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PREFACE 

T h i s  t r a n s l a t i o n  i s  t h e  e i g h t h  from t h e  R u s s i a n  p e r m a f r o s t  
p u b l i c a t i o n  " P r i n c i p l e s  o f  Geocryology" , P a r t  I1 ( E n g i n e e r i n g  
Geocryology) .  The f i r s t  t r a n s l a t i o n  i n  t h i s  group was C h a p t e r  I 
e n t i t l e d ,  " P r i n c i p a l  Aspects  o f  E n g i n e e r i n g  Geocryology ( P e r m a f r o s t  
S t u d i e s ) "  by N . I .  S a l t y k o v  (TT-1215). The second was C h a p t e r  V I I  
" P a r t i c u l a r  Aspects  o f  Mining i n  Thick Pe rmaf ros t "  by V.P. Bakakin 
(TT-1217). The t h i r d  was Chap te r  I1 "Deformation o f  S t r u c t u r e s  
R e s u l t i n g  from F r e e z i n g  and Thawing" by A . I .  Dement'ev (TT-1219). 
The f o u r t h  was Chap te r  V I I I  "Beds f o r  Roads and A i r f i e l d s "  by 
G . V .  Porkhaev and A . V .  S a d o v s k i i  (TT-1220). The f i f t h  was C h a p t e r  I X  
"Underground U t i l i t y  L ines"  by G.V.  Porkhaev (TT-1221). The s i x t h  
was C h a p t e r  X I  " S p e c i f i c  F e a t u r e s  of  t h e  Maintenance o f  S t r u c t u r e s  i n  
Pe rmaf ros t  C o n d i t i o n s "  by A . I .  Dement'ev (TT-1232). The s e v e n t h  was 
Chap te r  111 "Basic  Mechanics o f  F r e e z i n g ,  F rozen  and Thawing S o i l s "  
by N . A .  T s y t o v i c h  e t  a l .  (TT-1239). 

T h i s  t r a n s l a t i o n  of  Chap te r  I V  by G . V .  Porkhaev d i s c u s s e s  t h e  
t h e r m a l  regime o f  t h e  ground i n  p e r m a f r o s t  r e g i o n s  i n  r e l a t i o n  t o  
e n g i n e e r i n g  s t r u c t u r e s .  The c h a p t e r  b e g i n s  w i t h  a r ev iew of  t h e  
h e a t  exchange between t h e  ground and i t s  s u r r o u n d i n g s  p r i o r  t o  con- 
s t r u c t i o n .  T h i s  i s  fo l lowed  by a d e s c r i p t i o n  o f  t h e  t h e r m a l  
p r o p e r t i e s  o f  t h e  ground and t h e  p o s s i b i l i t y  o f  c o n t r o l l i n g  them. 
F a c t o r s  a f f e c t i n g  t h e  ground t h e r m a l  regime a r e  a l s o  d i s c u s s e d .  The 
c h a p t e r  conc ludes  wi th  a n  accoun t  o f  c u r r e n t l y  a v a i l a b l e  ma themat i ca l  
methods f o r  a n a l y z i n g  t h e  i n f l u e n c e  o f  e n g i n e e r i n g  s t r u c t u r e s  on t h e  
ground t h e r m a l  regime i n  t h e  p e r m a f r o s t  r e g i o n .  

The D i v i s i o n  i s  g r a t e f u l  t o  M r .  G .  Belkov,  T r a n s l a t i o n s  S e c t i o n ,  
N a t i o n a l  Research  Counc i l ,  f o r  t r a n s l a t i n g  t h i s  c h a p t e r  and D r .  R.J .E.  
Brown, o f  t h i s  D i v i s i o n ,  who checked t h e  t r a n s l a t i o n .  

Ottawa R.F. Legget  

May 1966 D i r e c t o r  
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THERMAL PHYSICAL PRINCIPLES OF CONTROLLING THE INTERACTION 

BETWEEN STRUCTURES A N D  FROZEN SOILS 

I n t r o d u c t i o n .  1. Heat exchange between t h e  ground and i t s  s u r -  
r o u n d i n g s .  2 .  Thermal p h y s i c a l  p r o p e r t i e s  o f  t h e  ground and t h e  
p o s s i b i l i t y  o f  c o n t r o l l i n g  them. 3.  N a t u r a l  t h e r m a l  s t a t e  o f  t h e  
ground and i t s  v a r i a t i o n .  4 .  Changes i n  t h e  s u r f a c e  o f  i n t e r a c t i o n  
o f  t h e  s o i l  and  i t s  s u r r o u n d i n g s .  5 .  I n t e r a c t i o n  o f  v a r i o u s  f a c t o r s  
i n  t h e  f o r m a t i o n  o f  t h e  ground t h e r m a l  reg ime.  6 .  P r i n c i p a l  methods 
o f  t he rma l  e n g i n e e r i n g  c a l c u l a t i o n s .  

I n t  reduction 

It was shown i n  t h e  p r e v i o u s  c h a p t e r  t h a t  t h e  phys ico-mechanica l  pro-  

p e r t i e s  o f  f r o z e n  s o i l s  ( temporary  s t r e n g t h ,  modulus o f  e l a s t i c i t y ,  c r e e p ,  

e t c . )  depend on t e m p e r a t u r e .  P a r t i c u l a r l y  a c u t e  changes  t a k e  p l a c e  i n  s o i l  

p r o p e r t i e s  d u r i n g  t h e  t r a n s i t i o n  from t h e  f r o z e n  t o  t h e  thawed s t a t e .  There-  

f o r e  t h e  s t a b i l i t y  o f  a  s t r u c t u r e  can  be  e n s u r e d  o n l y  by e s t a b l i s h i n g  a  

s p e c i f i c  t h e r m a l  regime i n  t h e  f o u n d a t i o n  s o i l s .  Moreover ,  s u c h  s p e c i f i c  

e f f e c t s  a s  n a l e d  f o r m a t i o n ,  h e a v i n g ,  f i s s u r i n g ,  e t c . ,  r e s u l t i n g  i n  d e f o r m a t i o n  

o f  s t r u c t u r e s  and  h i n d e r i n g  t h e i r  normal  f u n c t i o n ,  a r e  l i k e w i s e  caused  by 

t h e r m a l  p r o c e s s e s  o c c u r r i n g  i n  t h e  s o i l .  F i n a l l y ,  t h e  t h e r m a l  s t a t e  o f  t h e  

s o i l  a f f e c t s  t h e  h e a t  l o s s e s  from t h e  s t r u c t u r e  which h a s  a n  e f f e c t  on 

o p e r a t i n g  e x p e n s e s .  A t  t i m e s  i f  t h e  h e a t  l o s s e s  a r e  u n p r e d i c t a b l y  l a r g e  a  

f a i l u r e  i n  t h e  s t r u c t u r e  may o c c u r  ( f o r  example,  f r e e z i n g  o f  t h e  w a t e r  p i p e s  

o r  sewage s y s t e m ,  e t c . ) .  Thus ,  t h e  e s t a b l i s h m e n t  o f  t h e  s p e c i f i c  t h e r m a l  

regime i n  t h e  s o i l  canno t  o n l y  d e c r e a s e  o p e r a t i o n  expenses  and  p r e v e n t  

d e f o r m a t i o n  o f  t h e  s t r u c t u r e  b u t  i n  some c a s e s  i s  a n  a b s o l u t e l y  n e c e s s a r y  

c o n d i t i o n  w i t h o u t  which one canno t  e r e c t  a  s t r u c t u r e  on p e r m a f r o s t .  

The t h e r m a l  p h y s i c s  o f  f r o z e n  s o i l  b e i n g  a d i s c i p l i n e  s t u d y i n g  t h e  

c o n t r o l  o f  t h e  t h e r m a l  and m o i s t u r e  r eg imes  o f  t h e  s o i l ,  i s  c l o s e l y  i n v o l v e d  

w i t h  t h e  mechanics  o f  f r o z e n ,  f r e e z i n g  and thawing  s o i l s .  Problems o f  t h e  

mechanics  o f  f r o z e n  s o i l s  canno t  be s o l v e d  w i t h o u t  c o n s i d e r i n g  t h e r m a l  

p h y s i c s  s i n c e  t h e r m a l  p h y s i c s  h e r e  p l a y s  a n  a u x i l i a r y  r o l e .  On t h e  o t h e r  

hand t h e  t e m p e r a t u r e  f i e l d  o f  t h e  s o i l  u n d e r  t h e  u s u a l  p r e s s u r e s  does  n o t  

depend on t h e  s t r e s s e d  s t a t e  which makes i t  p o s s i b l e  t o  c o n s i d e r  t h e r m a l  

p h y s i c s  independen t  o f  mechanics .  

Thermal p h y s i c a l  p r o c e s s e s  t a k i n g  p l a c e  d u r i n g  t h e  f r e e z i n g  and thawing 

o f  s o i l s  a r e  t h e  r e s u l t  o f  a  complex i n t e r a c t i o n  o f  v a r i o u s  a s p e c t s  o f  t h e  

g e o l o g i c a l - g e o g r a p h i c a l  env i ronmen t .  These p r o c e s s e s  i n c l u d e  h e a t  and 

m o i s t u r e  exchange o c c u r r i n g  w i t h i n  t h e  s o i l  i t s e l f  and t h e  h e a t  and m o i s t u r e  



exchange o c c u r r i n g  w i t h i n  i t s e l f  and t h e  h e a t  and m o i s t u r e  exchange o c c u r r i n g  

between t h e  s o i l  and t h e  a tmosphere .  I n  e n g i n e e r i n g  geocryology i t  i s  cus-  

tomary t o  c o n s i d e r  t h e  sys tem s o i l - a t m o s p h e r e - s t r u c t u r e .  

To o b t a i n  q u a n t i t a t i v e  mechanisms i n  t h e  form o f  ma themat ica l  r e l a t i o n -  

s h i p s  i t  becomes n e c e s s a r y  t o  make diagrammatic r e p r e s e n t a t i o n s  o f  complex 

t h e r m a l  p h y s i c a l  p r o c e s s e s  o c c u r r i n g  d u r i n g  t h e  f r e e z i n g  and thawing o f  s o i l .  

Heat may p r o p a g a t e  i n  s o i l  by conduc t ion  as w e l l  a s  by c o n v e c t i v e  

t r a n s f e r  by w a t e r  m i g r a t i o n  o r  f i l t r a t i o n .  I n  t h e  s o l u t i o n s  o f  g e o c r y o l o g i c a l  

problems a v a i l a b l e  a t  t h e  p r e s e n t  t ime  i t  i s  customary t o  t a k e  i n t o  accoun t  

on ly  conduc t ive  h e a t  t r a n s f e r .  T h i s  i s  due on t h e  one hand t o  t h e  complexi ty  

o f  o b t a i n i n g  s o l u t i o n s  t a k i n g  i n t o  account  h e a t  t r a n s f e r  by c o n v e c t i o n  and on 

t h e  o t h e r  hand t o  t h e  f a c t  t h a t  h e a t  p r o p a g a t i o n  by conduc t ion  predominates  

i n  t h e  overwhelming m a j o r i t y  o f  c a s e s  encoun te red  i n  c o n s t r u c t i o n  p r a c t i c e  on 

p e r m a f r o s t .  F i l t r a t i o n  may be o f  g r e a t  impor tance  i n  t h e  t h e r m a l  regime of 

s o i l  b u t  i t  i s  e l i m i n a t e d ,  a s  a  r u l e ,  by c o n s t r u c t i o n  p r a c t i c e s  ( p r o v i s i o n s  

f o r  c l a y  s e a l s ,  b e l t s  o f  f r o z e n  s o i l ,  e t c . ) .  The m i g r a t i o n  o f  w a t e r ,  because  

o f  i t s  slow r a t e ,  u s u a l l y  has  l i t t l e  e f f e c t  on t h e  t e m p e r a t u r e  regime o f  t h e  

s o i l .  Taking m i g r a t i o n  i n t o  c o n s i d e r a t i o n  becomes n e c e s s a r y  f o r  c a l c u l a t i o n s  

o f  changes i n  s o i l  volume on heaving.  Thus t h e  d e t e r m i n a t i o n  o f  t h e  temper- 

a t u r e  f i e l d  i n  t h e  s o i l  by t a k i n g  i n t o  accoun t  h e a t  t r a n s f e r  th rough  con- 

duc t  i o n  only  i s  i n  many p r a c t i c a l  c a s e s  s u f f i c i e n t l y  a c c u r a t e .  Excep t ions  

i n c l u d e  p r a c t i c e s  o f  thawing c o a r s e - g r a i n e d  s o i l s  by j e t  f i l t r a t i o n ,  d r a i n a g e  

f i l t r a t i o n  and o t h e r  methods where most o f  t h e  h e a t  i s  t r a n s f e r r e d  by con- 

v e c t i v e  h e a t  exchange (Chap te r  V). The mechanism of  c o n v e c t i v e  h e a t  exchange 

f o r  t h i s  c a s e  i s  s t i l l  i n  t h e  p r o c e s s  o f  b e i n g  d e r i v e d  and t h i s  q u e s t i o n  i s  

no t  c o n s i d e r e d  i n  t h i s  c h a p t e r .  

Regard less  o f  t h e  f a c t  t h a t  t h e  c a l c u l a t i o n  methods a r e  on ly  approx imate ,  

t h e  p o s s i b i l i t i e s  d e r i v e d  on t h e  b a s i s  o f  t h e s e  formulae  a r e  n o t  y e t  b e i n g  

used t o  t h e  f u l l  s i n c e  t h e  i n i t i a l  d a t a  has  t o  be s e l e c t e d  ve ry  a r b i t r a r i l y .  

A t  t h e  p r e s e n t  t ime  t h e r e  a r e  no s u f f i c i e n t l y  comple te  and a c c u r a t e  t a b l e s  

of t h e  t h e r m a l  p h y s i c a l  c h a r a c t e r i s t i c s  of s o i l s .  The most i m p o r t a n t  d e f e c t  

i s  t h a t  on ly  a  ve ry  approximate  c o n s i d e r a t i o n  i s  g i v e n  t o  boundary c o n d i t i o n s  

o r ,  i n  o t h e r  words,  c o n d i t i o n s  of h e a t  exchange i n  t h e  sys tem s o i l - s t r u c t u r e -  

atmosphere.  A s  a  r u l e ,  i n  t h e  many formulae  i n t e n d e d  f o r  d e t e r m i n i n g  t h e  

t e m p e r a t u r e  f i e l d  of t h e  s o i l ,  on ly  a i r  t e m p e r a t u r e  o f  a l l  t h e  e x t e r n a l  

f a c t o r s  a f f e c t i n g  t h e  h e a t  p r o c e s s e s  i s  c o n s i d e r e d .  T h e r e f o r e ,  . u s i n g  t h e  

e x i s t i n g  formulae  w i t h  t h e  same the rmal  p h y s i c a l  p r o p e r t i e s  o f  t h e  s o i l s ,  

t h e  same t e m p e r a t u r e  f i e l d  i s  o b t a i n e d  f o r  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  w i t h  

v e n t i l a t e d  c rawl  s p a c e ,  under  road  pavement, under  n a t u r a l  c o v e r ,  e t c .  



Attempts t o  i n t r o d u c e  i n t o  t h e  formula t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  

s o i l  o r  t h e  t e m p e r a t u r e  o f  t h e  s o i l  a t  some depth  i n s t e a d  o f  a i r  t e m p e r a t u r e  

i s  no s o l u t i o n  t o  t h e  problem. Th i s  t e m p e r a t u r e  f o r  each p a r t i c u l a r  c a s e  

w i l l  be de te rmined  by h e a t  exchange c o n d i t i o n s  i n  t h e  sys tem s o i l - s t r u c t u r e -  

atmosphere and t h e  t h e r m a l  p h y s i c a l  p r o p e r t i e s  o f  t h e  s o i l .  

