calculating  the  effect of the  horizontal  load on the 
pile,  the  latter is considered to be an elastic  beam  laying 
on a linearly  strained  base. It is  assumed  that  the base is 
characterized,  according to Winkler, by the  base  coefficients 
C, ie  the  coefficient  of  proportionality  between  load  and  the 
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strain  appearing at the  point  of  application  of  the  force.  The 
calculations  must  be  based on the  worst  possible  case,  which 
occurs  during  the  autumn  when  the  upper layer of  the  ground 
is thawed  and  is  very  soft,  while the lower  end of the  pile is 
restrained  in  the  permafrost  layer.  These  conditions are 
accounted  for  by  the  bedding  coefficient C which  is  time 
dependent  with  the  ground  depth. As a first  approximation  it 
is  assumed  that C increases  linearly  with  depth  (Fig. 7, Scheme 
1). Such  an  approximation is based on the  fact  that  not C, 
the base coefficient,  itself  is  used  in  the  calculations,  but 
a  certain  general  deformation  coefficient , which  accounts  for 
the  deformation  characteristic of the  ground as  well  as  the 
rigidity  of  the  pile.  This  coefficient is determined  in  trials 
using  fullscale  piles  and  horizontal  loads. It, therefore, 
reflects  the  actual  nature  of the variation  of  the  base 
coefficient w i t h  ground  depth.  Concurrently, also the  rheologi- 
ca l  properties of the  ground must be  taken  into  account. For 
calculations  of  fast  acting  loads  (seismic,  dynamic,  etc.) 
values are  determined  in  trails  under  similar fast acting 
conditions;  while fo r  static  long  acting  loads  they are determined 
in  prolonged  trials allowing the  displacements to stabilize at 
every load  stage. 

For piles  installed  in  solidly  frozen  ground  (possessing 
higher  strength)  it  is  permissible to assme t h a t  they are 
completely  restrained in the  frozen  ground.  Moreover, if the 
depth of the  thawed  layer, HT, is not  great, say if HT 5b 
(where b is  the  cross-sectional  area  of the pile),  then  the 
resistance  of  this  layer  may  be  ignored  and  the p i l e  may  be 
considered  to  be  a  free  cantilever  which is restrained  in  the 
permafrost to a depth of 1.5b  from  the  surface of the  permafrost 
(Fig. 7 ,  Scheme 2 ) .  However,  if HT > 5b, the  resistance of 
the  thawed  ground  layer  must  be  taken  into account,.and the 
pile is to be  considered  to  be a beam on a linearly  strained 
base which has a time  dependent  Coefficient C (restrained in 
the  permafrost to a  depth of 1.5b from  the  perwafrost  table; 
Fig. 7 ,  Scheme 3 )  . 

The bending  moment M and  the  shearing  force Q for  these 
two schemes  are  determined  from  the  following  equations: 

for  scheme 

where, T is the  horizontal  load; e = eo + 1.5B is the  length 
of p i l e  section  extending  from  the floor joists to the surface 
of the permafrost;ri)l  is a coefficient  which  depends on the 
magnitute of the  vertical  load N, pile  rigidity E1 (where, E 
is the  modulus of elasticity of the  pile  and I is the  moment 
of inertia),  and  pile  length L; whileq2 and a are  coefficients 
which  depend on these  same  factors  and  also on the  strain 
coefficientd. 
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The  remainder of the  calculations is carried out as  regular 
calculations  for  the  strength of reinforced  concrete  and metal 
structures. 

Forecasting  changes  in  the  geocryological 
conditions of the  area 

The  clearing of permafrost  terrain  and  its  development  lead 
inevitably to changes  in  the  geocryological  conditions,  and 
these  changes are usually  unfavourable.  Cutting  down  forests, 
destruction of vegetation  cover,  thermal  action of buildings, 
discharge of water,  etc.  bring  about  an  increase  in  the  permafrost 
temperature  and  in  the  depth of seasonal  thaw, and sometimes 
a thawing of the  permafrost. This, in  turn,  leads to the 
formation of swamps  in  the  territory  and to the  development  of 
thermokarst,  soil  erosion  and so on. For this  reason  the 
Standard  requires  that  measures  be  taken  to  ensure a minimum 
disturbance of the  natural  conditions of the  terrain  under 
development,  ie  conservation  of  the  vegetation  cover,  arrange- 
ment of embankments,  etc.  Special  attention  is  given to the 
construction of lines  of  communication  and  pipelines  and to 
protecting  the  permafrost  from  their  thermal  action. 

Yet,  despite  all  such  measures  the  development  of the 
territory  inevitably  leads  to  changes in the  cryological 
conditions. One of the  main  tasks of technological  research 
and  design  is  to  forecast  such  changes  in  order  that  they  may 
be  taken  into  account  in  the  design  stage.  The  methodology of 
such  forecasting is discussed  in  some of  the  papers  presented 
at this  Conference. 

By way of conclusion  we  would  like  to  show a few  photos 
illustrating  examples of buildings  erected  on  permafrost. 

Fig. 9 and 10 show  residential  developments  constructed 
on permafrost  according  to  principle I, ie  conservation  of 
the  frozen  state  of  the  ground. 

Figures 11 to 14 show  residential  and  administrative 
buildings  with  open  ventilation  basements;  Fig. 14 shows a 
building  with  an  enclosed  basement  where  ventilation is 
achieved by means of openings  (vents)  in  the  plinth. 

Figures 15 and 16 illustrate the erection -of a box-like 
strip  foundation  and of the  ground  level of a  building  con- 
structed on a  thawing  base  using  principle I1 and  partial 
preliminary  thawing of the  ground. 
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List of Illustrations 

Fig. 1. Creep  curves 

a - attenuating  creep (P C P,) , 
b - non-attenuating  creep ( P a  P,) 

Translator's  note: For both above conditions (in 
brackets) t h e  author  probably  meant  to  use the Latin 
"R" instead of its  Cyrillic  equivalent "PI'. See Equ. 
(14) 

Fig. 2. Conservation of the  frozen  state  of the base 

a - ventilated  basement, 
b - confinement of the  thaw  zone by means  of  a 
c - ventilated ducts in the fill 

foundation  sunk  lower  than the zone, 

Fig. 3 .  The Scheme fo r  foundation  calculations 

a - on posts, 
b - on piles 

Fig. 4 .  Calculation of the  pile  load  bearing  capacity  according 
to  the  equal  strength  condition 

Fig. 5. The  scheme for  the  calculation of ground  thawing  under 
the  building 

Fig. 6. Pressure  distribution  in  the  thawed  ground 

Fig. 7. Calculation  scheme fo r  foundations on thawing  ground 

a - calculation  scheme (1 - thawed  ground, 2 - frozen 
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ground, 3 - foundation  beam), 
b - bending  moment  diagram, 
c - shear  force  diagram 

Fig. 8. Ice  strain  curves 

Fig. 10. A residential  development  built on permafrost  using 
the-conservation of  the  frozen  state. 

Fig. 11. Not  available 

Fig. 12. An administrative  building  on  an  open  ventilated  basement. 

Fig. 14. An administrative  building on a  ventilated  basement  and 
enclosed plinth  with  ventilation  openings  (vents). 

Fig, 15. A residential  house  on  an  enclosed  plinth  with a 
ventilation  slit  (below). 

Fig. 16. Houses on Ventilated  basements,  plinth  with  vents. 

Fig. 18. Erection of a  residential  house on a box-like  foundation 
built  on  thawing  ground. 
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DESIGN, C O N S T R U C T I O N  AND OPERATION OF EARTH DAMS IN ARCTIC 
R E G I O N S  A N D  UNDER PERMAFROST  CONDITIONS 

Tsytovich, N.A., Kronik, Ya.A., and  Biyanov, G . F , l  

Abstract 

The  paper  gives a general  overview of published  information 
gained  in the  design and  construction of dams, using local 
construction  materials,  in  the  arctic  regions  and  under  perma- 
forst  conditions  in  the USSR and  other  countries.  The  intricacy 
and  complexity of the  problem,  which  requires  a  complex  approach 
and rigorous  consideration of local  climatic,  engineering 
geocryological,  technological,  and  economic  peculiarities, are 
shown. The  basic  features of  engineering  geological  research 
and of the  geocryologic  investigations  carried  out to improve 
the  design and construction of earth dams are  examined in detail. 
Design  and  construction  principles for earth  dams  using  local 
materials  and  the  basis for analyses of earth dams and  their 
foundations a r e  expounded.  Essential features of such  topics 
as  the  organization of construction  activities,  construction 
technology o f  frozen  and  unfrozen  earth  dams  including  the 
technology of winter  laying  of  cohesive  earth  materials  into 
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t h e  bodies of dams,  stock-piling  of earth  materials in quarries, 
construction of discharge  facilities  and  water  discharge  rates 
during construction, a r e  described. It is emphasized t h a t  frozen 
and  unfrozen  earth  dams  are f u l l y  reliable  water  engineering 
structures,  providing  the entire  project was well-founded,  the 
d e s i g n  carried o u t  in-depth, t h e  quality of  construction work 
maintained at a high level,  and  the  operation of the  project 
placed  in  well  qualified  hands. 

Foreword 

The  design  and  construction of earth  dams in permafrost  and 
arctic  regions is an extremely  intricate p r o b l e m  which  requires 
a complex approach. For this  reason  this  general  overview was 
written by a group of specialists  consisting of the  following: 
the  author  of  the  foreword - a Doctor of Technological  Sciences 
employed  in  the  fields of permafrost  mechanics  and  engineering; 
Ya.A. Kronik - a Candidate of Technological  Sciences  and a 
specialist in permafrost  engineering,  research on cryogenic 
processes of soils,  and study of the  behaviour of earth  dams 
constructed  on  permafrost;  and G.F. Biyanov - a  professional 
engineer and the  most  experienced  constructor  (chief  engineer) 
of a number of earth  dams  in the arctic regions of the USSR. 