Th i s  problem can be s o l v e d  s u c c e s s f u l l y  on ly  by c o n s i d e r i n g  j o i n t l y  t h e  

p r o c e s s e s  o f  h e a t  t r a n s f e r  i n  t h e  s o i l  and t h e  p r o c e s s e s  o f  h e a t  exchange 

between t h e  s o i l  and i t s  s u r r o u n d i n g s  a s  a  s i n g l e  sys tem s o i l - s t r u c t u r e -  

a tmosphere .  

The t e m p e r a t u r e  f i e l d  o f  any sys tem i s  determined no t  on ly  by t h e  

mechanism o f  h e a t  t r a n s f e r  b u t  a l s o  by t h e  f o l l o w i n g  f a c t o r s :  

(1) c o n d i t i o n s  o f  h e a t  exchange w i t h  t h e  s u r r o u n d i n g  medium; 

( 2 )  t h e r m a l  p h y s i c a l  c h a r a c t e r i s t i c s ;  

( 3 )  t h e  q u a n t i t y  o f  h e a t  and i t s  d i s t r i b u t i o n  th roughou t  t h e  sys tem 

b e f o r e  t h e  b e g i n n i n g  o f  t h e  p r o c e s s ;  

( 4 )  t h e  shape  and d imensions  of t h e  sys tem a s  a  whole a s  w e l l  a s  i t s  

s e p a r a t e  p a r t s .  

These f a c t o r s  fo rmula ted  mathemat ica l ly  comprise unique  c o n d i t i o n s  

which,  a l o n g  w i t h  d i f f e r e n t i a l  e q u a t i o n s  i n d i c a t i n g  t h e  mechanism o f  t h e  

h e a t  t r a n s f e r ,  make i t  p o s s i b l e  t o  o b t a i n  a  s o l u t i o n  d e s c r i b i n g  t h e  tempera-  

t u r e  f i e l d  i n  a  g i v e n  sys tem.  

By changing t h e  c o n d i t i o n s  of h e a t  exchange between t h e  s o i l  and i t s  

s u r r o u n d i n g s ,  i t s  t h e r m a l  p h y s i c a l  c h a r a c t e r i s t i c s ,  t h e  i n i t i a l  t h e r m a l  

s t a t e ,  and t h e  shape  and d imensions  o f  t h e  s u r f a c e  o f  i n t e r a c t i o n ,  one can 

c o n t r o l  t h e  t h e r m a l  regime o f  t h e  s o i l ,  i . e .  i t s  t e m p e r a t u r e  f i e l d  and con- 

s e q u e n t l y  i t s  thawing and f r e e z i n g .  

1. Heat Exchange Between t h e  S o i l  and I t s  Surroundings  

( a )  Con tac t  l a y e r  

The t e m p e r a t u r e  f i e l d  o f  any s o l i d  body p l a c e d  i n  a  l i q u i d  o r  gaseous  

medium i s  formed under  t h e  i n f l u e n c e  o f  two d i f f e r e n t  t y p e s  of p r o c e s s e s .  

The f i r s t  t y p e  i n c l u d e s  p r o c e s s e s  of  energy exchange between t h e  s o l i d  and 

t h e  s u r r o u n d i n g  medium accompanied by t h e  c o n v e r s i o n  o f  one form o f  energy 

i n t o  a n o t h e r  ( f o r  example, r a d i a n t  energy i s  c o n v e r t e d  i n t o  h e a t  energy and 

v i c e  v e r s a ) ;  t h e  second t y p e  i n c l u d e s  p r o c e s s e s  o f  h e a t  p r o p a g a t i o n  t o  t h e  

s o l i d  from t h e  s u r r o u n d i n g  medium. P r o c e s s e s  o f  t h e  second t y p e  t a k e  p l a c e  

w i t h i n  t h e  body i t s e l f  whereas p r o c e s s e s  o f  t h e  f i rs t  t y p e  occur  i n  a  l a y e r  

a t  t h e  boundary between t h e  body and t h e  s u r r o u n d i n g  medium. The d imensions  



of  t h i s  l a y e r  depend on t h e  compos i t ion  o f  t h e  body a s  w e l l  as t h e  

compos i t ion  o f  t h e  medium. A s  a r e s u l t  o f  p r o c e s s e s  o c c u r r i n g  i n  t h i s  

l a y e r  t h e r e  i s  a f low o f  h e a t  from t h e  boundary i n t o  t h e  body ( o r  v i c e  

v e r s a )  and t h e  v a l u e  o f  t h i s  f low i s  d e t e r m i n e d  n o t  o n l y  by p r o c e s s e s  

o c c u r r i n g  i n  t h e  s u r f a c e  l a y e r  b u t  by t h e  t h e r m a l  s t a t e  and p r o p e r t i e s  

o f  t h e  body. H e r e i n  is  t h e  c o n n e c t i o n  between t h e  two t y p e s  o f  pro-  

c e s s e s .  

These two t y p e s  of  p r o c e s s e s  o c c u r  a l s o  i n  t h e  f o r m a t i o n  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  s o i l .  T h i s  was ment ioned by A.V. Voeikov:  "The 

uppe r  l a y e r  o f  t h e  e a r t h ' s  c r u s t  which r e c e i v e s  h e a t  d i r e c t l y  from t h e  s u n  

and t r a n s m i t s  i t  by r a d i a t i o n  i n t o  i n t e r p l a n e t a r y  s p a c e  o r  c l o u d s  I c a l l  t h e  

e x t e r n a l  a c t i v e  l a y e r "  ( c i t e d  from a p u b l i c a t i o n  i n  1952,  page 1 8 6 ) ;  " t h e  

upper  s u r f a c e  o f  t h e  e a r t h ' s  c r u s t  r e c e i v e s  h e a t  from s o l a r  r a d i a t i o n  and 

s i n c e  t h e  l a n d  s u r f a c e  i s  n o t  t r a n s p a r e n t  t o  h e a t  i t  undergoes  a c o n s i d e r a b l e  

t e m p e r a t u r e  i n c r e a s e  i f  t h e  s o l a r  r a y s  s t r i k e  a t  a l a r g e  a n g l e  and t h e  a i r  i s  

s u f f i c i e n t l y  t r a n s p a r e n t  t o  h e a t .  Hence h e a t  p r o p a g a t e s  i n t o  t h e  e a r t h  

main ly  by c o n d u c t i o n  and  i n t o  t h e  a i r  by c o n d u c t i o n  and  r a d i a t i o n t t  ( i b i d ,  

page 2 0 2 ) .  

Thus i n  t h e  " a c t i v e  l a y e r " ,  a c c o r d i n g  t o  Voeikov,  ene rgy  i s  exchanged 

be tween t h e  s o i l  and i t s  s u r r o u n d i n g s ;  f u r t h e r  ene rgy  p r o p a g a t i o n  i n t o  t h e  

s o i l  i n  t h e  form o f  h e a t  o c c u r s  by c o n d u c t i o n .  S i n c e  i n  p e r m a f r o s t  s t u d i e s  

t h e  t e r m  " a c t i v e  l a y e r "  h a s  a comple te ly  d i f f e r e n t  meaning (Sumgin e t  a l . ,  

1940) we s h a l l  h e n c e f o r t h  r e f e r  t o  V o e i k o v l s  " a c t i v e  l a y e r "  as " c o n t a c t  

l a y e r " .  The t e r m  " c o n t a c t  l a y e r "  s u g g e s t e d  by N.S. Ivanov i s  more a p p r o p r i a t e  

t h a n  t e rms  s u g g e s t e d  by o t h e r  a u t h o r s  ( a c t i v e  l a y e r ,  fo rming  l a y e r ,  s u r f a c e  

l a y e r ,  e t c .  ) . 
I n  t h e  c o n t a c t  l a y e r  which i s  formed a t  t h e  i n t e r f a c e  between t h e  s o i l  

and i t s  s u r r o u n d i n g s  ( a tmosphere ,  s t r u c t u r e ,  e t c . )  t h e  f o l l o w i n g  p r o c e s s e s  

o c c u r :  

( 1 )  energy  exchange i n  t h e  form o f  h e a t  n o t  accompanied by changes  i n  

t h e  mechanism o f  t r a n s f e r  ( h e a t  t r a n s f e r  by c o n d u c t i o n  i n  t h e  c o n t a c t  l a y e r  

and i n  t h e  s u r r o u n d i n g  medium); 

( 2 )  ene rgy  exchange i n  t h e  form o f  h e a t  accompanied by changes  i n  t h e  

t r a n s f e r  mechanism; h e a t  t r a n s f e r r e d  by c o n v e c t i o n  i n  t h e  s u r r o u n d i n g  medium 

i s  t r a n s f e r r e d  t h r o u g h  t h e  c o n t a c t  l a y e r  o f  t h e  s o i l  and  f u r t h e r  by c o n d u c t i o n ;  

( 3 )  c o n v e r s i o n  o f  v a r i o u s  forms o f  ene rgy  i n t o  h e a t ,  f o r  example t h e  con- 

v e r s i o n  o f  r a d i a n t ,  chemica l  and o t h e r  forms of e n e r g y ;  

( 4 )  c o n v e r s i o n  of' ene rgy  n o t  accompanied by c o n v e r s i o n  t o  h e a t  ene rgy  

( p h o t o s y n t h e s i s ) ;  



( 5 )  phase  t r a n s f o r m a t i o n s  o f  m a t t e r  ( w a t e r )  accompanied by t h e  l i b e r a t i o n  

o r  a b s o r p t i o n  o f  h e a t  ( c o n d e n s a t i o n  and e v a p o r a t i o n  o f  w a t e r ,  m e l t i n g  and 

e v a p o r a t i o n  o f  snow, fo rmat ion  o f  h o a r f r o s t ,  e t c . ) .  

Thus p r o c e s s e s  o c c u r r i n g  i n  t h e  c o n t a c t  l a y e r  a r e  very  complex and t h e i r  

i n t e n s i t y  may va ry  o v e r  a  wide range .  F o r  example o v e r  motor road  w i t h  an  

a s p h a l t  s u r f a c e ,  e v a p o r a t i o n  and condensa t ion  a r e  a lmost  a b s e n t ,  whereas on 

a  moss covered bog t h e  h e a t  o f  e v a p o r a t i o n  and condensa t ion  i s  an  i m p o r t a n t  

component o f  t h e  h e a t  exchange.  

A c h a r a c t e r i s t i c  f e a t u r e  o f  p r o c e s s e s  o c c u r r i n g  i n  t h e  c o n t a c t  l a y e r  i s  

t h e i r  d i r e c t  r e l a t i o n s h i p  t o  p r o c e s s e s  o c c u r r i n g  i n  t h e  s u r r o u n d i n g  medium 

and any change i n  t h e  l a t t e r  has  an e f f e c t  dlmost  immedia te ly  on t h e  t r e n d  

and i n t e n s i t y  of t h e s e  p r o c e s s e s .  F o r  example, t h e  absence  of  s o l a r  energy 

a t  n i g h t  b r i n g s  about  condensa t ion  which i s  r e p l a c e d  d u r i n g  t h e  day by 

e v a p o r a t i o n .  I n  comparison w i t h  t h e  u n d e r l y i n g  s o i l  t h e  p r o p e r t i e s  o f  t h e  

c o n t a c t  l a y e r  a r e  incomparably more v a r i a b l e .  The occur rence  o f  p r e c i p i t a t i o n  

i n  t h e  form of r a i n  o r  snow immediately changes t h e  p r o p e r t i e s  o f  t h e  c o n t a c t  

l a y e r .  There  a r e  a l s o  changes i n  t h e  p r o p e r t i e s  and p r o c e s s e s  o c c u r r i n g  i n  

t h e  c o n t a c t  l a y e r  d u r i n g  t h e  course  o f  t h e  y e a r ,  r e s u l t i n g  from changes i n  

v e g e t a t i o n ,  f r e e z i n g  and thawing o f  t h i s  l a y e r ,  e t c .  

The convers ion  of  energy and d i r e c t  h e a t  and mois tu re  exchange w i t h  t h e  

su r round ing  medium, which a r e  dominant i n  t h e  c o n t a c t  l a y e r ,  a r e  r a p i d l y  

a t t e n u a t e d  w i t h  d i s t a n c e  from t h e  i n t e r f a c e  and undergo a  t r a n s i t i o n  t o  h e a t  

p r o p a g a t i o n  w i t h i n  t h e  s o i l .  

The dep th  of  p e n e t r a t i o n  o f  r a d i a n t  ene rgy ,  c o n v e c t i v e  h e a t  exchange,  

e v a p o r a t i o n ,  e t c . ,  a r e  d i f f e r e n t .  T h e r e f o r e ,  t h e  lower boundary o f  t h e  

c o n t a c t  l a y e r  w i l l  be determined by t h o s e  p r o c e s s e s  which p e n e t r a t e  d e e p e s t  

i n t o  t h e  s o i l .  There i s  no c l e a r  boundary between t h e  c o n t a c t  l a y e r  and t h e  

u n d e r l y i n g  s o i l ,  s i n c e  t h e  a t t e n u a t i o n  o f  p r o c e s s e s  i n  t h e  c o n t a c t  l a y e r  

occurs  g r a d u a l l y .  However, i n  most c a s e s  t h i s  boundary can be  de te rmined  

w i t h  r e q u i r e d  p r a c t i c a l  p r e c i s i o n .  For  example, i n  t h e  c a s e  o f  g r a s s  cover  

t h e  m i n e r a l  s o i l  s u r f a c e  under  t h e  sod can b e  t a k e n  a s  t h i s  lower  boundary.  

I n  t h i s  c a s e  t h e  s o i l  i n  t h e  sod  l a y e r  w i l l  comprise p a r t  o f  t h e  c o n t a c t  

l a y e r .  I f  t h e  s u r f a c e  i s  devo id  of any c o v e r ,  t h e  c o n t a c t  l a y e r  i s  t h e  upper  

l a y e r  o f  s o i l  where convers ion  o f  one form o f  energy i n t o  a n o t h e r  o c c u r s .  

T h e r e f o r e ,  i n  o u r  f u r t h e r  d i s c u s s i o n ,  i n  many c a s e s  t h e  d i v i s i o n  between s o i l  

and c o n t a c t  l a y e r  i s  q u i t e  c o n v e n t i o n a l  ( w i t h  r e s p e c t  t o  t y p e s  of  p r o c e s s e s ) .  

It i s  more d i f f i c u l t  t o  d e f i n e  t h e  upper  boundary o f  t h e  c o n t a c t  l a y e r .  

I n  t h e  f i r s t  approx imat ion  one can assume t h a t  i t  i s  t h e  s u r f a c e  evenly  en- 

compassing a l l  i r r e g u l a r i t i e s  of  t h e  m i c r o r e l i e f  and v e g e t a t i o n  ( a  s m a l l  p l o t  

no t  exceed ing  s e v e r a l  hundred s q u a r e  me t res  i s  b e i n g  c o n s i d e r e d  h e r e ) .  



A s  a p p l i e d  t o  e n g i n e e r i n g  s t r u c t u r e s  t h e  c o n t a c t  l a y e r  w i l l  i n  most 

c a s e s  be  v e r y  s m a l l  and  t h e  t r a n s f o r m a t i o n  o f  e n e r g y  w i t h i n  i t  w i l l  b e  

n e g l i g i b l e .  F o r  example ,  f o r  a  c o n c r e t e  c o v e r  t h e  exchange  o f  e n e r g y  w i t h  

t h e  s u r r o u n d i n g  medium w i l l  t a k e  p l a c e  i n  a  l a y e r  h a v i n g  a  d e p t h  o f  s e v e r a l  

m i l l i m e t r e s .  T h i s ,  however ,  d o e s  n o t  mean t h a t  i n  i n v e s t i g a t i n g  h e a t  

exchange  one  c a n  n e g l e c t  t h e  p h y s i c a l  e x i s t e n c e  o f  p r o c e s s e s  o c c u r r i n g  i n  

t h e  c o n t a c t  l a y e r ,  s i n c e  i t s  r o l e  i n  t h e  f o r m a t i o n  o f  t h e  t h e r m a l  r eg ime  o f  

t h e  s o i l  does  n o t  d e c r e a s e  b e c a u s e  o f  t h i s .  

Thus,  i n  t h e  f o r m a t i o n  o f  t h e  t e m p e r a t u r e  f i e l d  t h e r e  i s  e i t h e r  t h e  

f low o f  e n e r g y  from t h e  s u r r o u n d i n g  medium i n t o  t h e  c o n t a c t  l a y e r ,  i t s  sub-  

s e q u e n t  c o n v e r s i o n  i n t o  h e a t  e n e r g y  and  t h e n  p r o p a g a t i o n  o f  t h e  h e a t  i n t o  t h e  

s o i l ,  o r  t h e  f l o w  o f  h e a t  f rom t h e  s o i l  t o  t h e  c o n t a c t  l a y e r ,  p a r t i a l  t r a n s -  

f o r m a t i o n  o f  i t  i n t o  o t h e r  forms o f  e n e r g y  and  t r a n s f e r  o f  i t  t o  t h e  s u r r o u n d -  

i n g  medium. 

The s i m p l e s t  way o f  c o n t r o l l i n g  t h e  t h e r m a l  reg ime o f  t h e  s o i l  i s  by 

c h a n g i n g  t h e  p r o p e r t i e s  o f  t h e  c o n t a c t  l a y e r  and  c o n t r o l l i n g  p r o c e s s e s  o c c u r -  

r i n g  i n  i t .  H e r e i n  i s  t h e  g r e a t  i m p o r t a n c e  o f  t h e  c o n t a c t  l a y e r  f o r  e n g i n e e r -  

i n g  g e o c r y o l o g y .  

( b )  E q u a t i n g  t h e  e n e r g y  b a l a n c e  i n  t h e  s o i l  and  c o n t a c t  l a y e r  

A s  ment ioned  a b o v e ,  e n e r g y  i s  t r a n s f o r m e d  from one t y p e  t o  a n o t h e r  i n  

t h e  c o n t a c t  l a y e r .  T h e r e f o r e  from a t h e r m a l  p h y s i c a l  p o i n t  o f  view t h e  

fundamen ta l  a s p e c t  o f  s t u d y i n g  t h e  c o n t a c t  l a y e r  i s  t h e  i n v e s t i g a t i o n  o f  t h e  

e n e r g y  b a l a n c e  i n  i t ,  s i n c e  o n l y  t h e n  c a n  one  make a  q u a n t i t a t i v e  compar i son  

o f  q u a l i t a t i v e l y  d i f f e r e n t  forms  o f  e n e r g y  ( r a d i a n t  e n e r g y ,  h e a t  e n e r g y ,  e t c .  ) 

by r e d u c i n g  them t o  one  form of  e n e r g y .  1 . e .  h e a t  e n e r g y .  T h e r e f o r e  t h e  b a s i c  

t h e r m a l  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  c o n t a c t  l a y e r  i s  t h e  q u a n t i t y  o f  h e a t ;  

t e m p e r a t u r e  i s  u s e d  a s  a s u p p l e m e n t a r y  c h a r a c t e r i s t i c .  

B e f o r e  d e a l i n g  w i t h  t h e  e n e r g y  b a l a n c e  i n  t h e  c o n t a c t  l a y e r  w e  w i l l  con- 

s i d e r  p o s s i b l e  methods o f  d e f i n i n g  t h e  e n e r g y  b a l a n c e  f o r  p u r p o s e s  o f  e n g i n e e r -  

i n g  geoc ryo logy  . 
The l a w  o f  t h e  c o n s e r v a t i o n  of e n e r g y  f o r  any body c a n  b e  w r i t t e n  i n  t h e  

form 

The i n t e g r a l  on t h e  l e f t  s i d e  o f  t h i s  e q u a t i o n  r e p r e s e n t s  t h e  t o t a l  f l o w  

o f  e n e r g y  t h r o u g h  t h e  s u r f a c e  S ,  l i m i t i n g  t h e  volume V ,  i n  a u n i t  t i m e ,  and 

t h e  i n e g r a l  on t h e  r i g h t  s i d e  o f  t h e  e q u a t i o n  i n d i c a t e s  t h e  change  i n  t h e  

i n t e r n a l  e n e r g y  o f  t h e  body w i t h  volume V i n  a u n i t  o f  t i m e .  q f  i s  t h e  h e a t  

f l ow  t h r o u g h  a  u n i t  area p e r p e n d i c u l a r  t o  t h e  s u r f a c e  S ;  



9 - change i n  t h e  s p e c i f i c  energy i n  a  volume dV. a t  

I n  most c a s e s  t h e  e q u a t i o n  f o r  t h e  c o n s e r v a t i o n  o f  energy i s  t a k e n  f o r  

a  c e r t a i n  p e r i o d  of t ime .  Then t h e  law f o r  t h e  c o n s e r v a t i o n  o f  energy i s  

e x p r e s s e d  by t h e  e q u a t i o n  

F o r  t h e  volume V i n  e q u a t i o n s  ( 4 . 1 )  and ( 4 . 2 )  one can t a k e :  

( a )  t h e  e n t i r e  volume o f  s o i l  under  i n v e s t i g a t i o n  e x c l u d i n g  t h e  c o n t a c t  

l a y e r ;  

( b )  t h e  e n t i r e  volume o f  s o i l  under  i n v e s t i g a t i o n  i n c l u d i n g  t h e  c o n t a c t  

l a y e r  ; 

( c )  on ly  t h e  c o n t a c t  l a y e r .  

Each o f  t h e s e  v a r i a n t s  h a s  i t s  advan tages  and d i s a d v a n t a g e s .  

T h i s  can b e  i l l u s t r a t e d  by a  s p e c i f i c  example.  Le t  us  assume t h a t  we 

a r e  i n t e r e s t e d  i n  t h e  t e m p e r a t u r e  regime o f  s o i l  i n  some p l o t  under  n a t u r a l  

c o n d i t i o n s  t o  a  dep th  o f  h .  

Let us  cons . t ruc t  t h e  e q u a t i o n  f o r  t h e  c o n s e r v a t i o n  o f  energy f o r  t h e  

s o i l  wi thou t  t h e  c o n t a c t  l a y e r ,  

I n  e q u a t i o n  ( 4 . 3 )  t h e  f i r s t  t e rm on t h e  l e f t  s i d e  r e p r e s e n t s  t h e  h e a t  

f low from t h e  c o n t a c t  l a y e r  th rough  t h e  upper s u r f a c e  o f  s o i l .  I f  i t  i s  

assumed t h a t  h e a t  p r o p a g a t i o n  i n  s o i l  t a k e s  p l a c e  on ly  by conduc t ion ,  t h i s  

flow of  h e a t  w i l l  be e q u a l  t o  X g r a d  where g r a d  i s  t h e  t e m p e r a t u r e  

g r a d i e n t  a t  t h e  lower s u r f a c e  o f  t h e  c o n t a c t  l a y e r .  

The second t e r m  o f  t h e  l e f t  s i d e  o f  t h e  e q u a t i o n  e x p r e s s e s  t h e  h e a t  

flow th rough  t h e  lower s u r f a c e  o f  a  s o i l  column from t h e  lower l y i n g  l a y e r s  

of s o i l  and i s  e q u a l  t o  A g r a d  3 2 ,  where 32 i s  t h e  t e m p e r a t u r e  g r a d i e n t  a t  

t h e  lower  s u r f a c e  o f  t h e  s o i l  column. 

I f  t h e  p l o t  has  an even s u r f a c e ,  and i f  t h e  s o i l  and v e g e t a t i o n  cover  

a r e  s u f f i c i e n t l y  uni form,  t h e r e  would be p r a c t i c a l l y  no h e a t  f low i n  a  

h o r i z o n t a l  d i r e c t i o n .  Thus, i n s t e a d  o f  c o n s i d e r i n g  t h e  e n t i r e  volume o f  

s o i l  w i t h i n  t h e  l i m i t s  o f  t h e  p l o t s  one can t a k e  a  column o f  s o i l  of h e i g h t  

h  wi th  a n  a r e a  e q u a l  t o  a  s q u a r e  u n i t .  S i n c e  t h e  t h e r m a l  s t a t e  o f  such a  

column of  s o i l  would not  d i f f e r  i n  any manner from any o t h e r  column w i t h i n  



t h e  l i m i t s  o f  t h e  p l o t ,  i t  i s  s u f f i c i e n t  t o  c o n s i d e r  o n l y  one such column i n  

o r d e r  t o  o b t a i n  t h e  c h a r a c t e r i s t i c  o f  change i n  h e a t  c o n t e n t  o f  t h e  e n t i r e  

volume o f  s o i l  i n  t h e  p l o t .  The t h i r d  t e r m  o f  e q u a t i o n  ( 4 . 3 )  i s  e q u a l  t o  

z e r o  because  o f  t h e  assumed c o n d i t i o n s  ( even  s u r f a c e  of p l o t  and un i fo rm 

s o i l ) .  F i n a l l y ,  t h e  r i g h t  s i d e  o f  t h e  e q u a t i o n  r e p r e s e n t s  t h e  change i n  

t h e  h e a t  c o n t e n t  of t h e  s o i l  column. 

F o r  a  s o i l  column S 1  = S 2  = 1 and t h e  f low q l f  and q 2 f  a r e  c o n s t a n t  

a l o n g  t h e  s u r f a c e s  S  S2q ,f = 0 .  

Taking i n t o  account  a l l  t h a t  h a s  been s a i d  abo've, e q u a t i o n  ( 4 . 3 )  can  b e  

w r i t t e n  i n  t h e  form 

where c e f ( 3 )  i s  t h e  e f f e c t i v e  h e a t  c a p a c i t y  by means o f  which t h e  h e a t  o f  

phase  t r a n s f o r m a t i o n  o f  w a t e r  i s  t a k e n  i n t o  account  ( P a r t  I ,  Chapte r  V I ) .  

If one p roceeds  from e q u a t i o n  ( 4 . 2 )  i n  d e r i v i n g  t h e  ene rgy  b a l a n c e  f o r  t h e  

column of s o i l  under  c o n s i d e r a t i o n ,  e q u a t i o n  ( 4 . 4 )  changes t o  

t 2  t 2  t 2  h  a 3  
I AgradJld t  - I Agrad32dt = I d t  cef  ( a ) =  dh. 
t 1 t 1 t 1 0 

The change i n  h e a t  c o n t e n t  o f  t h e  e n t i r e  column o f  s o i l  can  be 

e s t a b l i s h e d  from e i t h e r  t h e  l e f t  o r  r i g h t  s i d e  o f  e q u a t i o n  ( 4 . 5 ) ,  b u t  one 

cannot  de te rmine  t h e  t e m p e r a t u r e  f i e l d  o f  t h e  s o i l  and consequen t ly  t h e  

p o s i t i o n  of t h e  boundary o f  i t s  thawed o r  f r o z e n  s t a t e  which i s  o f  pr imary  

i n t e r e s t  f o r  e n g i n e e r i n g  geocryology.  The s o l u t i o n  t o  t h e s e  q u e s t i o n s  can  be  

o b t a i n e d  on ly  i f  one c o n s i d e r s  t h e  s i m p l e  h e a t  b a l a n c e  w i t h i n  t h e  body, i . e .  

i f  one u s e s  d i f f e r e n t i a l  e q u a t i o n s  o f  h e a t  c o n d u c t i v i t y .  

Let  us assume t h a t  t h e  h e i g h t  o f  t h e  s o i l  column h  i s  e q u a l  t o  t h e  

d e p t h  t o  which s e a s o n a l  v a r i a t i o n s  i n  t e m p e r a t u r e  p e n e t r a t e .  Then t h e  

second t e rm of  t h e  l e f t  s i d e  o f  e q u a t i o n  ( 4 . 5 )  can  be  n e g l e c t e d  i n  many 

c a s e s .  For  n a t u r a l  c o n d i t i o n s  ( w i t h o u t  a r t i f i c i a l  h e a t i n g  o r  c o o l i n g )  f o r  

a  p e r i o d  o f  t ime  e q u a l  t o  one y e a r  one can w r i t e  

s i n c e  t h e  change i n  h e a t  c o n t e n t  o f  t h e  column f o r  a  y e a r  Is  a lmos t  e q u a l  

t o  z e r o .  Th i s  i s  e x p l a i n e d  by t h e  f a c t  t h a t  d u r i n g  t h e  warm p e r i o d  o f  t h e  

y e a r  t h e  h e a t  f lows i n t o  t h e  s o i l ,  and d u r i n g  t h e  c o l d  p e r i o d  o f  t h e  y e a r  

t h e  h e a t  f lows o u t  o f  t h e  s o i l .  The d i f f e r e n c e  between t h e s e  v a l u e s  i n  many 

c a s e s  i s  l e s s  t h a n  t h e  i n f l o w  o r  ou t f low o f  h e a t  and wi th  modern methods o f  



measurement t h e  i n f l o w  and ou t f low o f  h e a t  i s  l e s s  t h a n  t h e  accuracy  o f  

measurements. 

Let  us  w r i t e  e q u a t i o n  ( 4 . 6 )  i n  t h e  form 

where t *  i s  a  moment o f  t i m e  when t h e  a v e r a g e  h e a t  flow th rough  t h e  s u r f a c e  

S changes d i r e c t i o n .  

The q u a n t i t y  

( 4 * 7 )  

i s  c u s t o m a r i l y  c a l l e d ' t h e  a n n u a l  h e a t  c y c l e  o f  t h e  s o i l .  It i s  u s u a l l y  

de te rmined  by changes i n  t h e  h e a t  c o n t e n t  o f  t h e  s o i l  d u r i n g  t h e  p e r i o d  o f  

h e a t i n g  o r  c o o l i n g  s i n c e .  i t  i s  exceed ing ly  d i f f i c u l t  t o  de te rmine  i t  from 

t h e  amount of  h e a t  f lowing  th rough  t h e  s u r f a c e  because  o f  t h e  d a i l y  v a r i a t i o n .  

S i m i l a r l y  one can i n t r o d u c e  t h e  concept  o f  d i u r n a l  h e a t  c y c l e .  

Heat c y c l e s  can  b e  used f o r  c h a r a c t e r i z i n g  t h e  i n t e n s i t y  o f  t h e r m a l  

p r o c e s s e s  under  n a t u r a l  c o n d i t i o n s  f o r  agronomic p u r p o s e s ,  e t c .  

The energy b a l a n c e  can a l s o  b e  d e r i v e d  f o r  t h e  e n t i r e  volume o f  t h e  

s o i l  under  i n v e s t i g a t i o n  i n c l u d i n g  t h e  c o n t a c t  l a y e r .  However, i n  t h i s  c a s e  

d i f f i c u l t i e s  a r e  encoun te red  making i t  n e c e s s a r y  t o  approach t h e  s o l u t i o n  o f  

t h e  p r o b l e m i n  a  somewhat d i f f e r e n t  way. I n  t h e  c o n t a c t  l a y e r ,  a s  was n o t e d  

above,  t h e r e  a r e  very  complex p r o c e s s e s  d i f f e r i n g  from t h o s e  o c c u r r i n g  i n  t h e  

s o i l  i t s e l f .  The mechanism o f  p r o c e s s e s  o c c u r r i n g  i n  t h e  c o n t a c t  l a y e r  a r e  

j u s t  b e i n g  e s t a b l i s h e d  a t  t h e  p r e s e n t  t i m e  and a  q u a n t i t a t i v e  s o l u t i o n , .  

p a r t i c u l a r l y  f o r  e n g i n e e r i n g  p u r p o s e s ,  can  be  o b t a i n e d  e x p e r i m e n t a l l y ,  whereas 

t h e  t e m p e r a t u r e  f i e l d  o f  t h e  s o i l  i n  i t s  i n t e r a c t i o n  w i t h  t h e  s t r u c t u r e  i s  

de te rmined  p r i m a r i l y  by a n a l y t i c a l  means. It  i s  t h e r e f o r e  a d v i s a b l e  t o  con- 

s i d e r  t h e r m a l  p r o c e s s e s  i n  t h e  s o i l  and t h e  t r a n s f o r m a t i o n  o f  v a r i o u s  forms 

o f  energy i n  t h e  c o n t a c t  l a y e r  s e p a r a t e l y  and t h e  c o n n e c t i o n  between them i s  

r e f l e c t e d  by t h e  h e a t  flow a t  t h e  boundary between t h e s e  two media. 