Section 1 of the paper  (The  practice of dam . . .)  and  Section 
5 (The organization of construction  activites . . .  ) were  written 
by G.F. Biyanov;  Section 2 (Engineering-geological  research) 
and Section 4 (The basis of calculations for earth dams) - by 
Ya.A. Kronik,  and  the  foreword and  Section 3 (Principles of 
design  and  construction) - by N . A .  Tsytovich. 

This p a p e r  was  prepared  exclusively  on  the  basis of data 
taken  from  published  literature (see the  list of references 
given at end of paper). 

1. The  Practice of Dam  Construction in the Arctic  Regions 
of the USSR 

The  problems of water  management  construction  in  the  arctic 
regions a r e  no less  acute  than  in any o t h e r  region of our country. 
Dams are  constructed  here to create  water  management  reservoirs 
for hydroelectric  power  stations,  tailings  storage  reservoirs 
f o r  mineral  dressing  plants,  cooling water p o n d s  for thermal 
and atomic  power plants,  water supply  systems f o r  communities 
and industrial  enterprises, for flooding  placer  areas,  and a l s o  
for agricultural  needs. 

In the  Soviet  Union  the  opening up of an arctic regions, 
where  rich deposits of non-ferrous and other mineral  deposits  are 
present, i s  accompanied by an intensive program  of construction 
of water  engineering  systems. One of  the  first  dams,  built 
as early a s  the end of the  18th  century, was the f r o z e n  earth 
dam on the  Mykyrt  River in the city of Petrovsk-Zabaikal'skiy. 
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It functioned  successfully .for about 140 years and collapsed 
during  repair work [l-31. A number of dams w a s  built  at  the 
very  beginning of this  century  and  also in the 1930's and 1940's. 
Tt is  interesting  that  during  this  period  dams  were  constructed 
without  sufficient  consideration  being  given  to  the  specific 
geocryologic  conditions of t h e  region. F o r  this  reason  such 
installations  often  failed,  and  their  exploitation  was  marked 
by high  material losses. 

Towards  the  end of the 1950's and  during  the 1 9 6 0 ' s  the 
centre  of  gravity of the  intensive  dam  building  program  in  the 
North  shifted  to  Eastern  Siberia [1,3]. A number of low  and 
medium  pressure-head  dams  of  the  frozen  and  unfrozen  earth 
types  was  constructed. Among these  are the unique  dam of the 
Vilyuysk  hydroelectric  station  and  the  Khantaysk  dam. 

The  use of a more  reliable  selection of structures  and 
construction  methods  is  characteristic  of  this  northern  dam 
building  period.  The  technology of winter  construction w a s  
developed  in a series  of  scientific  research  investigations 
and l a r g e  scale  construction  experiments.  Using  this 
technology  earth  dams  may  be  constructed  practically  under  any 
natural  climatic  conditions,  around  the  year,  and  without 
seasonal  interruptions [I, 3 ,  2 3 ,  27,  2 9 ,  303. 

2 .  Engineering-geological and geocryolobic  research  for 
the  design  and  construction of earthfill  dams 

In order  to  ensure the efficient  design  and  construction 
of earth  dams  for a reliable  long-term  operation  under  arctic 
and  permafrost  conditions, a program  of  comprehensive  detailed 
research  work  must  be  conducted,  Such a program  must  include 
research  to  substantiate  the  selection of the dam centreline 
and location  of  the  water  reservoir,  search  for  local  deposits 
of construction  materials,  development  of  methods of forecasting 
the  influence of water  supporting  structures on the  surrounding 
medium,  and  particularly  the  influence of the dam and  water 
reservoir on the  permafrost  foundation and changes in t h e  banks. 
The  extent  and  composition of the  research  work  is  determined 
by the  design,  category  and  function  to b e  carried  out  by  the 
structure  to  be  constructed;  they  also  depend  on  the  degree of 
familiarity  with  the  engineering  geological,  hydrologic,  and 
geocryologic  Conditions of the area  selected  for  construction. 

Collection  and  analysis  of  climatic  and  hydrologic  data 
start  at  the  very  beginning  of the stage  where  plans  for  the 
exploitation of the  water  resources of large  rivers  and  indiv- 
idual  areas  are  put  together. In case  the  collected,data  are 
insufficient,  temporary or permanent  hydro-meteorological  and 
hydrologic  stations  are  organized  in  order to ensure  collection 
of a sufficiently  large  volume of natural  observation  data 
required  during  the  design  stage. 

During  the  initial  stages  the  main  attention  must  be  given 
to  the  collection of data  on  engineering  geological  conditions 
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and  geocryologic  familiarization  of  the  area,  which form the 
basis  of a rational  selection  of  the darn centreline  and  the 
determination of the  dam  type,  layout, and main  characteristics. 
The  main  principles  governing  the  selection  of  dam  centreline 
and  the  methodology  of  engineering  geologic  research for water 
engineering  construction  in  the  arctic  regions  are  distinguished 
by  specific  peculiarities,  due  to  the  presence of permafrost, 
and  which  must be considered  in  addition  to  the  general 
features  present  also  in  regions  of  temperate  climate  and  on 
unfrozen  ground [43. The  most  important of these  main 
principles  are  the  following: 

1. Carrying  out a complex  permafrost-hydrogeological  and 
engineering-geological  surveying [ 5 ]  for the  substatiation of 
the  design  and  development  of  the  forecasting of changes  in  the 
engineering  geological,  hydrogeological  and  geocryologic 
condi€ions  caused by the  construction.  Particular  attention 
must  be  devoted to permafrost  surveying  in  areas  with  complex 
permafrost  (geocryologic)  conditions  and  with  permafrost  islands, 
such  for  instance as illustrated in  Fig. 1 which  shows  the 
geological  section  along  the  dam  centreline  of  the  right-bank 
dam of the  Ust'-Khantaysk  hydroelectric  station [ 3 I. 

2. A complex  and  comprehensive  study of the  structure, 
composition  and  properties of the  permafrost  foundation of 
structures.  Particular  attention  must  be  given  to  the  study 
of  the  cryogenic  structure  of  permafrost  and  to  changes  in  its 
physico-mechanical  properties  and  permeability  occurring  during 
and  after  the  thawing.  Attention  must  also "be given  to  changes 
in the  rheological  properties  which  account  for  the  relaxation 
of  permafrost  stress  and  creep  under  load. 

It is important  to  note  that, as a result  of a systematic 
approach  and  generalization of voluminous  research  materials 
on  northern  water  engineering  construction,  Soviet  scientists 
and  designers  have  developed a methodology  for  complex  studies 
of permafrost  used  as  foundations  for  structures.  They  have 
established  the  principles  governing  the  formation  of  cryogenic 
structures  and  demonstrated  the  primary  and  determining  role  of 
them  in  the  engineering-geological  evaluation  and  forecasting of 
changes in properties of permafrost  foundations  of  water  en- 
gineering  structures 161. 

High  earth dams are  usually  built  on  the most reliable  solid 
rock  foundations.  Such  are  the  cases  of  Vilyuysk,  Ust'-Khantaysk 
and Kolyma hydroelectric  dams  in  the USSR, and  Kenney  and  Out- 
ardes-4  in  Canada, for instance [ 3 ,  7, 8, 9 1 .  Medium  and low 
pressure-head  dams  are  built on reliable  rock  foundations less 
frequently.  Such  earth  dams  are  built  practically  on  any  type 
of bed. In  such  cases,  therefore,  research  must b e  concentrated 
primarily  on  the  study of the  settlement of permafrost 
foundations  during  thawing  and  on  structural  means of connecting 
to  banks  and  foundations. F o r  ice  rich  permafrost,  frozen  earth 
dams  are  employed.  Concurrently,  the  ground  is  not  permitted  to 
thaw, and  freezing o f  t h e  dam  body i s  carried  out.  One  such 
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example  is  the  Ierelyakh  dam ( s e e  Fig. 3) 133.  In  the case of 
ground  with  individual  permafrost  islands  unfrozen  earth dams 
with  stratified  profiles  are  often  used on bases  which a r e  
allowed  to  thaw  during  their  operation.  Examples for such a 
type  are  the  right  bank  dam of the  Ustf-Khantaysk  hydroelectric 
power  station  (Figures 1 and 2 )  [ 3 ] ,  retaining  dykes of the 
Kelsey  water  reservoir [8, 9 1 ,  .and the  right  bank  of  the  Kettle 
dam [l] 

3. A study  of  the  temperature  regime,  and  cryoRenic  structure 
and  processes  within  permafrost  bases.  This  study  is  used as 
a basis for the  development of analytical  methods  for  the 
stability  and  reliability of permafrost  bases  and  of  earth  dam 
and  foundation  combinations,  and  for  forecasting  changes  in  the 
engineering-geocryologic conditions  which  occur  after  the 
construction of the  dam  and  water  accumulation  in t h e  reservoir. 
In  addition  to  the  studies o f  the  thermal  regime  and  cryogenic 
structure  of  permafrost,  carried  out  in  the  research  program, 
it is  necessary  to  enlist  concurrently  the  services  of  specialized 
research  organizations  to  conduct a careful  study of the  cryogenic 
processes  and  phenomena  (cryogenic  heaving  and  fissuring, 
solifluction  and  thermokarst of ice  formations, etc). The  results 
of these  studies  must  then be taken  into  account  in  the  design 
stage  of  dams  and  water  reservoirs  and  in  the  forecasting of 
changes  in  conditions  and  of  banks [3, 10, 111. 

During  the  subsequent  design  stages  particular  attention 
must  be  given  to  the  forecasting o f  the  temperature-moisture 
regime of the  foundation  and  dam-foundation  combination,  their 
stress-strain  relationship,  strength  and  stability  during l o n g -  
term  operation  under  severe  climatic  conditions,  and  also  tb 
the  forecasting  of  reservoir  bank  transformations  in  permafrost 
regions [3, 111 as  well as the  influence  of  the  constructed 
system  on  the  surrounding  ground. To draw on the  experience 
accumulated  in  the  construction  and  operation of similar  dams 
alone  is  not  sufficient  to  solve  such  problems.  It  is  even 
more  important  to  use  natural  observation  data  collected  at 
the  given  individual  construction  project.  Collection of 
data  must  be  organized at the  very  beginning of the  investigations 
It must  then  be  continued  uninterruptedly  during  the  design 
and construction  stages  and also during the operation. 