Thus t h e  h e a t  f low th rough  t h e  c o n t a c t  l a y e r  w i l l  b e  t h e  boundary 

c o n d i t i o n  f o r  t h e  r emain ing  volume o f  s o i l  and hence one can  o b t a i n  a  

s o l u t i o n  f o r  t h e  t e m p e r a t u r e  f i e l d  of t h e  s o i l  i n  a  much s i m p l e r  form. The 

s e p a r a t e  c o n s i d e r a t i o n  of p r o c e s s e s  of  ene rgy  exchange i n  t h e  c o n t a c t  l a y e r  

and t h e  h e a t  t r a n s f e r  w i t h i n  t h e  s o i l  f a c i l i t a t e s  t h e  e l u c i d a t i o n  o f  

q u a n t i t a t i v e  and q u a l i t a t i v e  mechanisms, and makes i t  p o s s i b l e  t o  o b t a i n  



f i n i t e  r e s u l t s  i n  a  very  s imple  form. N e v e r t h e l e s s ,  t h e  mechanisms o f  change 

i n  h e a t  flow a t  t h e  boundary between t h e  c o n t a c t  l a y e r  and t h e  s o i l  can  be  

e l u c i d a t e d  only  wi th  a  j o i n t  c o n s i d e r a t i o n  o f  t h e  ene rgy  b a l a n c e  o f  t h e  

c o n t a c t  l a y e r  and e q u a t i o n s  o f  h e a t  c o n d u c t i v i t y  f o r  t h e  s o i l ,  s i n c e  t h e  

h e a t  flow i n  t h e  s o i l  depends no t  on ly  on t h e  ene rgy  exchange wi th  t h e  s u r -  

round ing  medium b u t  a l s o  on t h e  the rmal  p h y s i c a l  p r o p e r t i e s  o f  t h e  s o i l  i t-  

s e l f .  

The p e r i o d s  o f  t ime  f o r  which an  energy b a l a n c e  shou ld  be c o n s t r u c t e d  

f o r  t h e  c o n t a c t  l a y e r  depend on p r o c e s s e s  forming t h e  t e m p e r a t u r e  regime o f  

t h e  s o i l .  

I n d u s t r i a l  development and t h e  c o n s t r u c t i o n  o f  v a r i o u s  t y p e s  o f  b u i l d i n g s  

r e s u l t s  i n  changes i n  i n d i v i d u a l  components o f  t h e  h e a t  exchange between t h e  

atmosphere and t h e  s o i l ,  which i n  t u r n  b r i n g s  abou t  a  change i n  t h e  n a t u r a l  

t e m p e r a t u r e  regime o f  t h e  s o i l .  A t  f i r s t  t h e  fo rmat ion  of  a  new t e m p e r a t u r e  

regime o f  t h e  s o i l  i s  c h a r a c t e r i z e d  by a  c l e a r l y  e v i d e n t  i n s t a b i l i t y  o f  t h e  

t h e r m a l  s t a t e .  T h i s  p r o c e s s  f i n a l l y  t e n d s  towards a  new s t a t e  o f  dynamic 

e q u i l i b r i u m  s i m i l a r  t o  s t e a d y  s t a t e  t h e r m a l  p r o c e s s e s .  

Depending on t h e  t y p e  o f  s t r u c t u r e ,  i t s  i n t e r a c t i o n  wi th  t h e  s o i l  may 

r e s u l t  i n  s t e a d y  s t a t e  t h e r m a l  p r o c e s s e s  i n  which t h e  h e a t  f low w i l l  be uni -  

d i r e c t i o n a 1 , o r  i t  may r e s u l t  i n  p e r i o d i c  s t e a d y  s t a t e  t h e r m a l  p r o c e s s e s ,  when 

from s e a s o n  t o  s e a s o n  t h e r e  w i l l  be a  r e p e t i t i o n  o f  t h e  same p r o c e s s e s  which 

a r e  comple te ly  a l i k e  q u a n t i t a t i v e l y  a s  w e l l  a s  q u a l i t a t i v e l y .  

S teady  s t a t e  t h e r m a l  p r o c e s s e s  i n  which t h e  h e a t  f lows i n  one d i r e c t i o n  

cor respond  t o  r e l a t i v e l y  s t a b l e  t e m p e r a t u r e  f i e l d s  i n  t h e  s o i l ,  which remain  

p r a c t i c a l l y  unchanged th roughou t  t h e  y e a r .  Such f i e l d s  a r e  e s t a b l i s h e d  

a f t e r  prolonged s e r v i c e  o f  s t r u c t u r e s  (10 - 30 y e a r s )  under b u r i e d  s t r u c t u r e s ,  

under  t h e  c e n t r a l  p a r t  o f  s u r f a c e  s t r u c t u r e s ,  e t c .  ( F i g .  1 9 ) .  

P e r i o d i c  s t e a d y  s t a t e  t h e r m a l  p r o c e s s e s  a r e  formed a  r e l a t i v e l y  s h o r t  t i m e  

a f t e r  t h e  s t r u c t u r e  i s  pu t  t o  use  ( 3  - 5 y e a r s )  and a r e  c h a r a c t e r i z e d  by 

harmonic o s c i l l a t i o n s  o f  t e m p e r a t u r e  w i t h i n  t h e  l a y e r  hav ing  a n n u a l  v a r i a t i o n s  

i n  s o i l  t e m p e r a t u r e .  Such t e m p e r a t u r e  f i e l d s  a r e  e s t a b l i s h e d  i n  t h e  s o i l s  

under  b u i l d i n g s  w i t h  v e n t i l a t e d  c rawl  s p a c e s ,  i n  t h e  ground benea th  e a r t h  

dams, n e a r  t h e  f o u n d a t i o n s  o f  s u r f a c e  s t r u c t u r e s ,  a round sha l low underground 

u t i l i t i e s ,  e t c .  ( F i g .  2 0 ) .  

I n  correspondence  w i t h  p r o c e s s e s  o c c u r r i n g  d u r 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 t h e  s t r u c t u r e  and t h e  s o i l  one shou ld  c o n s i d e r  t h e  energy 

b a l a n c e  o f  t h e  c o n t a c t  l a y e r  f o r  v a r i o u s  p e r i o d s  o f  t ime .  I n  t h e  i n t e r a c t i o n  

o f  t h e  sys tem s t r u c t u r e - s o i l - a t m o s p h e r e ,  r e s u l t i n g  i n  s t e a d y  s t a t e  p r o c e s s e s  

i n  one d i r e c t i o n  f o r  t h e  p e r i o d  o f  t h e  f o r m a t i o n  o f  t h e  t e m p e r a t u r e  f i e l d  a s  

w e l l  a s  f o r  i t s  s t e a d y  s t a t e ,  one shou ld  c o n s i d e r  t h e  b a l a n c e  o f  t h e  c o n t a c t  



l a y e r  f o r  a  y e a r .  I n  t h e  c a s e  f o r  t h e  energy b a l a n c e  o f  t h e  c o n t a c t  l a y e r  

we have  t h e  e x p r e s s i o n ,  

where R - t h e  r a d i a t i o n  component o f  h e a t  exchange,  

P - c o n v e c t i o n  component o f  h e a t  exchange,  

E - consumption o f  h e a t  f o r  e v a p o r a t i o n ,  

A - h e a t  e n t e r i n g  t h e  s o i l  o r  l e a v i n g  i t ,  

M - consumption o f  h e a t  on m e l t i n g  snow, 

K - consumption o f  h e a t  on b iochemica l  and o t h e r  p r o c e s s e s .  

Equa t ion  (4 .8 )  i s  w r i t t e n  i n  t h e  g e n e r a l  form. Some o f  i t s  components, 

depending on t h e  t y p e  o f  s t r u c t u r e ,  may be e q u a l  t o  z e r o  o r  may have v a r i o u s  

energy s o u r c e s  ( f o r  example,  r a d i a t i o n  energy o f  t h e  s u n ,  r a d i a t i o n  from h i g h  

t e m p e r a t u r e  i n t e r n a l  h e a t  s o u r c e s ,  e t c .  ) . 
I n  c o n t r a s t  t o  t h e  e q u a t i o n  f o r  energy b a l a n c e  used i n  c l i m a t o l o g y  f o r  a  

p e r i o d  o f  t ime e q u a l  t o  a y e a r ,  i n  e q u a t i o n  (4 .8 )  t h e r e  a r e  such components 

a s  t h e  h e a t  f low i n  t h e  s o i l ,  consumption o f  h e a t  t o  me l t  snow, e t c .  I n  

n a t u r a l  c o n d i t i o n s  t h e s e  components a r e  much l e s s  i n  v a l u e  t h a n  t h e  r a d i a t i o n  

component o f  t h e  energy b a l a n c e ,  t h e  consumption o f  h e a t  on e v a p o r a t i o n  and 

t u r b u l e n t  h e a t  exchange w i t h  t h e  a i r .  The b a s i c  unknown v a l u e  i n  t h i s  

e q u a t i o n  a s  f a r  a s  geocryology i s  concerned i s  t h e  f low o f  h e a t  i n  t h e  s o i l  

( A ) .  The s m a l l  va lue  o f  t h i s  h e a t  flow makes i t  n e c e s s a r y  t o  c o n s i d e r  s m a l l  

v a r i a t i o n s  i n t r o d u c e d  i n t o  t h e  energy b a l a n c e  by t h e  l a s t  two terms o f  

e q u a t i o n  ( 4 . 8 ) .  However, t h e  e x t e n t  t o  which t h e  h e a t  exchange components 

have been i n v e s t i g a t e d  and t h e  accuracy  o f  t h e i r  measurement makes i t  impos- 

s i b l e  t o  use  e q u a t i o n  ( 4 . 8 )  i n  g e n e r a l  geocryology f o r  e s t i m a t i n g  t h e  t r e n d  

and i n t e n s i t y  o f  t h e r m a l  p r o c e s s e s  under  n a t u r a l  c o n d i t i o n s .  Thus,  f o r  

example, t h e  accuracy  o f  measur ing t h e  r a d i a t i o n  component o f  t h e  ene rgy  

b a l a n c e ,  which f o r  t h e  c e n t r a l  p a r t  o f  t h e  Yakut Autonomous S o v i e t  S o c i a l i s t  

Republ ic  i s  approx imate ly  150,000 kcal /m2/year  ( A t l a s  o f  Heat Ba lance ,  1 9 5 5 ) ,  

u s i n g  p resen t -day  a p p a r a t u s  i s  5 - 10%.  Thus t h e  v a l u e  o f  t h e  mean a n n u a l  

h e a t  f low i n  t h e  s o i l ,  which under  n a t u r a l  c o n d i t i o n s  i s  on ly  s e v e r a l  hundred 

k i l o  c a l o r i e s  p e r  m2 p e r  y e a r ,  i s  beyond t h e  l i m i t s  o f  measurement accuracy  

o f  t h e  o t h e r  h e a t  exchange components. 

E n g i n e e r i n g  s t r u c t u r e s  i n t r o d u c e  i m p o r t a n t  changes i n  t h e  h e a t  f low i n  

t h e  s o i l ,  which f o r  purposes  o f  e n g i n e e r i n g  geocryology makes i t  p o s s i b l e  t o  

use  e q u a t i o n  ( 4 . 8 ) .  Thus t h e  a n n u a l  h e a t  flow from t h e  s o i l  t o  t h e  a tmosphere  

n e a r  a  h e a t e d  b u i l d i n g  i n  t h e  absence  of  a  v e n t i l a t e d  c rawl  s p a c e  w i l l  

comprise s e v e r a l  t e n s  o f  thousands  o f  k i l o  c a l o r i e s  p e r  m 2 .  



F o r  a  p e r i o d i c  t h e r m a l  s t a t e  t h e  energy b a l a n c e  shou ld  b e  c o n s t r u c t e d  

s e p a r a t e l y  f o r  p e r i o d s  o f  h e a t i n g  o f  t h e  s o i l  and f o r  p e r i o d s  o f  c o o l i n g .  

It shou ld  be  n o t e d  t h a t  t h e  p e r i o d  of s o i l  warming does n o t  c o i n c i d e  w i t h  

t h e  b e g i n n i n g  o f  thaw under  n a t u r a l  c o n d i t i o n s ,  b u t  b e g i n s  when t h e  s o i l  Is 

s t i l l  i n  a  f r o z e n  s ta te  ( i n  March-Apri l) ;  t h e  p e r i o d  o f  c o o l i n g  a l s o  b e g i n s  

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

For  t h e  p e r i o d  of  c o o l i n g  and f o r  t h e  p e r i o d  o f  warming t h e  e q u a t i o n s  

f o r  energy b a l a n c e  o f  t h e  c o n t a c t  l a y e r  a r e  w r i t t e n  i n  t h e  f o l l o w i n g  form, 

r e s p e c t i v e l y ,  

The n o t a t i o n s  i n  e q u a t i o n s  (4 .9)  and ( 4 . 1 0 )  a r e  t h e  same a s  I n  e q u a t i o n  ( 4 . 8 )  

and d i f f e r  o n l y  by t h e  i n d i c e s  c  - c o o l i n g  and h  - h e a t i n g  (warming).  

( c )  Components o f  e x t e r n a l  h e a t  exchange 

The e l u c i d a t i o n  o f  mechanisms forming t h e  components o f  t h e  h e a t  

exchange i n  e q u a t i o n s  ( 4 . 8 ) ,  ( 4 . 9 )  and ( 4 . 1 0 ) ,  p a r t i c u l a r l y  f o r  n a t u r a l  

c o n d i t i o n s ,  a r e  very  d i f f i c u l t .  Only by i n v e s t i g a t i n g  t h e  f o r m a t i o n  o f  

i n d i v i d u a l  components of t h e  h e a t  exchange,  t h e i r  v a r i a t i o n  and i n t e r -  

r e l a t i o n s h i p  can  one r e v e a l  a l l  a s p e c t s  o f  t h e  p h y s i c a l  phenomenon and cor-  

r e spond ing ly  c o n t r o l  t h e  the rmal  regime o f  s o i l s  i n  t h e  r e q u i r e d  d i r e c t i o n .  

T h i s  approach t o  t h e  s o l u t i o n  o f  problems o f  e n g i n e e r i n g  geocryology 

was i n i t i a t e d  o n l y  d u r i n g  t h e  p a s t  decade and on ly  f o r  t h e  purpose  o f  

thawing s o i l s  t o  f a c i l i t a t e  t h e i r  w o r k a b i l i t y  (Bakakin ,  1955) .  

A t  t h e  p r e s e n t  t ime  t h e r e  i s  s t i l l  no s u f f i c i e n t l y  r e l i a b l e  method o f  

d e t e r m i n i n g  i n d i v i d u a l  components o f  t h e  h e a t  exchange w i t h  which one cou ld  

e l u c i d a t e  t h e  r e l a t i o n s h i p  th rough  v a r i o u s  n a t u r a l  f a c t o r s .  I n  d e t e r m i n i n g  

t h e  components o f  t h e  h e a t  exchange,  t h e  p r o c e s s e s  o c c u r r i n g  i n  t h e  c o n t a c t  

l a y e r  a r e  u s u a l l y  c o n s i d e r e d  c o n v e n t i o n a l l y  f o r  t h e  upper  s u r f a c e  ( c o n v e c t i o n  

o f  h e a t  exchange and e v a p o r a t i o n )  o r  t o  a  c o n v e n t i o n a l  s u r f a c e  a t  some d i s -  

t a n c e  from t h e  c o n t a c t  l a y e r  i n  t h e  s u r r o u n d i n g  medium ( h e a t  exchange by 

r a d i a t i o n ) .  Thus one can o b t a i n  t h e  numer ica l  v a l u e  f o r  energy e n t e r i n g  t h e  

c o n t a c t  l a y e r  o r  l o s t  by i t .  However, i n  o r d e r  t o  i n f l u e n c e  t h e  f o r m a t i o n  

o f  t h e  h e a t  f low i n  t h e  c o n t a c t  l a y e r  one must i n v e s t i g a t e  t h e  c o n v e r s i o n  

o f  v a r i o u s  forms of  energy i n  t h e  l a y e r .  