This  applies  particularly  to  natural  observations of the 
temperature  regime of frozen  and  thawed  foundations  and of the 
stability  and  strain in the  banks  of  the  canyon. 

4. Carrying  out  more  detailed and careful  search of local 
occurences of materials for the  construction of earth  dams. 
This  applies  particularly  to  the  search  and  selection of 
optimal  types of cohesive  soil  for  impermeable  structural 
elements  and of non-cohesive  soils  for  filters  and  drainages. 
It  is  necessary  to  determine the exact  contour  of  the  occurrences 
and  to  estimate  the  reserves  during  the  initial  stages of in- 
vestigation, so as to  avoid a situation  where  shortages of 
specified  materials  are  experienced  during  construction.  Such 
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a  situation  occurred  during  the  construction  of  dams  of  the 
ust'-Khantaysk  hydroelectric  power  station  which  necessitated 
the  use of artificial soil mixtures  and  crushed  rock. 

When  searching for occurrences of earth  materials,  con- 
sideration  must  be  given  to  the  distance  from  the  construction 
site,  which  should  be  minimal. Also the  possibility of filling 
the dam body  with  practically and any type of fill available 
locally  including  stripped  rock  and  material  from  mining  ex- 
cavations  should b e  weighed for the  appropriate  dam  construction 
type  and  land  improvement  measures. It is  preferable,  however, 
to  use  earth  materials of optimum  composition  and  minimum 
moisture  (ie  closest  possible  to  the optimum). Their  occurrences 
(quarries)  must  be  delineated  accurately  and  researched  in  detail 
during  the  preparatory  work  for  the  dam  construction  and 
associated  technology.  Experience  gained  in  construction of 
earth  dams at the  VilYuYsk,  Ust'-Khantaysk,  and  Kolyma  hydro- 
electric  and  Magaden  thermal  power  stations  shows  that  the 
optimum  earth  materials  for  impermeable  structural  elements 
coarse  detrital s o i l s  with  sandy-loam  filler [12, 1 3 1  con- 
taining 40% to 6 5 % ,  by  weight, of coarse  detrital  particles 
(larger  than 2 mm),  and  similar  artificial s o i l  mixtures  con- 
sisting, for instance, of sandy  loams, loams, or light  clay  with 
morainic  and  coarse  detrital s o i l s  with  sand-gravel  mixtures,  or 
with  fragmented  semi-rocks. A s  a rule  such s o i l s  are  canfinedto 
eluvial-deluvial  and  morainic [12, 131 Quaternary  deposits,  and 
less  frequently to fluvioglacial  and  colluvial  deposits,  which 
are  often  the  components-of  bodies of natural'talusses  and 
rock  streams. 

F o r  support  fills it is  recommended  to  use  any  type of rock 
o r  semi-rock  which  satisfies  the  essential  requirements  for 
strength  and  non-susceptibility  to f r o s t .  Where  special  zoning 
of the dam body  is u s e d ,  earth  materials  with  lesser  non-sus- 
ceptibility to frost  may  be  used for the  zones  which  will  not 
be subjected  to  considerable  temperature  fluctuations.  The  use 
of rock  and  semi-rock  earth  materials  of  lower  strength  must, 
however,  be  justified  on  the  basis of special  investigations. 

5. Characteristics of the  boring  and  mining  exploratory 
work  within a complex  geophysical  and  other  research  program,  and 
the  careful  preparation of all documentation. The specific 
characteristic of boring  and  mining  work  in  permafrost  regions 
is due  to  the  necessity  to  work  out  the  methodologies of drilling 
and  tunnelling.  They, ... must  be  carried  out  in  such  a way as to 
ensure  that  the  most  reliable  information  on  the  true  temperature 
regime  and  cryogenic  state of permafrost  is  obtained,  and  that 
the  drill  cores or the  monoliths  are  representative  of  the 
undisturbed  composition  of  the  permafrost. For this  purpose  it 
is  necessary  to  follow  the  following  rules  in  boring  operations: 
use of the  columnar  method  and  low  rotation  speeds;  no  water  is 
to be  poured  into  the  borehole;  the  hole  should  be  cooled at the 
face;  and,  the  largest  possible  bore  diameter  should  be  used. 
Good  results  were  obtained  in  the  preliminary  investigations of 
the  Kolyma  hydroelectric  station, for instance,  where  diameters 
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up  to 1000 mm  were  used  in  the  exploratory  borings  and  core 
extractions  were  taken f r o m  the entire  depth of the  hole.  The 
same  applies  also  to  the  passage  of  adits  and  the  Large  cross- 
section  excavations.  In  this  way it was  ensured  that  the 
information  obtained  on  the  geological  and  geocryologic  structure 
of the  bedrock was most  reliable.  It  is  also  necessary to take 
into  account  that  in  the  zones  which  are  likely  to  contain  ground- 
water,  or  at  the  boundaries  between  permafrost  and  unfrozen 
ground,  the  underground  excavations in permafrost  fill  up  with 
ice quite  quickly  and it is  often  impossible  to  use  them for 
further  exploratory  work.  This  was  observed  in  the  small cross- 
section  adits  under  the  dam  centreline  of  the  Kolyma  hydroelectric 
station. 

Another  most  important  requirement is the  necessity t o  
correlate  the  immediate  geological  exploratory work and  direct 
geotechnological  methods of determination  of  the  composition 
and  properties of permafrost and their  cryogenic  structure,  with 
the  geophysical work  and  indirect  methods.  In  this  way it is 
possible  to  carry  out a complex  program of a large  volume  of 
comprehensive  research  within  the  shortest  period  and  with a 
sufficiently  high  reliability of information. 

Every  boring and excavation  operation  must be documented 
uery  carefully.  This  must  be  done  with  the  participation o f  
the  geological  engineer  (permafrost  scientist),  by  sketching 
cryogenic  textures,  ice  inclusions  and  all  fissures,  including 
cryogenic  microfissures,  and by distinguishing  the  fragments of 
large  scale  patterns of tectonic  fissures.  More  often  than  not, 
the  latter  are  distinguished  by  higher  ice  content a n d  heaving 
[61 .  It is imperative  that  the  methodology  and  driving  time- 
length of borings  and  excavations,  and  also  the  methodology  and 
duration  of  temperature  measurements  including  the.duration 
the  wells  were  kept  exposed  between the end of the  drilling 
operation  and  the  reestablishment of the  natural  temperature 
regime  be  recorded. 

6. The  necessity of carrying  out  experimental  construction 
and  special  scientific  research work .  It  is  necessary  to  carry 
out  special  research  and  experimental  construction work during 
the  final  stages of the  investigations, at the  beginning of 
construction, or more  exactly,  during  the  preparatory  period 
prior  to  the  erection of the  main  structures  of  the  hydroelectric 
station,  and also during  the  construction of underground  passages 
of the  station,  ie  water  ducts,  tunnels,  concrete  culverts  and 
observation  galleries,  and  during  the  preparation  of  the  ground 
and  filling of the  dam  bodies.  The  purpose  of  this  research 
work  is  to  refine  the  Information  on  engineering  geological 
properties  and  geocryologic  structure  of  the  permafrost  base, 
on composition  and  properties  of  the  earth  materials for the 
dam,  and  to  improve  construction  methods  and  technology  for  the 
dam and  underground  structures.  During  the  preparation of the 
base and  construction of under-ground s t r u c t u r e s ,  large  sections 
o f  t h e  base an.1.- n-uarries a r e  0 p e n e d . u ~ .  This presents  an 
opportunity  to  refine  significantly  and  correct,  to  the  minutest de- 
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tail,  the  information  on  the geological and  cryogenic  structure of the 
grouna  and,  hence,  to  make  the  necessary  corresponding  refinements 
and  corrections  in  the  project  program  and  construction  technology. 
Unforeseen  circumstances  and  certain  peculiarities of the  perma- 
frost,  which  were  not  discovered  during  the  investigations,  may' 
be  exposed. F o r  this  reason it is  necessary  that  geocryologists 
and  research workers participate,  together  Gfth  design and 
construction  engineers,  in  the  operational  solution of problems 
as  they  arise  during  the  construction. 

It  is also important  that  the  following  questions be studied 
o r  developed  in  experimental  construction  work  prior  to  the 
erection of the  dam:  development of quarries  and  foundations; 
thawing of permafrost  and  its  improvement  by  technological  means 
to obtain  optimum  ground  conditions;  preparation  and  storage 
of unfrozen  earth  materials  required for winter w o r k ;  experimental 
laying of impermeable  structural  elements of cohesive  earth 
materials  (in  summer  and  winter),  making use of the  best  earth 
materials,  technology,  and  compacting  mechanisms;  and  the 
development  and  application of careful  geotechnical  quality 
control of the  work  carried  out in the  ground and rocks and of 
the  construction  of  the  earth dam. 

Due  to  such  complex  and  careful  studies and geocryologic 
research,  combined  with  subsequent  experimental  construction 
and  scientific  research work prior  to  and  during  the  construction 
of earth dams, it is possible  to  work  out  extremely  effective 
designs and rational  technological  schemes,  which  ensure  high 
construction  quality  and  reliable  operation  of  earth  dams  under 
the  severe  climatic  conditions of the a r c t i c  regions ana on 
permafrost  bases. 

3. Principles of the design  and  construction of earth 
dams for operation  under  the  permafrost  conditions of 
arctic r e g i o n s .  

The  design  and  construction  of  earth  dams,  for  permafrost 
and arctic  regions,  must  be  based  on  data  obtained  in  engineering 
geological  studies  of  the  construction  site  and  on  results of 
special  geocryologic  research.  The  latter  consists  primarily of 
the  following:  permafrost  thickness,  its  temperature at a depth 
of 10 m,  and  the  cryogenic  structure  and  volumetric ice content 
of the  ground.  First of all geological  prospecting  must 
establish  the  conditions of occurrence  of  the  original  massive 
crystalline r o c k  and its construction  engineering  properties; 
whether it occurs  as  a  solid  stratum  with  little  fissuring o r  
is it  a  typical  rocky  material,  ie  does  it  consist of rocks  with 
fissure and block  structure or of semi-rock  material  which 
is schisty  and  showing  multiple  manifestations  of  cryogenic 
processes?  The  latter  type  of  rock  material  (schisty  semi-rock) 
a r e  encountered v e r y  often  in  permafrost  regions.  When  used 
as  foundations,  they  represent  the  greatest  dangers lis0 hydro- 
electric  structures,  because  in  the  frozen  state  they  appear as 
extremely  strong  monolithic  rocks,  but o n  thawing  they  often 
change  into  highly  compressible rocks, which  causes  their  own 
settling  and  subsidence. 
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T h e   d e s i g n   a n d   c o n s t r u c t i o n   p r i n c i p l e s   w h i c h   d e t e r m i n e   w h e t h e r  
t h e   f r o z e n  or u n f r o z e n   e a r t h   m a t e r i a l  dam w i l l  b e   s e l e c t e d ,  
d e p e n d   o n   w h e t h e r  a s t r o n g   m a s s i v e   c r y s t a l l i n e   r o c k ,  o r  a weak 
( o n   t h a w i n g )   e a r t h   m a t e r i a l   d e p o s i t  i s  p r e s e n t ,   a n d  also on t h e  
d e g r e e  o f  s t a b i l i t y  o f  t h e   p e r m a f r o s t   t e m p e r a t u r e   r e g i m e  a t  t h e  
c o n s t r u c t i o n   s i t e .  T h e   u n f r o z e n   e a r t h  dam is u s e d  o n l y  i n  the 
p r e s e n c e  o f  m a s s i v e   c r y s t a l l i n e   ( u n f r a g m e n t e d )   o r i g i n a l   r o c k  o r  
u n f r o z e n   a n d   t h a w i n g   r o c k  ma te r i a l  o f  l o w   c o m p r e s s i b i l i t y .  
U n f r o z e n   e a r t h   d a m s  may b e   b u i l t   p r a c t i c a l l y   o n   a n y   t y p e  o f  
p e r m a f r o s t   p r o v i d e d  t h a t  t h e   f r o z e n   s t a t e   o f   t h e   f o u n d a t i o n   a n d  
of  t h e   m a j o r   p a r t   o f   t h e  dam p e r m a f r o s t  i s  m a i n t a i n e d .  I t  i s  t h e  
l a t t e r  t h a t  e n s u r e s   t h e   i m p e r m e a b i l i t y   o f  t h e  dam. 

T h e   u n f r o z e n   e a r t h  dam i s  d e s i g n e d   o n   t h e   a s s u m p t i o n  t h a t  
t h e   b a s e  will t h a w   c o m p l e t e l y .   T h e   i m p e r m e a b i l i t y  of t h e  dam 
body i n  l o n g - t e r m   o p e r a t i o n  is e n s u r e d  by means   o f   an   impermeab le  
s h i e l d   ( u s u a l l y  made o f  d e n s i f i e d   a r g i l l a c e o u s   s o i l ) ,  as i n  t h e  
c a s e  of  t h e  7 5  m h i g h   f l u v i a l   V i l y u y s k  dam ( F i g ,  4 ,  a [ 3 ] ) ,  o r  by 
b u i l d i n g   t h e   c o r e  of  t h e  dam o f  w a t e r   i m p e r m e a b l e  m a t e r i a l ,  as i n  
t h e  c a s e  of t h e  6 5  m h i g h   f l u v i a l  dam o f  t h e  Khantaysk p r o j e c t  
( F i g ,  4, b 131) .  

F o r  t h e   f r o z e n   e a r t h  dam d e s i g n   t h e   f o l l o w i n g   s o i u t i o n s  
may b e   u s e d :  f i r s t  - t h e  u s e  o f  a s t r a t i f i e d   p r o f i l e  ( w i t h  
s l o p e s  l o w e r   t h a n  l:s)y w h e r e  t h e  i s o t h e r m   o f   t h e  earth m a t e r i a l  
o f  t h e  dam b o d y   u n d e r  t h e  c r e s t  s l o p e  does  n o t   r e a c h  t h e  a v e r a g e  
profile o f  t h e   e a r t h  dam a t  a n y   t i m e   ( e v e n  when t h e   t e m p e r a t u r e  
r e g i m e   h a s   s t a b i l i z e d ) ,   a n d   t h e   b a s e   s l o p e   r e m a i n s   i n   t h e  
f r o z e n  s t a t e ;  s e c o n d  - i n   c o n j u n c t i o n   w i t h  a less s t r a t i f i e d  
p r o f i l e   ( w i t h  slopes o f  1:3, 1 : h )  a c o o l i n g   s y s t e m  i s  u s e d  (as 
i n  t h e   c a s e  o f  t h e   I e r e l y a k h  dam, f o r  i n s t a n c e ,   F i g .  b,c 131) 
c o n s i s t i n g   o f  a p i p e   s t r u c t u r e   l o c a t e d   i n   t h e   c e n t r e   o f   t h e  
p r o f i l e .  C o l d  a i r  c i r c u l a t e s   t h r o u g h  i t  i n   w i n t e r ,  or a 
r e f r i g e r a n t  i s  d r i v e n   m e c h a n i c a l l y   ( u s u a l l y  CaClz), t o   m a i n t a i n  
t h e   c o n s t a n t l y   r e q u i r e d   n e g a t i v e   t e m p e r a t u r e .   A n o t h e r   t y p e  
o f  c o o l i n g   s y s t e m  i s  u s e d  a t  t h e  dam o f  Lake Dolgoe, where  self- 
c i r c u l a t i n g  a i r  c o o l s   t h e   b a s e   s l o p e   i n   w i n t e r .  The n a t u r a l   c o l d  
a i r  c i r c u l a t i o n  i s  a s s i s t e d  by a s p e c i a l l y   c o n s t r u c t e d   c o v e r e d  
g a l l e r y .  T h e   f r o z e n   s t a t e  o f  t h e  base s l o p e  h a s   b e e n   m a i n t i i n e d  
i n   t h i s   f a s h i o n  f o r  t h e  l a s t  t w e n t y   y e a r s .  

I t  s h o u l d   b e   n o t e d   t h a t  for t h e   d e s i g n   a n d   c o n s t r u c t i o n  
o f  e a r k h  dams u n d e r   t h e   p e r m a f r o s t   c o n d i t i o n s  o f  a r c t i c   r e g i o n s ,  
it i s  a b s o l u t e l y   n e c e s s a r y  t o  f o r e c a s t ,   u s i n g   h e a t   e n g i n e e r i n g  
m e a n s ,   t h e   t e m p e r a t u r e   r e g i m e s  o f  t h a w   z o n e  o f  t h e   p e r m a f r o s t  
a n d   o f   l o w e r   l a y e r s ,   a n d   t o   c o n s t r u c t   i s o t h e r m s  f o r  t h e   b o d i e s  
o f  e a r t h  dams a n d   t h e i r   f o u n d a t i o n s .  T h e   i s o t h e r m s  must b e  
p r e p a r e d  f o r  t h e   t i m e   p e r i o d   b e t w e e n  t h e  b e g i n n i n g   o f   f i l l i n g  
o f  t h e   r e s e r v o i r s  a n d  t h e   o p e r a t i o n   d f   t h e  dam, as well a s  f o r  
t h e   l i m i t i n g   s t e a d y  s t a t e  o f   t h e   t e m p e r a t u r e   f i e l d  o f  t h e   e a r t h  
dam and i t s  f o u n d a t i o n .   M o r e o v e r ,   t h e   e a r t h  dam m u s t   h a v e   t h e  
p r o f i l e   a n d   a u x i l i a r y   i n s t a l l a t i o n s   w h i c h  w i l l  e n s u r e  i t s  
s t a b i l i t y   a n d   i m p e r m e a b i l i t y   t h r o u g h o u t  i t s  o p e r a t i o n a l  l i f e .  
P a r t i c u l a r   a t t e n t i o n   w o u l d   a l s o   b e  drawn t o   t h e   n e c e s s i t y   o f  
p r o v i d i n g  h i g h  q u a l i t y   w o r k m a n s h i p   i n   c o n s t r u c t i n g   t h e   s t r u c t u r e s  
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joining  the  earth dam to  the  reservoir  banks  and  particularly 
in  constructing  flood-water  discharges.  The  frozen  state of 
the  foundations of the  latter  may b e  maintained by periodic 
application of artificial  refrigeration. 

Earth dams built on permafrost  must  absolutely  be  provided 
with  measuring  and  regulating  devices ( K I A )  for  periodic 
mensuration  and  regulation  of  the dam's state  during  its 
operation. 

4.  Principles of the  analysis of earth  dams  and-their 
foundations for. a r c t i c  Tonditions 

The  distinguishing  feature of earth  dam  design  for  arctic 
regions  and  permafrost  foundations  is  the  necessity of carrying 
out,  first  and  foremost, a series  of  heat  engineering  analyses 
on the basis of the forecast s t e a d y  state  and  non-steady  state 
temperature  conditions o f  dams  and  their  foundations,  of  thawing 
of banks  and  bottom of the  reservoir,  and  artificial  freezing 
of e a r t h  materials  to  create  a  permafrost  barrier  in  the  frozen 
dam  ana  foundation [14 - 171. Due to  the  achievements  of  Soviet 
scientists,  primarily of t h e  scholars working under  Prof. P.A.  
Bogoslovskiy [14, 151, the  Corresponding  Member  of  the  Academy 
of Sciences of the USSR, P r o f .  N . A .  Tsytovich, [2, 201 and  at 
the B.E. Vedeneev All Union  Institute  of  Scientific  Research  in 
Geology (VNLIG) C16, 17, 181,  methods  were  developed f o r  the 
temperature  analysis  of  earth  dams and reservoirs. Many one- 
and  twd-dimensional  problems,  primarily  the  simplest,  were 
solved for homogeneous,  earth  and  rock-fill,  permeable  and 
impermeable  dams  using  analytical  and  numerical  methods (MKR). 
Yet many  practical  problems  in  forecasting  temperature-humidity 
regimes  of  non-homogeneous,  multi-component,  rock-fill dams, 
and  problems in accounting  for  three-dimensional  heat  and  mass 
exchange  and  cryogenic  processes  in  the  dam and foundation, 
remain  unresolved  to  this day. T h u s ,  the  question of refining 
the old and new  methods of calculation of thermal  regimes of 
earth  dams,  particularly of high  dams,  continues  to b e  acute. 
In  this  respect the application  of  numerical  methods  including 
the method  of finite  elements,  which  is  used  extensively  abroad 
and  was  adapted t o  temperature  analyses of earth  dams  in  the 
USSR  in  recent  years, to the  solution of complex  three-dimen- 
stional  problems of forecasting  temperature  regimes  of  dams  and 
foundations  is  very  promising (21, 221 .  