Let  us  c o n s i d e r  i n d i v i d u a l  components o f  t h e  h e a t  exchange a p p e a r i n g  i n  

e q u a t i o n s  ( 4 . 8 ) ,  ( 4 . 9 )  and ( 4 . 1 0 ) .  We s h a l l  c o n s i d e r  them a s  a p p l i c a b l e  t o  

two sys tems:  a tmosphere - so i l  and s t r u c t u r e - s o i l .  I n  t h e  h e a t  exchange f o r  

t h e  sys tem a tmosphere - so i l  one s h o u l d  i n c l u d e  t h e  h e a t  exchange o c c u r r i n g  



o u t s i d e  t h e  s t r u c t u r e  b u t  i n f l u e n c i n g  t h e  t h e r m a l  regime o f  i t s  f o u n d a t i o n  

s o i l s  ( h e a t  exchange between t h e  atmosphere and t h e  s o i l  n e a r  t h e  b u i l d i n g ,  

above underground u t i l i t i e s ,  e t c . ,  and a l s o  h e a t  exchange between t h e  

atmosphere and t h e  b a s e  c o u r s e  of r o a d s ,  a i r d r o m s ,  dams, e t c . ,  f o r  ea r thworks  

and open p i t  mining o p e r a t i o n s ,  e t c . ) .  The h e a t  exchange i n  t h e  sys tem 

s t r u c t u r e - s o i l  i s  t h a t  between t h e  s t r u c t u r e  i t s e l f  and t h e  s o i l .  I n  t h i s  

c o n s i d e r a t i o n  t h e  f i rs t  t e r m  of e q u a t i o n s  ( 4 . 8 ) ,  ( 4 . 9 )  and ( 4 . 1 0 )  - a  r a d i a t i o n  

component - s h o u l d  be  r e g a r d e d  a s  t h e  r e s u l t  o f  two s o u r c e s  o f  ene rgy :  n a t u r a l  

f o r  t h e  sys tem a tmosphere - so i l  and a r t i f i c i a l  f o r  t h e  sys tem s t r u c t u r e - s o i l .  

For t h e  sys tem a tmosphere - so i l  t h e  r e s u l t i n g  r a d i a n t  energy exchange,  a s  

we know, is  de te rmined  by t h e  e x p r e s s i o n  

R = ( Q  + q) (1 - a )  = I ,  (4 .11)  

where Q + q  - t h e  sum of  d i r e c t  Q and s c a t t e r e d  q  short-wave r a d i a t i o n ,  

a  - r e f l e c t i v e  c a p a c i t y  o f  t h e  c o n t a c t  l a y e r  ( a l b e d o ) ,  

I - e f f e c t i v e  r a d i a t i o n  ( t h e  d i f f e r e n c e  between long-wave r a d i a t i o n  o f  

t h e  c o n t a c t  l a y e r  and long-wave c o u n t e r  r a d i a t i o n  o f  t h e  a tmosphere ) .  

The t o t a l  short-wave r a d i a t i o n  Q + q  f o r  e n g i n e e r i n g  p u r p o s e s ,  i f  t h e r e  

a r e  no o b s e r v a t i o n  d a t a ,  can  be de te rmined  by c a l c u l a t i o n  (Sav inov ,  1933) .  

The b a s i c  measures t a k e n  t o  r educe  t h e  amount o f  r a d i a t i o n  a r e :  t h e  c o n s t r u c -  

t i o n  o f  shade  awnings;  v e n t i l a t e d  ground deck ing  o r  s h a d i n g  by p l a n t i n g  s h r u b s  

and t r e e s ,  e t c .  The r e s u l t  o f  t h i s  t y p e  o f  s h a d i n g  r e q u i r e s  s t u d y ;  i t  cannot  

be  c o n s i d e r e d  s imply  a  change i n  a l b e d o  s i n c e  r a d i a n t  energy w i t h i n  s h r u b s  

and t r e e s ,  b e i n g  i n  t h i s  c a s e  p a r t  o f  t h e  c o n t a c t  l a y e r ,  i s  consumed on 

t r a n s p i r a t i o n ,  p h o t o s y n t h e s f s ,  e t c . ,  and a  s m a l l  p a r t  o f  i t  r e a c h e s  t h e  

s u r f a c e  o f  t h e  s o i l .  

Changes i n  t h e  n a t u r a l  c o n d i t i o n s  r e s u l t  i n  changes i n  a l b e d o  o f  t h e  

c o n t a c t  l a y e r *  and i t s  long-wave r a d i a t i o n .  The a l b e d o  v a l u e  f o r  some t y p e s  

of  c o n t a c t  l a y e r s  a r e  g i v e n  i n  Table  X X I .  

A s  fo l lows  from Tab le  X X I  t h e  a l b e d o  v a r i e s  o v e r  a  very  wide range :  

from 0 .05  f o r  f r e s h l y  ploughed d a r k  mois t  s o i l  t o  0 .85  f o r  f r e s h  snow. 

Changes i n  t h e  n a t u r a l  c o n d i t i o n s  o f  t h e  s u r f a c e  u s u a l l y  r e s u l t  i n  a  

d e c r e a s e  i n  a l b e d o .  Whereas t h e  a l b e d o  o f  v e g e t a t i o n  cover  i s  0.19 - 0 .28 ,  

t h e  a l b e d o  o f  v a r i o u s  t y p e s  o f  o t h e r  cover  and exposed s o i l  v a r i e s  from 0 . 0 5  

t o  0.25. A t  t h e  same t i m e  t h e r e  i s  an  i n c r e a s e  i n  t h e  e f f e c t i v e  r a d i a t i o n  

owing t o  an  i n c r e a s e  i n  t h e  t e m p e r a t u r e  of  t h e  c o n t a c t  l a y e r .  T h e r e f o r e  

d e c r e a s i n g  t h  e  a l b e d o  a s  a  method o f  c o n t r o l l i n g  t h e  t h e r m a l  regime o f  t h e  

* I n  t h i s  c a s e  t h e  t h i c k n e s s  o f  t h e  c o n t a c t  l a y e r  i s  de te rmined  by t h e  
dep th  o f  p e n e t r a t i o n  o f  t h e  r a d i a t i o n .  



s o i l  has  n o t  been  a p p l i e d  i n  e n g i n e e r i n g  p r a c t i c e .  A few s u g g e s t i o n s  have 

been made which i n v o l v e  methods o f  l i g h t e n i n g  t h e  c o l o u r  o f  t h e  s o i l  t o  

i n c r e a s e  i t s  r e f l e c t i v i t y .  The t e c h n i c a l  advantage  o f  such measures r e q u i r e s  

r i g o r o u s  p r o o f .  

C o n t r o l l i n g  t h e  t h e r m a l  regime o f  s o i l s  by a r t i f i c i a l l y  chang ing  t h e  

a l b e d o  w i t h  t h e  s imul taneous  c o n t r o l  o f  long-wave r a d i a t i o n  may f i n d  e x t e n s i v e  

a p p l i c a t i o n  i n  improving t h e  t h e r m a l  regime o f  t h e  s o i l  ( C h a p t e r  V ) .  

F i n d i n g  t h e  l a s t  t e rm of  e q u a t i o n  ( 4 . 1 1 )  - e f f e c t i v e  r a d i a t i o n  - p r e s e n t s  

c e r t a i n  d i f f i c u l t i e s .  Devices f o r  d i r e c t  d e t e r m i n a t i o n  o f  long-wave r a d i a t i o n  

d u r i n g  t h e  day a r e  s t i l l  i n  t h e  development s t a g e  (Khvoles ,  1 9 5 2 ) .  F o r  

e n g i n e e r i n g  purposes  one can u s e  computa t ion  methods ( f o r  example Ber lyand ,  

1 9 5 2 ) .  

It s h o u l d  be  no ted  t h a t  i f  t h e  computa t ion  methods o f  d e t e r m i n i n g  t o t a l  

r a d i a t i o n  and e f f e c t i v e  r a d i a t i o n  a r e  t o  be used f o r  e n g i n e e r i n g  p u r p o s e s ,  i t  

would be n e c e s s a r y  t o  c o n s t r u c t  d e t a i l e d  t a b l e s  f o r  t h e  e n t i r e  p e r m a f r o s t  

r e g i o n .  

The c o n t r o l  o f  e f f e c t i v e  r a d i a t i o n  o r  more p r e c i s e l y  long-wave r a d i a t i o n  

of t h e  c o n t a c t  l a y e r  i s  reduced t o  changing two b a s i c  v a l u e s  on which t h i s  

r a d i a t i o n  depends: t h e  t empera tu re  o f  t h e  c o n t a c t  l a y e r  and i t s  r a d i a t i o n  

p r o p e r t i e s .  I n  t h i s  r e s p e c t  t h e  b e s t  method o f  d e c r e a s i n g  long-wave r a d i a t i o n  

i s  t h e  use  of  h e a t  t r a n s p a r e n t  f i l m s  which i n t e n s i f y  t h e  hot -house  e f f e c t  

(Fedorov,  1 9 3 5 ) .  Snow i s  a  good means o f  d e c r e a s i n g  long-wave r a d i a t i o n .  It 

h a s  a  lower  t e m p e r a t u r e  t h a n  t h e  s o i l  and h a s  a  s m a l l  r a d i a t i o n  c o e f f i c i e n t ;  

exposed s o i l  on t h e  o t h e r  hand i s  s u b j e c t  t o  t h e  s t r o n g e s t  r a d i a t i o n .  Some 

p r a c t i c a l  measures f o r  c o n t r o l l i n g  long-wave r a d i a t i o n  a r e  g i v e n  i n  Chap te r  V. 

Heat exchange by r a d i a t i o n  i n  t h e  sys tem s t r u c t u r e - s o i l  ( v e n t i l a t e d  c rawl  

s p a c e ,  c o n d u i t s  h o l d i n g  w a t e r  p i p e s  and h o t  w a t e r  h e a t i n g  p i p e s ,  e t c . )  i s  

determined by t h e  u s u a l  formulae  i n  h e a t  e n g i n e e r i n g  ( M a c h i n s k i i ,  1949;  

Mikheev, 1949; Fok in ,  1953,  and o t h e r s ) .  A s  we know, t h e  c o e f f i c i e n t  o f  h e a t  

exchange a u s u a l l y  t a k e s  complex h e a t  exchange i n t o  a c c o u n t ,  i . e .  s i m u l t a n e o u s  

h e a t  exchange by r a d i a t i o n  and c o n v e c t i o n .  A s  a  r u l e ,  i n  t h e  h e a t  exchange 

between e n g i n e e r i n g  s t r u c t u r e s  and t h e  s o i l  i t  i s  s u f f i c i e n t  t o  de te rmine  t h e  

c o n v e c t i v e  component o f  t h e  h e a t  exchange ( v e n t i l a t e d  c rawl  s p a c e s ,  mining 

e x c a v a t i o n s ,  e t c . ) .  Only i n  some c a s e s  i s  i t  n e c e s s a r y  t o  t a k e  i n t o  accoun t  

r a d i a t i o n  s e p a r a t e l y  ( f o r  example i f  i n  a  b u i l d i n g  t h e r e  i s  a  s o u r c e  of  h e a t  

w i t h  very h igh  t e m p e r a t u r e  o r  a h i g h  t e m p e r a t u r e  w a t e r - h e a t i n g  p i p e  l a i d  i n  a  

c o n d u i t  ) . 
The nex t  t e r m  i n  e q u a t i o n s  ( 4 . 8 ) ,  ( 4 . 9 )  an'd ( 4 . 1 0 )  i s  t h e  t u r b u l e n t  h e a t  

exchange (P) of  t h e  c o n t a c t  l a y e r  w i t h  t h e  s u r r o u n d i n g  medium ( p r i m a r i l y  w i t h  

a i r ) .  



I n  p resen t -day  methods o f  d e t e r m i n i n g  t u r b u l e n t  h e a t  exchange t h e r e  i s  

e x t e n s i v e  u s e  o f  t h e  h y p o t h e s i s  o f  t u r b u l e n t  d i f f u s i o n .  According  t o  t h i s  

h y p o t h e s i s  t u r b u l e n t  h e a t  exchange i s  e x p r e s s e d  by t h e  r e l a t i o n s h i p  

where p - d e n s i t y  o f  t h e  a i r ,  

c  - h e a t  c a p a c i t y  o f  t h e  a i r  a t  c o n s t a n t  p r e s s u r e ,  
P  
k  - c o e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n  ( a n a l o g o u s  t o  t h e  d i f f u s i v i t y  

c o e f f i c i e n t ) ,  

3 - v e r t i c a l  t e m p e r a t u r e  g r a d i e n t .  
a z 

I n t e g r a t i o n  o f  e q u a t i o n  ( 4 . 1 2 )  g i v e s  t h e  r e l a t i o n s h i p  

3, - t e m p e r a t u r e  o f  t h e  s u r f a c e ,  

Ja - a i r  t e m p e r a t u r e  a t  h e i g h t  z  above t h e  s u r f a c e .  

E q u a t i o n  ( 4 . 1 3 )  i s  ana logous  t o  t h e  known r e l a t i o n s h i p  w i d e l y  used  i n  

t h e  a n a l y t i c a l  t h e o r y  o f  h e a t  c o n d u c t i v i t y  and i n  e n g i . n e e r i n g  c a l c u l a t i o n s  

( t h e  s o - c a l l e d  boundary c o n d i t i o n s  o f  t h e  t h i r d  t y p e ) ,  

where a i s  t h e  h e a t  exchange c o e f f i c i e n t .  

The r a t h e r  s i m p l e  r e l a t i o n s h i p s  ( 4 . 1 3 )  and  ( 4 . 1 4 )  g r e a t l y  f a c i l i t a t e  

t h e  m a t h e m a t i c a l  s o l u t i o n  o f  a number o f  problems a l t h o u g h  t h i s  approach  i s  

p u r e l y  f o r m a l  s i n c e  ma themat i ca l  d i f f i c u l t i e s  a r e  r e p l a c e d  by p h y s i c a l  

d i f f i c u l t i e s .  Thus t h e  h e a t  exchange c o e f f i c i e n t  a c h a r a c t e r i z e s  t h e  complex 

h e a t  exchange w i t h  t h e  s u r r o u n d i n g  medium o c c u r r i n g  i n  t h e  s u r f a c e  l a y e r  o f  a  

body and t h e  h i g h e s t  v a l u e  i n  t h i s  h e a t  exchange  unde r  u s u a l  c o n d i t i o n s  i s  

t h a t  o f  c o n v e c t i o n .  Because o f  t h i s  t h e  h e a t  c o e f f i c i e n t  a depends  n o t  o n l y  

on t h e  n a t u r e  of  t h e  s u r f a c e  l a y e r  b u t  a l s o  on t h e  shape  o f  t h e  body,  t h e  

hydrodynamic c o n d i t i o n s  under  which a l i q u i d  o r  gas  f lows  o v e r  t h e  body,  on 

t h e  p r o p e r t i e s  o f  t h e  s u r r o u n d i n g  medium, t e m p e r a t u r e ,  e t c .  

A n a l y t i c a l  d e t e r m i n a t i o n  o f  t h e  c o e f f i c i e n t  a and a l s o  t h e  c o e f f i c i e n t s  

k and D a p p e a r i n g  i n  t h e  fo rmulae  ( 4 . 1 2 )  and  ( 4 . 1 3 )  i s  p o s s i b l e  on ly  by u s i n g  

a number o f  s i m p l i f y i n g  s u p p o s i t i o n s  f o r  some p a r t i c u l a r  c a s e s .  Thus t h e  

above-mentioned c o e f f i c i e n t s  are de te rmined  main ly  by e m p i r i c a l  means. 