For unfrozen earth dams the  results of temperature  analyses 
determine  the  type  of  construction  and  the  parameters for im- 
permeable  elements  (cores,  shields),  filters,  transition  zones, 
drainage  systems,  crest  and  slope b a l l a s t  loads. . For frozen 
dams  the  results  are  used to determine  where  to  locate  the  water 
pressure  supporting  frozen  zones, t o  refine  construction  details, 
and  to  establish  the  distribution  scheme of refrigerating  columns 
and  select  the  refrigerating  installations  required  for  main- 
taining  the  frozen  state of dams  and  foundations. 

The  permeability of the  impermeable  elements is calculated 
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concurrently  with  the  thermal  calculations.  Selection-of  reverse 
filters  is  made  in  relation  to  the a b s e n c e  of  suffosion in the 
earth  material  of  the core. It is important  to  note  that  the 
methodology d f  experimental  research  and  calculation of thermal 
and permeability  regimes  and  the  methodology  for  selecting 
suffosion  resistant  filters  were  developed  in  the USSR at  the B.E. 
Vedeneev  VNIIG for high  rock-fill  dams  constructed  with  partially 
frozen  core  zones. The partial  freezing  during  the  construction 
and  subsequent  thawing  during the operation  under  pressure [ 2 3 ]  
were  taken  into  consideration  in  the  development of the  metho- 
dologies.  The  problem of forecasting  three-dimensional  non- 
steady  state  temperature  regimes,of  stratified  frozen  cores 
(shields)  and  the  development  of  permeability  in'the  process 
of gradual  thawing  during  the  exploitation,  still  remains un- 
resolved. 

The  most  important s t a g e  in  designing  earth  dams  is  the 
calculation of the  stress-strain  relationship,  strength,  and 
stability  during  their  operation.  The  methods of such 
calculations  for  high  unfrozen  dams are similar  to  those  used 
for  unfrozen  dams  in  regions  of  moderate  climate.  The  designing 
of high  rock-fill  dams  (such  as  the  Kolyma  hydroelectric  station, 
for  instance)  is  accompanied  by  extensive  research  and  detailed 
calculations of the s l o p e  stability  of  dams  and  prediction of 
their  stress-strain  relationship  on  the  basis  of  the  latest 
achievements  in  soil  mechanics [20,  211 and  with  consideration 
being  given  to  the  mutual  influence  of  such  factors as the 
compzex  stress-strain  relationship (NDS), average  main  pressure, 
load  trajectory,  contraction,  dilatation,  and o f  other N D S  
parameters  and  properties.  These  parameters  require  individual 
and  special  consideration  in  the  case of high  dams  (above 80-100 
m)  and  particularly for extremely  high  earth  dams  (above 150-200 
m). It  should  be  noted  at  the  same  time  that  such  detailed 
complex  calculations  are  not  carried  out for permafrost dams ;  
the  main  calculations of slope  stability  are  made  using  the 
simplest  familiar  method  (of  the  type of cylindrical  slippage 
surfaces,  etc) of soil  mechanics, b u t ,  permafrost  properties 
(creep,  variability  of  strength  and  strain  characteristics, 
etc)  are not given  sufficient  consideration.  Furthermore,  the 
complex  non-steady  state  temperature  condition of earth  materials, 
which  essentially  predetermines  the  stress-strain  relationship 
and  the  reliability  of  the  entire  dam,  is  given  very  little 
consideration  in  the soil mechanics  calculations  for  earth  dams 
in  arctic  regions. 

In  this  respect  the  application  of  the  theory of thermal 
elasticity of thermal  rheology[ 211 to  dam  calculations,  and of 
the  theory  of  thermal  mechanics of the solid state and structural 
thermal  mechanics  to  complex  and  composite  mechanical  and 
thermodynamics  problems  involving  concurrent  influences  of 
mechanical,  thermal,  and  material  exchange  processes  (including 
cryogenic) ['lo] is  fully  justified  and  extremely  promising. 
Development of such  applications  to  northern  water  engineering 
and  engineering  geocryology  has  begun  in  the USSR during  the 
most  recent  years [ 21, 25 and  others]. 
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Another  important  achievement  of  Soviet  scientists  is  the 
establishment of the  basic  types o f  aeveloprnent of cryogenic 
processes  in  earth  dams a n d  foundations  and  of  the  principles 
governing such developments.  This  achievement  was  the  result 
of complex  analytical,  experimental  and,  above all, full-scale 
investigations  carried  out  over  many  years  for  the  first  high 
rock-fill  dams b u i l t  in  the  North at the  Vilyuysk a n d  Ust'-Khan- 
taysk  hydroelectric  stations'.[3, 10, 20, 23, 26, 27, 2-81, where 
forecasting  and  control  methods  were  developed to increase  the 
operational  life of dams  under  the  severe  climatic  and  complex 
engineering-geocryologic conditions of arctic  regions.  It  should 
be  mentioned  that  until  about  ten years a g o  cryogenic  processes 
in  earth  dams  were not considered  nor  researched  sufficiently. 
This  accounts  for  the  short  life of many  small  low  pressure- 
head  dams 1261. Crest  structures  and  improvement  measures, to 
prevent  dangers  from  Cryogenic processes and  occurrence of strain- 
ing,  were  developed  during  the  design  and  construction of the 
first  high  dams of the  Vilyuysk  and  Ust'Khantaysk  hydroelectric 
stations  on  the basis of special  research  carried  out  at MISI 
under  the  general  leadership of N . A .  Tsytovich,  Corresponding 
Member of  the  Academy of Sciences of the USSR [3, 28,  301. 
Experience  gained  during  the  eight  to  ten  years of operation of 
these dams proved  the  effectiveness of the  anti-cryogenic measures 
recommended  by MISI (including  anti-heaving  salting of soils  in 
potential  freezing  zones,  heating  and  ballast  loading of the 
crest,  use of soil mixtures  with  low  heaving  characteristics, 
etc.) [ 3 ,  25 ,  271. This allows us to  recommend  their  wider 
application  to  arctic  earth dam  construction  here  and  abroad. 

One  of  the  most  important  questions,  ie  the  development of 
long-term  forecasting of the  behaviour  of  dams,  which  takes  into 
consideration  cryogenic  processes, and estimation  of  the  in- 
fluence of cryogenic  processes on the  physico-mechanical 
properties of soil materials of dams,  stability of slopes,  and 
Longevity of dams,  continues to b e  a neglected  problem  which 
needs  further  studying  and  resolving.  It  is  particularly  im- 
portant to point o u t  the  necessity  of  taking  into  consideration 
potential  ice  formation  in t h e  support  rock-fills of dams  during 
the  design  and  forecasting of their  behaviour  in  operation. 
Failing  this  the  stress-strain  and  stability  analysis  of  earthfill 
dams will not b e  sufficiently  accurate  or  reliable. 

The use  of MISI criteria,  which  have  been  tested  sufficiently 
in arctic  dam  construction of the pas t  ten  years [13], is recomm- 
ended  when  estimating  the  frost-susceptibility of earth  materials 
used  for  dams. 

To refine  the  analysis of earthfill  dams,  work  must  be 
carried  out  on  methods for rigorous  accounting of temperature- 
moisture  and  permeability  regimes  and of cryogenic  processes  in 
the dam on  the  basis of natural  observations  of  earth  dams in 
operation,  concurrently  with  a w i d e r  application of numerical 
methods  and  computers.  Practically  any  complex  theoretical or 
practical  problem  of  northern  water  engineering  and  engineering 
geocryology  may be resolved  using  numerical  methods  and  computers. 
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5 .  S p e c i a l   F e a t u r e s  o f  t h e  O r g a n i z a t i o n  o f  C o n s t r u c t i o n  
Work a n d   C o n s t r u c t i o n   T e c h n o l o g y   o f   E a r t h f i l l  Dams 

5 . 1 .  S p e c i a l   F e a t u r e s  o f  t h e  o r g a n i z a t i o n   o f   c o n s t r u c t i o n  
work 

T h e   r e g i o n s   u n d e r   c o n s i d e r a t i o n   f o r   c o n s t r u c t i o n  a r e  u s u a l l y  
c h a r a c t e r i z e d   b y  a s e v e r e   c l i m a t e ,   n e g a t i v e   a v e r a g e   y e a r l y  
t e m p e r a t u r e s ,  as l o w  as  - 1 2 O c ,   s e a s o n a l   t e m p e r a t u r e   v a r i a t i o n s  
as  h i g h  as  100°C, a n d  by t h e   p r e s e n c e  o f  p e r m a f r o s t   a l m o s t  
e v e r y w h e r e .  The h y d r o l o g i c a l   r e g i m e  i s  e x t r e m e l y   i r r e g u l a r .  
The  main  volume o f  d i s c h a r g e   t a k e s   p l a c e   d u r i n g   t h e   s p r i n g - s u m m e r  
p e r i o d ,  w h i l e  w i n t e r   d i s c h a r g e  i s  p r a c t i c a l l y   a b s e n t   i n  t h e  c a s e  
o f  mos t  small a n d   m e d i u m   s i z e   r i v e r s .   O f t e n ,  r i v e r s  f r e e z e  
t o  t h e  b o t t o m .  