F o r  t h e  s y s t e m  s t r u c t u r e - s o i l  when h e a t  exchange  o c c u r s  t h r o u g h  a n  a i r  

medium t h e  c o e f f i c i e n t  o f  c o n v e c t i v e  h e a t  exchange  a depends  b a s i c a l l y  on t h e  

v e l o c i t y  of  t h e  a i r  and t h e  s t r u c t u r e  o f  t h e  s u r f a c e .  A s  a p p l i e d  t o  e n g i n e e r -  

i n g  s t r u c t u r e s  a number o f  e m p i r i c a l  fo rmulae  have  been  o b t a i n e d  which i n  some 

p a r t i c u l a r  c a s e s  can  be used  f o r  d e t e r m i n i n g  t h e  c o e f f i c i e n t  o f  c o n v e c t i v e  

h e a t  exchange  i n  t h e  s y s t e m  s t r u c t u r e - s o i l  (Mikheev, 1949 ;  M a c h i n s k i i ,  1949,  

and o t h e r s ) .  

The dependence o f  c o n v e c t i v e  h e a t  exchange  on two f a c t o r s  ( v e l o c i t y  o f  

t h e  a i r  and s t r u c t u r e  o f  t h e  s u r f a c e )  p r e d e t e r m i n e s  t h e  measures  f o r  c o n t r o l .  

If i t  i s  n e c e s s a r y  t o  a c c e l e r a t e  c o n v e c t i v e  h e a t  exchange  t h e s e  measures  a r e  

r educed  t o  i n c r e a s i n g  t h e  s u r f a c e  and i t s  roughness  and a l s o  t o  i n c r e a s i n g  

t h e  a i r  v e l o c i t y .  To d e c r e a s e  c o n v e c t i v e  h e a t  exchange  measures  a r e  co r -  

r e s p o n d i n g l y  t a k e n  t o  d e c r e a s e  a i r  v e l o c i t y  and  t o  d e c r e a s e  t h e  s u r f a c e  o f  

i n t e r a c t i o n  and i t s  roughness .  

It i s  much more i n v o l v e d  t o  d e t e r m i n e  t h e  c o e f f i c i e n t s  o f  t u r b u l e n t  

d i f f u s i o n  ( k  and  D )  f o r  t h e  sys te ,n  s o i l - a i r  which change w i t h  r e s p e c t  t o  

t i m e  and depend on many f a c t o r s  which a r e  d i f f i c u l t  t o  t a k e  i n t o  a c c o u n t .  

I n  . p a r t i c u l a r ,  by c o n t r a s t  t o  t h e  c o e f f i c i e n t  o f  h e a t  exchange  t h e  

c o e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n  depends t o  a  l a r g e  e x t e n t  on t h e  tempera-  

t u r e  of  t h e  c o n t a c t  l a y e r .  Accord ing  t o  some d a t a  (Budyko, Zubenok, S t r o k i n a ,  

1956)  t h e  i n t e g r a l  c d e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n  depends  l i t t l e  on wind 

v e l o c i t y  s i n c e  a i r  c a u s i n g  dynamlc t ~ r b u l e n c e  d e c r e a s e s  t h e r m a l  t u r b u l e n c e  a t  

t h e  same t i m e .  It s h o u l d  b e  n o t e d  t h a t  t h e s e  i n v e s t i g a t i o n s  were c a r r i e d  o u t  

on s o i l  c o v e r e d  w i t h  v e g e t a t i o n .  F o r  exposed  s o i l  s u r f a c e s  and  p a r t i c u l a r l y  

f o r  a r t i f i c i a l  c o v e r  one  s h o u l d  e x p e c t  mechanisms a n a l o g o u s  t o  t h e  dependence  

o f  t h e  c o e f f i c i e n t  o f  c o n v e c t i v e  h e a t  exchange  a on roughness  and  v e l o c i t y  

o f  t h e  a i r .  Here t h e  h e a t  exchange  can  b e  compared t o  h e a t  exchange  unde r  

c o n d i t i o n s  o f  f o r e s t  c o n v e c t i o n ,  s i n c e  t h e  wind reg ime ( i f  one e x c l u d e s  l a r g e  

c i t i e s )  w i l l  b e  formed b a s i c a l l y  o u t s i d e  t h e  l i m i t s  o f  t h e  a r e a  u n d e r  con- 

s i d e r a t i o n .  

The c o m p a r a t i v e l y  s m a l l  number o f  d e t e r m i n a t i o n s  o f  c o e f f i c i e n t s  o f  

t u r b u l e n t  d i f f u s i o n  do n o t  a s  y e t  p e r m i t  t h e  u s e  o f  e x p r e s s i o n s  ( 4 . 1 2 )  and  

( 4 . 1 3 )  f o r  e n g i n e e r i n g  c a l c u l a t i o n s .  F o r  t h e  sys t em a t m o s p h e r e - s o i l  one  h a s  

t o  u s e  e q u a t i o n  ( 4 . 1 4 ) ,  u s i n g  t h e  c o e f f i c i e n t  o f  c o n v e c t i v e  h e a t  exchange  

o b t a i n e d  f o r  e n g i n e e r i n g  s t r u c t u r e s .  A s  w i l l  be  shown be low,  t h e  v a l u e  o f  a 

h a s  l i t t l e  i n f l u e n c e  on t h e  h e a t  f low i n  t h e  s o i l  if one t a k e s  i n t o  a c c o u n t  

o n l y  c o n v e c t i v e  h e a t  exchange .  If one t a k e s  i n t o  a c c o u n t  o t h e r  components of  

t h e  h e a t  exchange  ( f o r  example,  r a d i a t i o n )  t h e  e r r o r  i n  c a l c u l a t i o n  may r e a c h  

s u b s t a n t i a l  v a l u e s .  A t  t h e  same t i m e  f o r  t h e  s y s t e m  s t r u c t u r e - s o i l  when con- 

v e c t i v e  h e a t  exchange  p redomina te s  ( p i p e s  and  c o n d u i t s  a t  t h e  b a s e  o f  s t r u c -  

t u r e s ,  v e n t i l a t e d  g a l l e r i e s  of  dams, e t c . ) ,  a r a t h e r  p r e c i s e  d e t e r m i n a t i o n  o f  



t h e  c o e f f i c i e n t  o f  h e a t  exchange a i s  r e q u i r e d ,  s i n c e  t h i s  d e t e r m i n e s  t h e  

dimension o f  t h e  c o o l i n g  s u r f a c e  and f l u x  o f  t h e  c o o l i n g  a g e n t .  

The g r e a t e s t  amount of energy i n  t h e  conslimption p a r t  o f  t h e  b a l a n c e  o f  

a  c o n t a c t  l a y e r ,  i f  one exc ludes  d e s e r t s ,  i s  a t t r i b u t e d  t o  e v a p o r a t i o n .  

D e t a i l e d  o b s e r v a t i o n s  o f  e v a p o r a t i o n  under  v a r i o u s  n a t u r a l  c o n d i t i o n s  i n  

pe rmaf ros t  r e g i o n s  have no t  been c a r r i e d  o u t .  Some i d e a  o f  t h e  consumption 

o f  h e a t  on e v a p o r a t i o n  i s  g iven  by t h e  Novgorod S t a t i o n  g i v e n  i n  Tab le  X X I I  

(Sapozhnikova,  1950) .  

A s  fo l lows  from Tab le  X X I I ,  r a d i a n t  energy i n  many c a s e s  i s  a lmos t  

comple te ly  consumed by e v a p o r a t i o n .  Here e v a p o r a t i o n  cou ld  o c c u r  a t  such a  

r a p i d  r a t e  o n l y  by r e c e i v i n g  a d d i t i o n a l  h e a t  from a d v e c t i v e  t r a n s f e r .  

The e n g i n e e r i n g  development o f  a  r e g i o n  i s  i n  most c a s e s  accompanied 

by t h e  d e s t r u c t i o n  o f  t h e  v e g e t a t i o n  c o v e r ,  which consumes a g r e a t  q u a n t i t y  

of  h e a t  on e v a p o r a t i o n ,  and by d r y i n g  o f  t h e  a r e a .  N a t u r a l l y  t h e s e  measures 

r e s u l t  i n  a  s u b s t a n t i a l  d e c r e a s e  i n  t h e  consumption o f  h e a t  on e v a p o r a t i o n .  

Very s u b s t a n t i a l  changes i n  t h e  m o i s t u r e  regime occur  when v a r i o u s  t y p e s  o f  

cover  a r e  c o n s t r u c t e d  a l o n g  wi th  d r a i n a g e .  It can b e  assumed t h a t  on r o a d  

and a i rd rome  covers  t h e r e  i s  v i r t u a l l y  no e v a p o r a t i o n .  

The i n f l u e n c e  o f  e v a p o r a t i o n  on h e a t  exchange f o r  v e n t i l a t e d  c r a w l  

s p a c e s ,  mining e x c a v a t i o n s ,  t h e  r a t e  o f  i c e  a c c r e t i o n  and t h e  p r o c e s s  o f  i c e  

accumula t ion ,  e t c . ,  r e q u i r e  s p e c i a l  s t u d y .  

The p r o c e s s  o p p o s i t e  t o  e v a p o r a t i o n ,  i . e .  c o n d e n s a t i o n ,  i s  accompanied 

by t h e  l i b e r a t i o n  o f  h e a t  which i s  much l e s s  t h a n  t h a t  consumed by e v a p o r a t i o n  

even under  n a t u r a l  c o n d i t i o n s  (Sapozhnikova,  1950) .  Moreover, one cannot  

e x p e c t  any s u b s t a n t i a l  condensa t ion  of m o i s t u r e  on a r t i f i c i a l  s u r f a c e s  ( r o o f s ,  

c o v e r s ,  e t c . )  s i n c e  t h e i r  t e m p e r a t u r e  i n  t h e  summertime i s  u s u a l l y  h i g h e r  

t h a n  t h e  t e m p e r a t u r e  o f  t h e  v e g e t a t i o n  c o v e r .  Une can e x p e c t  t h a t  t h e  h e a t  

l i b e r a t e d  d u r i n g  condensa t ion  o r  consumed on e v a p o r a t i o n  w i l l  have some i n -  

f l u e n c e  on t h e  t h e r m a l  regime o f  f i l l  c o n s i s t i n g  o f  c o a r s e  m a t e r i a l  p e r m i t t i n g  

r e l a t i v e l y  f r e e  a i r  c i r c u l a t i o n .  

The s t u d y  o f  e v a p o r a t i o n  and condensa t ion  a s  h e a t  f a c t o r s  i n f l u e n c i n g  t h e  

t e m p e r a t u r e  regime o f  t h e  s o i l  f o r  c o n d i t i o n s  o f  c o n s t r u c t i o n ,  f i l l  f o r  r a i l -  

road  b e d s ,  e t c . ,  h a s  been comple te ly  n e g l e c t e d  up t o  t h e  p r e s e n t  t ime .  

( d )  C o n t r o l  o f  h e a t  exchange between t h e  s o i l  and t h e  s u r r o u n d i n g  medium 

The t e m p e r a t u r e  f i e l d  o f  t h e  s o i l  a lmos t  under  any s t r u c t u r e  o r  around 

s t r u c t u r e s  depends on t h e  h e a t  exchange o c c u r r i n g  i n  t h e  sys tem s t r u c t u r e - s o i l  

and i n  t h e  sys tem a tmosphere - so i l .  F o r  example between a  w a t e r  d u c t  l a i d  i n  

t h e  s o i l  and t h e  s o i l  t h e r e  i s  h e a t  exchange i n  t h e  sys tem s t r u c t u r e - s o i l  and 

s l m u l t a n e o u s l y  t h e r e  Is h e a t  exchange between t h e  s o i l  and t h e  a tmosphere .  A s  

a  r e s u l t ,  t h e  t e m p e r a t u r e  f i e l d  o f  t h e  s o i l  around t h e  ground d u c t  i s  formed 



under  t h e  i n f l u e n c e  o f  h e a t  exchange i n  t h e  sys tem a tmosphere - so i l  and 

s t r u c t u r e - s o i l .  A b u i l d i n g  t r a n s f e r s  h e a t  to t h e  s o i l  under  it. Simul taneous ly  

t h e r e  is  h e a t  exchange between the s o i l  o u t s i d e  t h e  b u i l d i n g  and the  atmosphere. 

The t e m p e r a t u r e  f i e l d  of t h e  s o i  1 u n d e r  t h e  b u i l d i n g  depends on t h e  i n t e r a c t i o n  

of  t h e s e  two t y p e s  o f  h e a t  exchange.  Only f o r  s t r u c t u r e s  t h a t  a r e  l a i d  deep i n  

t h e  ground does h e a t  exchange between t h e  s o i l  and t h e  atmosphere have l i t t l e  

i n f l u e n c e  on t h e  t empera tu re  f i e l d  o f  t h e  s o i l  s u r r o u n d i n g  t h e  s t r u c t u r e .  

Heat exchange between t h e  s o i l  and t h e  s u r r o u n d i n g  ( w i t h  r e s p e c t  t o  t h e  

s o i l )  medium o c c u r s  by t h r e e  t y p e s  of h e a t  t r a n s f e r :  h e a t  c o n d u c t i v i t y ,  con- 

v e c t i o n  and r a d i a t i o n .  Moreover, a s  was shown above,  e x t e r n a l  f a c t o r s  o f  

h e a t  exchange i n c l u d e  t h e  consumption o f  h e a t  on e v a p o r a t i o n  and m e l t i n g  o f  

snow. Correspondingly  one can  p o i n t  t o  t h e  f o l l o w i n g  b a s i c  methods o f  con- 

t r o l l i n g  t h e  h e a t  exchange between t h e  s o i l  and t h e  s u r r o u n d i n g  medium: 

(1) i n c r e a s i n g  o r  d e c r e a s i n g  i n d i v i d u a l  components o f  t h e  h e a t  exchange 

wi thou t  changing t h e  mechanism of  h e a t  t r a n s f e r ;  

( 2 )  chang ing  t h e  mechanism of  h e a t  t r a n s f e r ;  

( 3 )  u s i n g  a d d i t i o n a l  s o u r c e s  o r  d i s s i p a t o r s  o f  h e a t .  

The f i r s t  method o f  c o n t r o l l i n g  t h e  e x t e r n a l  h e a t  exchange i s  used 

p r i m a r i l y  i n  improving t h e  h e a t  c o n d i t i o n s  f o r  t h e  sys tem a tmosphere - so i l  

( d u r i n g  p r e l i m i n a r y  p r e p a r a t i o n  of b u i l d i n g  s i t e s ,  mine d r a i n a g e  c o n d u i t s ,  

s i t e s  o f  a i r p o r t s ,  highways and r a i l r o a d s ,  e t c . ) .  The p o s s i b i l i t y  o f  con- 

t r o l l i n g  t h e  b a s i c  component of  h e a t  exchange between t h e  s o i l  and t h e  s u r -  

round ing  medium has  been c o n s i d e r e d  b r i e f l y  above ; more d e t a i l e d  measures o f  

c o n t r o l l i n g  t h e  e x t e r n a l  h e a t  exchange i s  g i v e n  i n  Chapter  V .  

The second method of  c o n t r o l l i n g  h e a t  exchange i s  changing t h e  mechanism 

o f  h e a t  t r a n s f e r  from t h e  s u r r o u n d i n g  medium t o  t h e  s o i l .  Changing t h e  

mechanism of  h e a t  t r a n s f e r  is used b a s i c a l l y  on ly  f o r  t h e  sys tem s t r u c t u r e -  

s o i l .  