Such f a c t o r s  as  e x t r e m e l y   c o m p l e x  n a t u r a l  c o n d i t i o n s ,   l o w  
s a l i n i t y ,  g r e a t  d i s t a n c e s  t o  p o p u l a t e d   a n d   i n d u s t r i a l i z e d   r e g i o n s  
o f  t h e   c o u n t r y ,   a n d   l o w   c o n c e n t r a t i o n  o f  roads a n d   r a i l w a y s  
c o m p l i c a t e  t h e  o r g a n i z a t i o n   o f   c o n s t r u c t i o n   i n   a r c t i c   r e g i o n s .  
Given  t h e  l o w   d e n s i t y  o f  roads a n d  r a i l w a y s ,   t r a n s p o r t a t i o n   m u s t  
u s e   n a t u r a l   n a v i g a t i o n a l   r o u t e s ,   w h i c h   h a v e   p r i m a r i l y   m e r i d i o n a l  
d i r e c t i o n s ,   a n d   w i n t e r   r o a d s .   T h e i r   e c o n o m i c   s i g n i f i c a n c e  i s ,  
h o w e v e r ,   d i m i n i s h e d   b y  t h e i r  s e a s o n a l   o p e r a t i o n ,   s i n c e   t h e   l a t t e r  
l e n g t h e n s  t h e  t i m e   s h i p m e n t s   s p e n t   i n   t r a n s p o r t .  T h i s  may b e  
i l l u s t r a t e d  by t h e  t r a n s p o r t a t i o n   r o u t e   u s e d   f o r   t h e   V i l y u y s k  
h y d r o e l e c t r i c   s t a t i o n  [l, 2 9 1 .  S h i p m e n t s   d e s t i n e d  f o r  t h i s  
c o n s t r u c t i o n  s i t e  w e r e   t r a n s p o r t e d   b y   r a i l w a y   t o   t h e   O s e t r o v o  
h a r b o u r ,   f r o m   h e r e  by L e n a   r i v e r   t o   L e n s k   c i t y  ( 9 9 0  km), by 
t r u c k  t o  M i r n i y   c i t y  ( 2 3 5  k m ) ,   a n d   b y   w i n t e r   r o a d  (110 km) t o   t h e  
c o n s t r u c t i o n   s i t e .  

Such  a c o m p l e x   L i n e   o f   t r a n s p o r t a t i o n ,   w h i c h ,   m o r e o v e r ,  i s  
seasonal, a n d   i r r e g u l a r i t y  o f  d e 1 i v e r . y  o f  m a t e r i a l s  make i t  
n e c e s s a r y  t o  h a v e   s t o r a g e   b u i l d i n g s  a t  l o a d   t r a n s f e r   p o i n t s  and 
t o  s t o r e   c o n s t r u c t i o n   s u p p l i e s  a t  t h e   c o n s t r u c t i o n   s i t e  f o r  almost 
a y e a r .   U n d e r   s u c h   c o n d i t i o n s   s i g n i f i c a n t  l o s s e s  o f  s u p p l i e s   i n  
t r a n s p o r t   a n d  a t  t h e  n u m e r o u s   t r a n s f e r   p o i n t s ,   a n d   d e t e r i o r a t i o n  
i n   q u a l i t y   d u r i n g   l o n g - t e r m   s t o r a g e ,  a r e  u n a v o i d a b l e .  All t h i s  
c o n t r i b u t e s   s i g n i f i c a n t l y   t o w a r d s  higher c o s t s   o f   c o n s t r u c t i o n .  

T h e   , f a c t o r s   d e s c r i b e d   a b o v e  make i t  n e c e s s a r y   t o  maximize 
t h e  u t i l i z a t i o n  o f  l o c a l  e a r t h  c o n s t r u c t i o n  m a t e r i a l s  a n d  t o  
m i n i m i z e   u t i l i z a t i o n  o f  m a t e r i a l s   b r o u g h t   f r o m   d i s t a n t   l o c a t i o n s .  

.5.2. S p e c i a l  f e a t u r e s  o f  t h e  c o n s t r u c t i o n   t e c h n o l o g y   o f  
e a r t h f i l l  dams 

The s p e c i f i c   n a t u r a l   a n d   c l i m a t i c   c o n d i t i o n s   o f   a r c t i c  
r e g i o n s   c o m p l i c a t e   s i g n i f i c a n t l y   t h e   c a r r y i n g   o u t  o f  c o n s t r u c t i o n  
w o r k .   I n   o r d e r   t o   r e d u c e   t o t a l   c o n s t r u c t i o n   t i m e  i t  i s  n e c e s s a r y  
t o   l e n g t h e n  t h e  c o n s t r u c t i o n   s e a s o n  by w o r k i n g   i n   w i n t e r  a t  low 
o u t d o o r   t e m p e r a t u r e s .  Problems o f   w i n t e r   c o n s t r u c t i o n   h a v e  
b a s i c a l l y   b e e n   r e s o l v e d   i n   t h e  USSR, a n d   p r a c t i c a l l y  all con-  
s t r u c t i o n  work i s  carried o u t   a r o u n d   t h e   y e a r .  Water e n g i n e e r i n g  
c o n s t r u c t i o n   i n v o l v e s   o p e r a t i o n s  w i t h  h u g e   v o l u m e s  o f  s o i l  a n d  
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r o c k .   C a r r y i n g   o u t   s u c h   o p e r a t i o n s   i n   w i n t e r  i s  a s s o c i a t e d  
w i t h  c e r t a i n   d i f f i c u l t i e s .  Grea te s t  d i f f i c u l t i e s  are e n c o u n t e r e d  
i n  t h e  e r e c t i o n  o f  e m b a n k m e n t s   o f   g o o d   q u a l i t y   m a d e  o f  c o h e s i v e  
s o i l   a n d  a l s o  i n   c a r r y i n g   o u t   p r e p a r a t o r y   w o r k  for f o u n d a t i o n s  
o f  dams. 

5 . 2 . 1 .  C e r t a i n   s p e c i a l   f e a t u r e s  o f  t h e   t e c h n o l o g y  o f  
e r e c t i n g   f r o z e n  e a r t h f i l l  dams 

C o n s t r u c t i o n  o f  f r o z e n  e a r t h f i l l  dams c o n s i s t s   o f   t h e  
f o l l o w i n g   t y p e s   o f   a c t i v i t y ,   w h i c h  follow i n  a c e r t a i n   s e q u e n c e :  
p r e p a r a t i o n  o f  t h e   f o u n d a t i o n ;   c u t t i n g   o f  t h e  t r e n c h   a n d   f i l l i n g  
o f  c u t - o f f  wal ls  w i t h  l o a m ;   c o n s t r u c t i o n  o f  t h e   s e c t i o n s  ad-  
j a c e n t   t o  b a n k s ,  w h i l e   k e e p i n g   o p e n   t h e  gap i n   t h e   f l u v i a l  
s e c t i o n  for h i g h w a t e r  f l o w ;  assembly o f  t h e   r e f r i g e r a t i n g   s y s t e m  
a n d   c r e a t i o n  o f  t h e  f r o z e n   p a r t i a l   c u t - o f f   i n  t h e  b a n k   s e c t i o n s  
o f  t h e  dam p r i o r   t o   p l u g g i n g   t h e   f l u v i a l  gap; p l u g g i n g  t h e  g a p  
a n d   b u i l d i n g  up o f   t h e  dam i n   t h e   f l u v i a l   s e c t i o n   a n d   t h e  
s u b s e q u e n t   f r e e z i n g  of  t h e   s u b f l u v i a l   t a l i k   a n d   t h e   l o a m   c o r e  
o f  t h i s   m o s t   i m p o r t a n t   p a r t   o f  t h e  dam. 

E x p e r i e n c e   s h o w s  t h a t  i t  is q u i t e   e x p e d i e n t   t o   c a r r y   o u t  
t h e  b u i l d  up o f   s u p p o r t i n g  f i l l s  i n   w i n t e r .  I n  t h i s  way it i s  
p o s s i b l e   t o   b e g i n  w i t h  l o w e r   t e m p e r a t u r e   l e v e l s   i n  t h e  body o f  
t h e  dam. 

T h e   t e c h n o l o g y   a n d   m e t h o d s  o f  c o n s t r u c t i o n  o f  f r o z e n  dams 
a r e  i m p r o v i n g   c o n s t a n t l y .  The dam on t h e   S y t y k a n   r i v e r ,  for 
i n s t a n c e ,  w a s  b u i l t   i n   t w o  s t a g e s ,  t h e  f i r s t  o f  w h i c h  was 
e s s e n t i a l l y  as  d e s c r i b e d   a b o v e .  I t  i s  o f  i n t e r e s t  t h a t  a d a r i n g  
d e c i s i o n  was t a k e n  d u r i n g   t h e   p l a n n i n g   o f  t h i s  p r o j e c t ,  i e  t o  
l e t  t h e  s p r i n g   h i g h - w a t e r  r u n  o v e r   t h e   c r e s t   o f   t h e   u n f i n i s h e d  
darn d u r i n g  t h e  s e c o n d   s t a g e .  I f  f a c t   t w o   h i g h - w a t e r   f l o w s  were 
a l l o w e d   t o   r u n   o v e r   t h e  crest o f   t h e  dam. One o f  t h e m   c a r r i e d  
t w i c e  t h e  c a l c u l a t e d   v o l u m e  o f  w a t e r .  

The r e f r i g e r a t i n g  c o l u m n s   w e r e   i n s t a l l e d   i n   t h e   c o r e   o f  t h e  
dam on  c o m p l e t i o n  o f  t h e  first s t a g e ;   t h e y   w e r e   e x t e n d e d  as  t h e  
dam was g r a d u a l l y   b u i l t  up t o   t h e   d e s i g n   h e i g h t .   E x p e r i e n c e  h a s  
shown t h a t  i t  i s  m o r e   e x p e d i e n t ,   i n   t h e   t e c h n i c a l   a n d   e c o n o m i c a l  
sense, t o  mount t h 8  r e f r i g G r a t i n g   s y s t e m   i n   a d v a n c e .   S u c h  a 
m e t h o d   e n s u r e s  EL h i g h  r e l i a b i l i t y  o f  t h e   f r o z e n   p a r t i a l   c u t - o f f ,  
w h i c h  i s  f r o z e n  a s  t h e  dam grows i n   h e i g h t ,  a n d  a l l o w s  c h a n g e s  
t o  be made i n  t h e   s t r u c t u r e  o f  t h e  dam. 