Changing t h e  mechanism of  h e a t  t r a n s f e r  by h e a t  c o n d u c t i v i t y  i s  r educed  

t o  t h e  e l i m i n a t i o n  o f  d i r e c t  c o n t a c t  between t h e  h e a t  s o u r c e  o r  t h e  a b s o r b e r  

of h e a t  w i t h  t h e  s o i l  by c o n s t r u c t i o n  measures.  F o r  example i n  p r o v i d i n g  f o r  

a  c r a w l  s p a c e ,  h e a t  t r a n s f e r  from t h e  b u i l d i n g  t o  t h e  s o i l  w i l l  b e  by convec- 

t i o n .  A s i m i l a r  r e s u l t  w i l l  b e  a t t a i n e d  by l a y i n g  underground u t i l i t i e s  i n  

underground c o n d u i t s .  

I n  c o n v e r s i o n  of r a d i a n t  energy t o  h e a t  energy i n  some c a s e s  one shou ld  

a l s o  change t h e  mechanism of subsequen t  h e a t  p r o p a g a t i o n .  The c o n s t r u c t i o n  

of deck ing  w i t h  a n  a i r  space  under  i t  can change t h e  t r a n s f e r  o f  h e a t  from 

h e a t  c o n d u c t i v i t y  t o  c o n v e c t i o n .  

However, t h e  p o s s i b i l i t y  o f  c o n t r o l l i n g  e x t e r n a l  h e a t  exchange by chang- 

i n g  t h e  mechanism of h e a t  t r a n s f e r  i s  l i m i t e d  and i n  most c a s e s  i s  of  l i t t l e  



e f f e c t .  A s  a  means o f  d e c r e a s i n g  t h e  dep th  o f  thaw, t h i s  method can be  used 

on ly  where t h e  t e m p e r a t u r e  o f  pe rmaf ros t  i s  low and where t h e  h e a t  s o u r c e  i s  

of s m a l l  d imension.  I n  t h i s  c a s e  a  g r e a t  d e a l  o f  impor tance  i s  a t t a c h e d  t o  

h e a t  exchange i n  t h e  sys tem a tmosphere - so i l .  Low t e m p e r a t u r e  o f  t h e  perma- 

f r o s t  i s  an i n d i r e c t  s i g n  o f  i n c r e a s e d  h e a t  exchange between t h e  s o i l  and t h e  

atmosphere under  changes i n  n a t u r a l  c o n d i t i o n s .  

The most e f f e c t i v e  and widely  used method o f  c o n t r o l l i n g  h e a t  exchange 

i s  t h e  u s e  of  v a r i o u s  s o u r c e s  and d i s s i p a t o r s  o f  h e a t .  I n  t h i s  c a s e  c o o l i n g  

and h e a t i n g  a r e  accompl ished by n a t u r a l  a s  w e l l  a s  a r t i f i c i a l  s o u r c e s  and 

d i s s i p a t o r s  o f  ene rgy .  

Th i s  method i s  widely  used f o r  thawing pe rmaf ros t  w i t h  w a t e r ,  s team and 

e l e c t r i c  energy.  The thawing o f  pe rmaf ros t  occurs  very r a p i d l y  i f  t h e  supp ly  

of h e a t  i s  accompanied by some i n f l u e n c e  on t h e  mechanism of  h e a t  t r a n s f e r  

( thawing  by means of exposed w a t e r  j e t s ,  f i l t r a t i o n - d r a i n a g e  method, e t c . ) .  

Supplementary s o u r c e s  o f  c o o l i n g  a s  a  method o f  c o n t r o l l i n g  h e a t  exchange 

i s  used most e x t e n s i v e l y  t o  conse rve  t h e  s o i l  i n  t h e  f r o z e n  s t a t e  d u r i n g  i t s  

i n t e r a c t i o n  w i t h  s t r u c t u r e s  o f  v a r i o u s  t y p e s .  Th i s  m e t h o d . c o n s i s t s  i n  t h e  

t r a n s f e r  o f  h e a t  from t h e  s o i l  o r  s t r u c t u r e  by a  h e a t  conduc to r  w i t h  subsequen t  

d i s s i p a t i o n  of t h e  h e a t  i n t o  t h e  atmosphere o r  some o t h e r  medium. Th i s  method 

was f i r s t  used t o  conserve  t h e  s o i l  i n  t h e  f r o z e n  s t a t e  a t  t h e  b a s e  o f  b u i l d -  

i n g s  by p r o v i d i n g  f o r  a  v e n t i l a t e d  c rawl  s p a c e .  

Subsequent  development o f  t h e  method o f  supplementary  c o o l i n g  o f  s o i l  

l e d  t o  t h e  c o n s t r u c t i o n  o f  c o o l i n g  d e v i c e s  i n  t h e  form o f  c o n d u i t s  f n  c o n t a c t  

w i t h  t h e  s t r u c t u r e  o r  a  sys tem of  t u b e s  l a i d  i n  t h e  s o i l  n e a r  t h e  s t r u c t u r e .  

The t u b e  t y p e  sys tem o f  c o o l i n g  has  t h e  advantage  t h a t  t h e  c o o l i n g  occurs  

w i t h i n  t h e  s o i l  mass. Moreover i n  such s t r u c t u r e s  a s  e a r t h  dams, when t h e i r  

base  and c o r e  a r e  t o  b e  p r e s e r v e d  i n  t h e  f r o z e n  s t a t e ,  t h e  t u b e  sys tem i s  t h e  

only  p o s s i b l e  method. A s  an agent  f o r  removing h e a t  one can use  a i r  o r  b r i n e ;  

which one i s  used i s  n o t  i m p o r t a n t .  The s m a l l  h e a t  c a p a c i t y  o f  a i r  can be 

s u c c e s s f u l l y  compensated by i n c r e a s i n g  t h e  c o o l i n g  s u r f a c e  o f  t h e  sys tem and 

t h e  volume o f  a i r  p a s s i n g  th rough  i t .  

The use  o f  a i r  c o o l i n g  i s  p a r t i c u l a r l y  exped ien t  because  under  perma- 

f r o s t  c o n d i t i o n s  a s  a  r u l e  i t  i s  s u f f i c i e n t  t o  c a r r y  o u t  c o o l i n g  only  d u r i n g  

t h e  w i n t e r  t ime by u s i n g  c o l d  o u t s i d e  a i r .  A r t i f i c i a l  c o o l i n g  may be used 

only  under  e x c e p t i o n a l  c o n d i t i o n s  ( t o  p r e v e n t  a c c i d e n t a l  f a i l u r e ,  t o  e l i m i n a t e  

t h e  e f f e c t  of  a c c e l e r a t e d  f i l t r a t i o n  o f  groundwater ,  e t c .  ) . 
The c o o l i n g  e f f e c t  o f  v e n t i l a t i o n  sys tems u s i n g  n a t u r a l  low t e m p e r a t u r e  

a i r  d u r i n g  t h e  w i n t e r  can be  i n t e n s i f i e d  by t h e  p r o v i s i o n s  o f  r e s e r v o i r s  

f i l l e d  wi th  c r y o h y d r a t e s  - s a l t  s o l u t i o n s  which f r e e z e  a t  low t e m p e r a t u r e s .  

During t h e  w i n t e r ,  when o u t s i d e  a i r  i s  passed  th rough  t h e  c o o l i n g  sys tem,  t h e  



c r y o h y d r a t e s  s h o u l d  f r e e z e ;  i n  t h e  summer, however ,  when t h e  v e n t i l a t i o n  

s y s t e m  i s  s w i t c h e d  o f f ,  t h e  c r y o h y d r a t e s  me l t  a t  t e m p e r a t u r e s  below O°C t h u s  

p r e s e r v i n g  t h e  s u r r o u n d i n g  s o i l  i n  t h e  f r o z e n  s t a t e .  

The c o o l i n g  e f f e c t  o f  v e n t i l a t i o n  sys t ems  can  be  used  a l s o  i n  summer. 

F o r  t h i s  p u r p o s e  t h e  v e n t i l a t i o n  sys t em i s  d i s c o n n e c t e d  from t h e  o u t s i d e  a i r  

s o u r c e  and  c o n n e c t e d  t o  a u x i l i a r y  c o n d u i t s  l a i d  i n  f r o z e n  s o i l .  T h i s  measure  

can  b e  e f f e c t i v e  o n l y  i f  t h e  f r o z e n  m a t e r i a l  s u r r o u n d i n g  t h e  c o n d u i t  h a s  a 

l a r g e  m o i s t u r e  c o n t e n t  : i f  a round  t h e  a u x i l i a r y  c o n d u i t s  t h e r e  a r e  r e s e r v o i r s  

o f  c r y o h y d r a t e s  t h e  e f f i c i e n c y  w i l l  be g r e a t e r .  Measures  f o r  i n t e n s i f y i n g  

t h e  e f f e c t  o f  c o o l i n g  d e v i c e s  have  n o t  been  t a k e n  i n  p r a c t i c e  and  r e q u i r e  

f u r t h e r  t h e o r e t i c a l  development  and  s u b s e q u e n t  c h e c k i n g .  

C o o l i n g  and  h e a t i n g  s o u r c e s  a r e  u s e d  f o r  v a r i o u s  p u r p o s e s  d u r i n g  con- 

s t r u c t i o n  on p e r m a f r o s t .  I n  t h i s  c h a p t e r  we a r e  t o u c h i n g  on o n l y  t h e  

fundamen ta l  a s p e c t  o f  t h e  problem.  P a r t i c u l a r  c a s e s  and  i n d i v i d u a l  s o l u t i o n s  

a p p l i e d  t o  c o n s t r u c t i o n  a r e  c o n s i d e r e d  i n  s u b s e q u e n t  c h a p t e r s .  

2 .  Thermal P h y s i c a l  P r o p e r t i e s  o f  t h e  Ground and  

t h e  P o s s i b i l i t y  o f  C o n t r o l l i n g  Them 

R e g u l a t i o n  o f  t h e  h e a t  exchange  be tween t h e  s o i l  and t h e  s u r r o u n d i n g  

medium i s  t h e  most e f f e c t i v e  means o f  c o n t r o l l i n g  t h e  t e m p e r a t u r e  f i e l d  o f  

t h e  s o i l .  However, t h e  e x t e r n a l  h e a t  exchange  does  n o t  d e t e r m i n e  t h e  tempera-  

t u r e  f i e l d  i n  any un ique  way. Under o t h e r w i s e  e q u a l  c o n d i t i o n s  i t  i s  formed 

by t h e  i n t e r a c t i o n  o f  t h e  s o i l  w i t h  t h e  s u r r o u n d i n g  medium and from t h e r m a l  

p r o c e s s e s  i n  t h e  s o i l  i t s e l f  d e p e n d i n g  on i t s  t h e r m a l  p h y s i c a l  p r o p e r t i e s .  

A l l  forms o f  h e a t  exchange  o c c u r  i n  t h e  s o i l  ( c o n d u c t i o n ,  c o n v e c t i o n  

and r a d i a t i o n ) .  F o r  p r a c t i c a l  p u r p o s e s  h e a t  t r a n s f e r  by c o n v e c t i o n  i s  

r educed  t o  two b a s i c  c a s e s .  

(1) Heat  t r a n s f e r  by c o n v e c t i o n  o c c u r s  o n l y  w i t h i n  i s o l a t e d  p o r e s ;  

i n t e r p o r e  c o n v e c t i o n  i s  seconda ry  t o  h e a t  c o n d u c t i v i t y .  

( 2 )  Heat t r a n s f e r  by c o n v e c t i o n  o c c u r s  between p o r e s  ( t r a n s f e r  o f  h e a t  

by w a t e r ,  vapour  and a i r  a t  t i m e s  accompanied by e v a p o r a t i o n  and  c o n d e n s a t i o n )  

and  h a s  an  i m p o r t a n t  i n f l u e n c e  on t h e  t e m p e r a t u r e  f i e l d  o f  t h e  s o i l .  

I n  e n g i n e e r i n g  c a l c u l a t i o n s  o f  t e m p e r a t u r e  f i e l d s  o f  t h e  s o i l  one c a n  

i n c l u d e  i n  t h e  f i r s t  c a s e  a l l  f r o z e n  s o i l s  and  a l s o  t h e  m a j o r i t y  o f  thawed 

s o i l s  i n  which t h e r e  i s  no  f i l t r a t i o n .  I n  s u c h  c a s e s  t h e  t e m p e r a t u r e  f i e l d  

o f  t h e  s o i l  can  be  found by u s i n g  e q u a t i o n s  of  h e a t  c o n d u c t i v i t y  and  w i l l  

depend on t h e  f o l l o w i n g  t h e r m a l  p h y s i c a l  c h a r a c t e r i s t i c s :  h e a t  c o n d u c t i v i t y  

c o e f f i c i e n t  A ,  h e a t  c a p a c i t y  c o e f f i c i e n t  c ,  u n i t  we igh t  o f  t h e  s o i l  y and  

m o i s t u r e  c o n t e n t  W. 



I n  t h e  second c a s e  t h e  t r a n s f e r  o f  h e a t  i s  d e s c r i b e d  by e q u a t i o n s  o f  

h e a t  and m o i s t u r e  c o n d u c t i v i t y  (Lykov, 1 9 5 6 ) .  T h i s  c a s e  i s  o f  g r e a t  i n t e r e s t  

f o r  s o l v i n g  problems of  heav ing ,  s t r u c t u r e  f o r m a t i o n ,  e t c .  However, a t  t h e  

p r e s e n t  t ime  t h e r e  a r e  no s o l u t i o n s  f o r  e q u a t i o n s  o f  h e a t  and m o i s t u r e  con- 

d u c t i v i t y  which can be  used i n  e n g i n e e r i n g  geocryology and f o r  t h i s  r e a s o n  

t h i s  c a s e  i s  not  c o n s i d e r e d .  

Thus t h e  t e m p e r a t u r e  f i e l d  o f  t h e  s o i l ,  i n  a d d i t i o n  t o  e x t e r n a l  h e a t  

exchange,  w i l l  be determined by the rmophys ica l  c h a r a c t e r i s t i c s :  A ,  c ,  y and W .  

The f i r s t  two c h a r a c t e r i s t i c s  A ,  c  depend on i t s  u n i t  weight  and m o i s t u r e  

c o n t e n t  ( s e e  f o r  example Chudnovski i ,  1954) .  Correspondingly  one can u s e  t h e  

means o f  i n f l u e n c i n g  t h e  t h e r m a l  p h y s i c a l  c h a r a c t e r i s t i c s  which c o n s i s t s  o f  

changing t h e  u n i t  weight  of  t h e  s o i l  by compacting o r  l o o s e n i n g  i t  and by 

changing t h e  m o i s t u r e  c o n t e n t  by d r a i n i n g  o r  add ing  m o i s t u r e .  

Although t h e  mechanisms o f  changing t h e  t h e r m a l  c h a r a c t e r i s t i c s ,  u n i t  

weight  and m o i s t u r e  c o n t e n t  o f  t h e  s o i l  have been e x t e n s i v e l y  i n v e s t i g a t e d  by 

l a b o r a t o r y  methods t h e y  a r e  no t  used t o  any e x t e n t  i n  p r a c t i c e  i n  c o n t r o l l i n g  

t h e  t h e r m a l  regime o f  t h e  s o i l .  Th i s  is  e x p l a i n e d  by t h e  f a c t  t h a t  f o r  f i n e -  

g r a i n e d  s o i l s ,  changing t h e  m o i s t u r e  c o n t e n t  and d e n s i t y  t o  any e x t e n s i v e  

dep th  i s  accompanied by c o n s i d e r a b l e  t e c h n o l o g i c a l  d i f f i c u l t i e s .  Th i s  method 

o f  c o n t r o l l i n g  t h e r m a l  p r o c e s s e s  i s  used e f f e c t i v e l y  o n l y  i n  improving t h e  

t h e r m a l  c o n d i t i o n s  o f  t h e  s o i l ,  s i n c e  t h e  s u r f a c e  l a y e r s  under  t h e  i n f l u e n c e  

o f  n a t u r a l  c o n d i t i o n s  become compact,  d r y  o u t  o r  become more m o i s t .  T h e r e f o r e  

it i s  n e c e s s a r y  t o  i n t e n s i f y  a r t i f i c i a l l y  t h e  h e a t  t r a n s f e r  i n  t h e  r e q u i r e d  

d i r e c t i o n  which i n  t h i s  c a s e  i s  r e a d i l y  a t t a i n a b l e  ( C h a p t e r  V ) .  