It  i s  n o   l o n g e r   n e c e s s a r y ,   f o r   i n s t a n c e ,   t o   c o n s t r u c t   t h e  
c u t - o f f  w a l l ,  s i n c e   p e r m e a t i o n   t h r o u g h  t h e  f o u n d a t i o n  o f  t h e  dam 
i s  now e l i m i n a t e d .  Any t y p e   o f   e a r t h   m a t e r i a l   c a n  now b e  u s e d  
i n c l u d i n g   l u m p y   f r o z e n   s o i l   p r o v i d i n g   t h e   p o r e s  a r e  f i l l e d  w i t h  
w a t e r  ox  s o i l   g r o u t s .  

T h e   t e c h n o l o g i c a l   p e c u l i a r i t i e s  o f  t h e   c o n s t r u c t i o n  o f  
u n f r o z e n  dams are r e l a t e d   m a i n l y   t o   f o u n d a t i o n   p r e p a r a t i o n   a n d  
l a y i n g   o f   c o h e s i v e  s o i l s  i n   t e m p e r a t u r e s   b e l o w  t h e  f r e e z i n g  
p o i n t .  The t e c h n o l o g y  f o r  l a y i n g   c o h e s i v e   s o i l s  i n  w i n t e r  i s  
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now  developed in the  Soviet  Union [ 291 .  

5.2.2. The  technologx o f  winter  laying o f  cohesive s o i l s  

Much  time has  been  devoted in the  practice of water 
engineering  construction  to  research  on  methods o f  winter  con- 
struction of high  quality  embankments of earth  materials under 
conditions of low air Bemperatures.  The problem becomes 
particularly  difficult  if  the  construction is carried out under 
the severe  climatic  condition of arctic regions,  The entire 
sequence of technological  processes  becomes  complicated, ie the 
following  processes:  organization-!of  operations in quarries 
where  permafrost i s  present  and  layers of quarry  materials are 
thin,  delivery of materials  taking  care  to  minimize  its 
temperature  drop,  ensuring  that  workmanship  in  laying  material 
is good,  compacting t h e  material to establish  the  necessary 
contact befween the  various layers in order  to  produce  homo- 
geneous  embankments  despite  the fast freezing of the soil. 

Soviet  scientists and engineers  have  developed  methods  for 
lowering  the  freezing point of soils  by  means  of  adding  salt, 
and have  introduced  these  methods  into  practice [20 ,  28, 301. 
At air  temperatures  of -3OOC t o  - 4 O O C  salt  treatment of the  soil 
alone  is  not  sufficient. It is  necessary to employ  other 
methods  concurrently  intended  to  minimize heat losses  throughout 
the  sequence of technological  operations, to maintain  the 
positive  temperature o f  the s o i l  until  the  completion of its 
compacting.  Moreover,  it  is  difficult to prevent  freezing  of 
the laid s t r a t u m  of soil before it i s  covered  by  the  subsequent 
layer,  if  the  work is  carried out in the  open  (without  the  use 
of winter  shelters), regardless of the  kind of additional  methods 
employed. Thus, the  subsequent  layer is laid  on  a  frozen layer. 

The  chemical anti-freezing of soil  must,  therefore, b e  
accompanied by other  measures  taken to maintain  the unfrozen 
state of the  soil and high  positive  temperatures  while  preparing 
the  site,  processing  the  soil,  delivering it to the site  and 
compacting it to  provide g o o d  contact  between  the  various  layers. 

In  recent  years a complex  technological  method for laying 
cohesive  soils  under  extremely  low  negative  temperatures 1291 
has been  developed  in o u r  country  and  introduced  successfully 
into  practice. This  method  consists  of  the  following operations 
which  take  place  starting at the quarry and  ending  at  the 
structure: 

- organization O f  quarry  operations  and  stock-piling of 
earth  materials; 

- winter  storing of soils in piles; 
- anti-freezing of the soil stored in piles by means of 

salting; 

- electric  heating of  piles f o r  winter  storing of soil; 
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- constructing  the soil piles  for  winter  storage; 
- transportation of the  soil to the  construction  site; 
- preparation of the  site prior to  the  laying Of soil; 
- heating and salting  of  the  preceding  layer; 
- soil  delivery to the  site  and  covering'it to prevent 

premature  cooling; 

- levelling of the soil; 
- s a l t i n g  of the layer's  surface by means of a salt 

solution; 

- compacting  the soil. 
If a11 t h e  elements of this  technological  chain of processes 

is carried o u t ' a s  prescribed,  the  unfrozen  state of the  soil will 
be maintained  to  the  completion of the compacting,  the  contact 
between  the  various  layers of the  embankment w i l l  be tight, 
and  the  quality o f  the  structure  will be good. 

5.2.3. Certain  peculiarities of stock-piling of earth 
materials in quarries 

Such factors as the  occurrence of permafrost  in  quarries 
and  frequently  encountered  thin  layers of useful  earth  material, 
which i s  characteristic  of  eluvial-deluvial  deposits, a grain 
size  composition and moisture  content  which vary  widely  with 
the  depth of occurrence, shortness o f  the  summer  season,  and 
operations  involving  movement of large volumes of  earth  determine 
the  peculiarities of q u a r r y  operations  and  associated  technology. 
An economical  large  scale  extraction  and  stockpiling  of  cohesive 
earth  materials is practical only in summer, as the  thawing 
progresses. 

The  work of  opening up a quarry  begins  with t h e  clearing 
of snow  and  felling of trees. This work is usually  done  by  bull- 
dozers at the  beginning of spring, This is the  time  when  frozen 
trees a re  easily  undercut  beneath the r o o t s  and  cleared  away 
with  the  brush and snow.  The  surface of the  quarry,  freed of 
snaw  and  vegetation,  begins to warm up well  before t h e  complete 
disappearance of the  snow  cover.  The sun's total  radiation  in 
spring  (April-May)  is  extremely  high in permafrost  regions. 
Timely  removal of the  snow  cover  allows  full  utilization o f  t h e  
radiation energy for warming up the top soil instead  of  wasting 
it on melting  the  snow and evaporating  the  snow  water. 

C u t t i n g  o f  the  top  soil can begin  when t h e  thawing has 
reached a depth  not  exceeding 10-15 cm.  Further  development of 
the  quarry  and  stockpiling  of  the  loam is carried out using 
bulldozers, a3 the  thawing progresses. The thawing  rate usually 
reaches  values of 10-15 cm/day. The collected Boil is  kept in 
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heaps for 2-3 weeks.  During this  time  its  temperature  increases 
significantly,  while  the  moisture  content  decreases.  The soil 
is then  transported to locations  where it can be  piled for 
winter  storage, or to  the  construction  site in case  the embank- 
ment is to be built during  the  summer [l, 291. 

The  usual  means  of  soil  protection  against  winter  freezing 
in  quarries  using  natural  and  artificial  heat  insulition  covers 
are  ineffective  under  severe  climatic  conditions, if the perma- 
f r o s t  layer is thick  and  the laam stratum is thin. 

Research  carried  out  during  the  construction of the  Vilyuysk 
hydroelectric  station  shows  that  in  winter  the  temperature of 
soil materials  decreases by 6 to 10°C during  their  treatment, 
transportation, l a y i n g  and  compacting,  depending on a number of 
factors. Therefore, in order to ensure  that the soil has 
a minimum  temperature of' 2 to 3 O C  when  it  is  layed at the 
construction  site, its  temperature  in  the  storage  pile  may  not 
be under 10 to 13OC. This  temperature can b e  maintained in 
large volumes of soil. Piles  accommodating 250,000 m3  of loam 
w'th heights  of 16-18 m and  specific surfaces of 0.12 to 0.13 
m /m3 have  been made. 3 

Cohesive  soils,  however,  freeze even  in winter  storage  piles. 
To prevent this,  additional  passive,  active  and  chemical 
measures  must b e  taken to reduce the depth  of  freezing.  The 
most rational way of protecting  the  soil f rom freezing i s  by 
combining  passive,  active  and  chemical  methods.  SGch  measures 
are: 

- salting  the soil at the,peripheral zones of the  piles; 
- electric  heating of the  peripheral  zones  of  the  piles, 

and 

- heat  insulation  of  piles  by  covering  their  surfaces 
with i c e  foam. 

At the  peripheral  zones  of piles a s o i l .  layer of 2-2.5 m 
is poured  with  an  admixture of salt on the basis of 20-30 km/m2. 

One of the passive  methods of protecting  soil  from  freezing 
is the method  of  covering  the  slopes  of piles  with ice foam. 
The  effectiveness  of  the  ice  foam  method  depends  on  the  proper 
selection of the starting time of the  operation  and  preliminary 
heating of the  air fed i n t o  the  fixer, This improves the  foam 
formation a n d  increases  the  stability  and  expansion  ratio  of  the 
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5 .3 .  C o n s t r u c t i o n   p e c u l i a r i t i e s  o f  d i s c h a r g e  
a r r a n g e m e n t s  

A n a l y s i s  o f  t h e  a c c u m u l a t e d   c o n s t r u c t i o n   e x p e r i e n c e   i n d i c a t e s  
t h a t  t h e   e r e c t i o n  of  t h e   t w o   m a i n   s t r u c t u r e s  o f  a h y d r o e l e c t r i c  
s t a t i o n ,   i e  t h e  dam a n d  t h e  d i s c h a r g e   a r r a n g e m e n t s ,   a r e   o f t e n  
b a s e d  on  d i f f e r e n t   t e m p e r a t u r e   p r i n c i p l e s   w i t h o u t   p r o p e r   j u s t -  
i f i c a t i o n .   I n d i v i d u a l   s p e c i a l i a t s   e x p r e s s   t h e   o p i n i o n  t h a t  i t  
i s  n o t   n e c e s s a r y  t o  e r e c t  a11 t h e   s t r u c t u r e s  o f  a h y d r o e l e c t r i c  
s t a t i o n   o n   t h e  b a s i s  o f  t h e  same t e m p e r a t u r e   p r i n c i p l e .   I n   o u r  
o p i n i o n  t h i s  i s  n o t  s o .  

D i s c h a r g e   a r r a n g e m e n t s   a r e   u s u a l l y   l o c a t e d  a t  o n e  o f  t h e  
bank  s l o p e s  a n d  a d j o i n  t h e  dam. U n d e r   s u c h   c o n d i t i o n s  a m u t u a l  
i n f l u e n c e  o f  t h e  t e m p e r a t u r e  f i e l d s  a n d   t h e   b e g i n n i n g  o f  a h e a t  
e x c h a n g e   p r o c e s s  i s  i n e v i t a b l e .   M o r e o v e r ,   t h e   h e a t   a n d  mass 
e x c h a n g e   i n   t h e   b o d y   a n d   f o u n d a t i o n  o f  d i s c h a r g e   a r r a n g e m e n t s  
may b e  much  more i n t e n s i v e   t h a n   i n   t h e  dam i t s e l f .  F o r  t h i s  
r e a s o n   i n   c o n s t r u c t i o n  on p e r m a f r o s t   p a r t i c u l a r   a t t e n t i o n   m u s t  
be  d e v o t e d  t o  t h e  t e m p e r a t u r e   r e g i m e   o f   d i s c h a r g e   a r r a n g e m e n t s  
a n d   t o  t h e  f o r e c a s t i n g  o f  i t s  d y n a m i c s .  A s  a r u l e ,  a11 t h e  
s t r u c t u r e s   o f  a h y d r o e l e c t r i c   s t a t i o n   s h o u l d  be based  on  t h e  
same t e m p e r a t u r e   p r i n c i p l e .  

5 . 4 .  D i s c h a r g e  r a t e s  d u r i n g   c o n s t r u c t i o n  

The scheme f o r  d i s c h a r g e   r a t e s   d u r i n g   c o n s t r u c t i o n   d e p e n d s  
on t h e  h y d r o l o g i c a l   r e g i m e  o f  t h e  r i v e r ,   g e o l o g i c a l  a n d  t o p o -  
g r a p h i c   c o n d i t i o n s  of  t h e  c o n s t r u c t i o n   s i t e ,   a n d   o n   t h e   g e n e r a l  
s c h e m e   o f   e r e c t i o n  o f  s t r u c t u r e s   a n d   d u r a t i o n  o f  t h e  c o n s t r u c t i o n  
p r o j e c t .   C o n c u r r e n t l y ,   o r g a n i z a t i o n  o f  t h e   c o n s t r u c t i o n  work a n d  
t h e  a s s o c i a t e d   t e c h n o l o g y   a r e   d e t e r m i n e d  b y  t h e  h y d r o l o g i c a l  
regime o f  t h e  r i v e r  a n d  t h e  a c c e p t e d   s c h e m e   f o r   d i s c h a r g e  r a t e s  
d u r i n g   c o n s t r u c t i o n .  I t  i s  m o s t   e x p e d i e n t  t o  d i s c h a r g e   h i g h  
w a t e r   a l o n g   t h e   m a i n   r i v e r  bed  o r  t h r o u g h   t h e   g a p  i n  t h e  dam 
( p o s s i b l y  w i t h  a c o n c u r r e n t   f l o w   o v e r  t h e  c r e s t  o f  u n c o m p l e t e d  
dams). On t h e   o t h e r   h a n d  summer low w a t e r   a n d   w i n t e r   d i s c h a r g e s  
a r e   p a s s e d   t h r o u g h  d i s c h a r g e  a r r a n g e m e n t s   ( t u n n e l s ,   c h a n n e l s ,  
c h u t e s ,   p i p e s ) .   M o r e o v e r ,   t h e   d i s c h a r g e d   p r a c t i c e  may c h a n g e  
d e p e n d i n g   o n   t h e   e r e c t i o n  s t a g e  o f  t h e   s t r u c t u r e .  F a r  i n s t a n c e ,  
d u r i n g  t h e  f i r s t  s t a g e   t h e   d i s c h a r g e  may b e  t h r o u g h  t h e  f l u v i a l  
g a p ,  w h i l e  i n   t h e   s e c o n d   s t a g e  i t  may be t h r o u g h   t h e   c h a n n e l ,  
p i p e s ,   e t c .  

It was already m e n t i o n e d  t h a t  t h e   h y d r o l o g i c a l   r e g i m e s  of  
r i v e r s   i n   p e r m a f r o s t  regions a x e  p e c u l i a r .  Up t o  85-90X o f  t h e  
t o t a l   y e a r l y   d i s c h a r g e   f l o w s   d u r i n g  t h e  s p r i n g   h i g h   w a t e r ;   t h e  
summer-autumn  per iod  i s  c h a r a c t e r i z e d  by l o w  d i s c h a r g e  rates 
a n d   f l u v i a l   h i g h   w a t e r ,  w h i l e  i n   w i n t e r   d i s c h a r g e   r a t e s  a r e  
l o w e s t .  I n  p e r i o d s   o f   l o w   r i v e r  flow r a t e s  dams may be  r a i s e d  
t o  a p o i n t   w h e r e  water a c c u m u l a t e s   t o  a l e v e l  above t h e  c o f f e r -  
dams o f  c o n s t r u c t i o n   p i t s .   A n o t h e r   f a v o u r a b l e   f a c t o r  may b e  
t h e   t o p o g r a p h y  o f  t h e  f u t u r e  water  r e s e r v o i r   w h i c h  may take 
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in the r i v e r  discharge  allowing  construction of the  fluvial 
part of the dam at low  levels, o r  delaying  the  rise of the  water 
level to permit  other  smaller  construction  operations to be 
carried  out  within a short  period of time.  Diverting  the  river 
along bypass  channels o r  through  tunnels is the most convenient 
method f o r  construction  work.  In  this  manner  construction  may 
be carried out concurrently at a l l  sites,  which  simplifies 
significantly  the  structure  erecting  technology.  Although,  on 
non-rocky  permafrost  this  method is not  always  applicable 
(particularly  in  construction o f  frozen dams) where  thawing of 
foundation  ground is required. 

When  calculating  summer  discharge  rates, it is necessary 
to take  into  consideration  the  possibility of fluvial  high  water 
peaks  coinciding  with  the  so-called  "black  water"  which is the 
result of intensive  thawing of permafrost. 

In conclusion it should b e  noted  that  to d a t e  a  certain 
amount of experience  has  been  accumulated in our  country and 
abroad  on  successfull  designing,  construction and operation of 
earth  dams  under  the  severe  climatic  conditions of arctic  regions 
and  on  permafrost  foundations.  The  accumulated  experience  requires 
an in depth and comprehensive  analysis ana  generalization.  Ex- 
perience  indicates [ 3 ]  that  frozen ana unfrozen  earthfill  dams 
are fully  reliable  water  engineering  structures,  providing  the 
project has been  well  substantiated  and  prepared,  high  quality 
of construction  workmanship was  maintained, and their  operation 
placed in w e l l  qualified  hands. 
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Captions of Illustrations 

Fig. 1. A longitudinal and geological  section  along  the axis of 
the right-bank  dam of the Ust'-Khantaysk  hydroelectric 
station  and  its  foundation. 
1 - lacustrine  and  boggy  deposits:  peat, sandy l o a m ,  
g r e y  loam;  2 - lacustrine deposits:  silty loam; 3 - 
glaciolacustrine  deposits:  sandy loam, dark grey laam 
with  sand intercalations,  varved  clay; 4 - glacial 
d e p o s i t s :  brown  loam  with  inclusions of gravel  and 
rock debris; 5 - bedrock; d o l e r i t i e s ,  limestones; 6 - 
b o r d e r s  of permafrost  islands. 

Fig. 2 ,  Transverse  section of the  right-bank  dam of the U s t "  
Khantaysk hydroelectric  station. 
1 - g r a v e l  and  pebbly  soil; 2 - sand-gravel  mixture; 
3 - rocky  talus o f  dolerite  (zone of consolidation); 
4 - 10-80 mm fraction of sorted gravel; 5 - sand; 
6 - rocky  talus of limestones; 7 - glacial  deposits; 
8 - bedrock. 

Fig. 3. Longitudinal  section a l o n g  the axis of the  Irelyakh dam 
and  its  foundation. 
1 - topsoil; 2 - natural  surface of the  ground; 3 - 
boundaries of maximum  seasonal  thaw; 4 - p e a t  depression; 
5 - silt depression; 6 - silty loam,  60% ice  content; 
7 - loam  with  gravel  and b e d r o c k  debris, 20-60% i c e  
content; 8 - compact clay (bedrock); 9 - outline of the 
construction p i t  under the  cut-off wall; 10 - fissured 
dolomitis; 11 - fissured marls ;  12 - f l a g g y  limestone; 
13 - o l d  river bed filled  with  pebbles  and gravel; 14 - 
discharge  channel; 15 - crest o f  the  dam; 16 - sub- 
fluvial  talik; 17 - better  defined  boundary of the sub- 
fluvial  talik; 18 - clearing o f  a l l u v i a l  deposits  in 
the  river  bed; 19 - boundary of the' fluvial t a l i k  as 
defined i n  the  design; 20 - frozen  partial  cut-off  of 
the bank of the  discharge  channel. 

Fig. 4. Transverse  sections  and t h e  temperature  state o f  earth 
dams in the arctic  regions: a and  b - unfrozen  rockfill 
dams  with  apron  (Vilyuysk) a n d  with  core  (Ust'-Khantaysk), 
fluvial; c and d - frozen  earth dam with  dual-pipe air 
cooling  located  in c e n t r e  of  core  (Irelyakh),  and  air 
cooling using a gallery on the side of the low slope 
(on  the Dolgoe Lake). 
r). ' -  1 - unfrozen  earth  none; - - 2 - permafrost  zone; 
-k - - 3 - zone of seasonal  freezing  and  thawing: 