A more e f f e c t i v e  and t e c h n o l o g i c a l l y  p o s s i b l e  method o f  r e g u l a t i n g  t h e  

h e a t  t r a n s f e r  i n  t h e  s o i l  i s  t h e  p a r t i a l  replacement  o f  t h e  s o i l  by o t h e r  

m a t e r i a l  o r  t y p e s  o f  s o i l  p o s s e s s i n g  t h e  r e q u i r e d  t h e r m a l  p h y s i c a l  p r o p e r t i e s .  

These methods i n c l u d e  t h e  c o n s t r u c t i o n  of  v a r i o u s  t y p e s  o f  h e a t  i n s u l a t i n g  

l a y e r s  l a i d  on t h e  s u r f a c e  o f  t h e  s o i l .  

I n  e n g i n e e r i n g  geocryology thawing i s  r e t a r d e d ,  l o c a l i z e d  o r  comple te ly  

e l i m i n a t e d  by u s i n g  i n s u l a t i n g  m a t e r i a l  hav ing  a  low c o e f f i c i e n t  o f  h e a t  

c o n d u c t i v i t y  o r  by u s i n g  m a t e r i a l  wi th  a  h i g h  h e a t  c a p a c i t y  and m o i s t u r e  

c o n t e n t .  

I f  t h e  flow of  t h e  h e a t  i s  c o n s t a n t  i n  one d i r e c t i o n  m a t e r i a l  wi th  a  

low c o n d u c t i v i t y  c o e f f i c i e n t  shou ld  be  used.  The r a t e  o f  thawing w i l l  t h e n  

be  dec reased .  Moreover, wi th  s u f f i c i e n t l y  low t e m p e r a t u r e s  o f  t h e  pe rmaf ros t  

and l i m i t e d  dimensions of  t h e  s t r u c t u r e  t h e  f i n a l  dep th  o f  thaw of  t h e  s o i l  

i n  i t s  n a t u r a l  s t a t e  can  be d e c r e a s e d  by u s i n g  m a t e r i a l  wi th  a  low c o e f f i c i e n t  

o f  c o n d u c t i v i t y ;  i n  some c a s e s  when t h e  t e m p e r a t u r e  o f  t h e  pe rmaf ros t  i s  very 

low and t h e  s t r u c t u r e  i s  s m a l l  thawing may be comple te ly  e l i m i n a t e d .  



With s t e a d y  s t a t e  p e r i o d i c  t h e r m a l  p r o c e s s e s ,  when t h e  h e a t  f low 

changes d i r e c t i o n ,  i t  i s  conven ien t  t o  use  m a t e r i a l  w i t h  a  l a r g e  m o i s t u r e  

c o n t e n t .  If p l a c e d  on t h e  s u r f a c e  o f  u n d i s t u r b e d  ground o r  used t o  r e p l a c e  

t h e  upper  s o i l  s u r f a c e ,  m o i s t u r e  s a t u r a t e d  m a t e r i a l  d i s p l a c e s  t h e  h e a t  c y c l e  

c l o s e r  t o  t h e  s u r f a c e  and t h u s  f a c i l i t a t e s  a  d e c r e a s e  i n  d e p t h s  o f  thaw. 

One o f  t h e  methods o f  changing t h e  the rmal  p h y s i c a l  p r o p e r t i e s  o f  s o i l  

i s  by changing t h e  mechanism o f  h e a t  t r a n s f e r .  Th i s  method i s  reduced t o  

t h e  s u b s t i t u t i o n  o f  one t y p e  o f  s o i l  by a n o t h e r  o r  t h e  a p p r o p r i a t e  working o f  

t h e s o i l  t o  e l i m i n a t e  i n t e r p o r e  convec t ion .  Measures f o r  r e d u c i n g  c o n v e c t i v e  

h e a t  t r a n s f e r  i n  t h e  s o i l  have r e c e i v e d  l i t t l e  development.  A t  t h e  same t ime  

e x t e n s i v e  u s e  i s  made o f  measures t o  i n t e n s i f y  c o n v e c t i v e  h e a t  exchange 

( thawing  o f  t h e  s o i l  by f i l t r a t i o n  o f  w a t e r  and f l o o d i n g  o f  coa r se -g ra ined  

s o i l s  1. 

3 .  N a t u r a l  Thermal S t a t e  o f  t h e  Ground and I t s  A l t e r a t i o n  

A s  a  r e s u l t  of  the rmal  i n t e r a c t i o n  between t h e  s t r u c t u r e  and t h e  s o i l ,  

one o f  two s t a t e s  o f  dynamic e q u i l i b r i u m  i n  t h e  s o i l  may be formed: s t e a d y  

s t a t e  o r  p e r i o d i c  s t e a d y  s t a t e .  I n  t h e  s o i l  benea th  o r  around t h e  s t r u c t u r e  

a  the rmal  regime shou ld  be  c r e a t e d  which has  t h e  minimum harmfu l  i n f l u e n c e  on 

c ryogen ic  p r o c e s s e s  and e n s u r e s  t h e  r e q u i r e d  s t r e n g t h  c h a r a c t e r i s t i c s  o f  t h e  

s o i l .  

I n  many c a s e s  t h e  s t r e n g t h  o f  t h e  s o i l  under  a  n a t u r a l  the rmal  regime 

e n s u r e s  t h e  s t a b i l i t y  o f  t h e  s t r u c t u r e  and c ryogen ic  p r o c e s s e s  have l i t t l e  

i n f l u e n c e  on t h e  f u n c t i o n  o f  t h e  s t r u c t u r e .  The h e a t  exchange regime under-  

goes changes a f t e r  t h e  s t r u c t u r e  i s  b u i l t ;  t h e r e f o r e  under  t h e  new c o n d i t i o n s  

p r o v i s i o n  shou ld  be made f o r  e n s u r i n g  t h e  n a t u r a l  the rmal  regime o f  t h e  s o i l s  

o r  something c l o s e  t o  i t .  

I n  o t h e r  c a s e s  t h e  s o i l  under n a t u r a l  c o n d i t i o n s  does n o t  s a t i s f y  t h e  

r equ i rements  a s  a  f o u n d a t i o n  base  o r  medium i n  which t h e  s t r u c t u r e  i s  t o  be 

p l a c e d ,  and t h e  p r o p e r t i e s  o f  t h e s o i l  have t o  b e  improved b e f o r e  t h e  s t r u c t u r e  

i s  e r e c t e d .  One o f  t h e  methods o f  changing t h e  physico-mechanical  p r o p e r t i e s  

o f  t h e  s o i l  and a l s o  d e c r e a s i n g  t h e  i n f l u e n c e  o f  cy rogen ic  p r o c e s s e s  on t h e  

s t r u c t u r e  i s  changing t h e  n a t u r a l  the rmal  regime of  t h e  s o i l  b e f o r e  e r e c t i o n  

o f  t h e  s t r u c t u r e ,  i . e .  c r e a t i n g  a  the rmal  regime which i s  r e q u i r e d  f o r  normal 

o p e r a t i o n  of t h e  s t r u c t u r e .  L a t e r  when t h e  s t r u c t u r e  i s  p u t  t o  u s e ,  t h e  

problem i s  reduced t o  r e t a i n i n g  t h e  newly c r e a t e d  t h e r m a l  regime o f  t h e  s o i l .  

It shou ld  be no ted  t h a t  such a  t h e r m a l  regime,  i f  measures a r e  p rov ided  f o r  

c o n s e r v i n g  i t ,  would be  formed d u r i n g  t h e  o p e r a t i o n  of  t h e  s t r u c t u r e .  

However, t h e  new the rmal  regime would be  formed o v e r  a  prolonged p e r i o d  o f  

t ime and d u r i n g  t h i s  p r o c e s s  t h e  p r o p e r t i e s  o f  t h e  s o i l  would not  s a t i s f y  t h e  

des igned  requ i rements  and t h e  s t r u c t u r e  would s u f f e r  de fo rmat ion .  



With c o n t r o l l e d  change i n  t h e  t h e r m a l  regime o f  t h e  s o i l  t h e  pr imary  

f a c t o r  i s  t h e  physico-mechanical  p r o p e r t i e s  under  n a t u r a l  c o n d i t i o n s  and t h e  

p o s s i b i l i t y  o f  changing t h e s e  p r o p e r t i e s  depending on t h e  c l i m a t e  o f  t h e  

c o n s t r u c t i o n  s i t e ,  t h e  t y p e  of s t r u c t u r e ,  h y d r o l o g i c a l  c o n d i t i o n s ,  e t c .  

Cor respond ing ly ,  t h e  change i n  n a t u r a l  t h e r m a l  s t a t e  i s  reduced t o  f r e e z i n g  

of t h e  s o i l  t o  c r e a t e  a  f r o z e n  b e a r i n g  medium of  uni form s t r e n g t h  when t h e  

dep th  o f  t h e  p e r m a f r o s t  t a b l e  i s  no t  uniform; t o  r e d u c i n g  t h e  t e m p e r a t u r e  o f  

t h e  pe rmaf ros t  i n  o r d e r  t o  i n c r e a s e  t h e  p e r m i s s i b l e  p r e s s u r e ;  t o  p r e l i m i n a r y  

thawing o f  t h e  s o i l  t o  p r e v e n t  thaw s e t t l e m e n t  i f  i t  i s  i m p o s s i b l e  o r  

economical ly  i n a d v i s a b l e  t o  r e t a i n  t h e  s o i l  i n  t h e  f r o z e n  s t a t e .  

P r e l i m i n a r y  change i n  t h e  i n i t i a l  t h e r m a l  s t a t e  i s  accompl ished by con- 

t r o l l i n g  t h e  e x t e r n a l  h e a t  exchange and u s i n g  supplementary  s o u r c e s  o r  d i s -  

s i p a t o r s  o f  h e a t .  

P r e p a r a t o r y  measures t o  change t h e  n a t u r a l  s t a t e  u s u a l l y  must be done 

i n  a  s h o r t  p e r i o d  o f  t i m e .  Without changing t h e  g e n e r a l  p r i n c i p l e s  o f  

c o n t r o l l i n g  t h e  t h e r m a l  regime t h i s  r e q u i r e s  i n t e n s i f i c a t i o n  o f  t h e  p r o c e s s e s .  

For  f u r t h e r  c o n s e r v a t i o n  of  t h e  newly formed regime d u r i n g  o p e r a t i o n  o f  t h e  

s t r u c t u r e ,  measures may be used which d i f f e r  from t h o s e  used d u r i n g  i t s  

fo rmat ion .  

4 .  Changing t h e  S u r f a c e  o f  I n t e r a c t i o n  Between t h e  S o i l  

and Its Surroundings  

The t e m p e r a t u r e  f i e l d  o f  t h e  s o i l  depends on t h e  shape  and s i z e  o f  t h e  

s u r f a c e  on which t h e r m a l  i n t e r a c t i o n  between t h e  s o i l  and t h e  s u r r o u n d i n g  

medium t a k e s  p l a c e .  The p o s s i b i l i t y  o f  c o n t r o l l i n g  t h e  t h e r m a l  regime by 

changing t h e  s u r f a c e  of i n t e r a c t i o n  i s  ex t remely  l i m i t e d .  

For  t h e  sys tem a tmosphere - so i l  t h i s  method o f  c o n t r o l l i n g  h e a t  exchange 

i s  n o t  used t o  any e x t e n t .  One can only  mention deep p lough ing  where t h e  

s u r f a c e  i s  g i v e n  a  saw-tooth form a s  a  method o f  improving t h e r m a l  c o n d i t i o n s  

(Chap te r  V). 

F o r  t h e  sys tem s t r u c t u r e - s o i l ,  t h e  change i n  d imensions  and t h e  shape  of  

t h e  s u r f a c e  of  i n t e r a c t i o n  i s  p r i m a r i l y  l i m i t e d  t o  t h e  d imensions  and shape  

o f  t h e  s t r u c t u r e  which a r e  de te rmined  a s  a  r u l e  by t h e  purpose  o f  t h e  s t r u c -  

t u r e .  Some p o s s i b i l i t i e s  o f  c o n t r o l l i n g  t h e  s u r f a c e  o f  i n t e r a c t i o n  a r e  

p rov ided  by supplementary  h e a t  s o u r c e s  and d i s s i p a t o r s  o f  h e a t .  I f  i t  i s  

n e c e s s a r y  t o  d e c r e a s e  t h e  dep th  o f  s e a s o n a l  thaw a t  t h e  o u t s i d e  w a l l s  o f  

b u i l d i n g s  wi th  v e n t i l a t e d  crawl  s p a c e s ,  t h e  s u r f a c e  o f  i n t e r a c t i o n  can be  

i n c r e a s e d  by b u i l d i n g  v e n t i l a t e d  deck ing  around t h e  p e r i m e t e r  o f  t h e  b u i l d i n g .  

T h i s  v e n t i l a t e d  deck ing  w i l l  b e  e q u i v a l e n t  a c t u a l l y  t o  e x t e n d i n g  t h e  v e n t i l a t e d  

c rawl  space .  I n  t h i s  r e s p e c t  b u r i e d  c o o l i n g  c o n d u i t s  o r  p i p e s  p r e s e n t  g r e a t  



p o s s i b i l i t i e s .  By s e l e c t i n g  t h e  d imens ions  and number o f  c o n d u i t s  o r  p i p e s  

t h e  s u r f a c e  o f  i n t e r a c t i o n  can  be  changed.  A s imilar  change i n  t h e  s u r f a c e  

o f  i n t e r a c t i o n  can be a c h i e v e d  f o r  example by thawing  t h e  s o i l  u s i n g  cove red  

je ts ,  t h e  h e a t  s o u r c e  b e i n g  s t e a m ,  w a t e r ,  e t c .  

5. I n t e r a c t i o n  o f  V a r i o u s  F a c t o r s  i n  t h e  Format ion  o f  t h e  

Ground Thermal Regime 

The t h e r m a l  regime o f  t h e  s o i l  i s  formed from t h e  i n t e r a c t i o n  o f  a l l  t h e  

f a c t o r s  c o n s i d e r e d  above ; e x t e r n a l  h e a t  exchange ,  h e a t  t r a n s f e r  i n  t h e  s o i l ,  

t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s ,  n a t u r a l  t h e r m a l  s t a t e  which on chang ing  

i n i t i a t e s  t h e  f o r m a t i o n  o f  t h e  t e m p e r a t u r e  f i e l d ,  t h e  d imens ions  and s h a p e  o f  

t h e  s u r f a c e  of  i n t e r a c t i o n  o f  t h e  s o i l  w i t h  t h e  s u r r o u n d i n g  medium. Dur ing  

t h e  f o r m a t i o n  o f  t h e  t e m p e r a t u r e  f i e l d  t h e  m a j o r i t y  o f  t h e s e  f a c t o r s  r e a c t s  

r e c i p r o c a l l y .  

The mechanism o f  h e a t  t r a n s f e r  i n  t h e  s o i l  and a l s o  t h e  t h e r m a l  p h y s i c a l  

c h a r a c t e r i s t i c s  o f  t h e  s o i l  depend on h e a t  exchange between t h e  s o i l  and  t h e  

s u r r o u n d i n g  medium. F o r  example ,  d u r i n g  r a p i d  f r e e z i n g  o f  t h e  ground caused  

by l a r g e  l o s s e s  o f  h e a t  i n t o  t h e  s u r r o u n d i n g  medium, t h e r e  i s  p r a c t i c a l l y  no  

r e d i s t r i b u t i o n  o f  m o i s t u r e  i n  t h e  s o i l  d u r i n g  t h e  f r e e z i n g  p r o c e s s ,  1 . e .  t h e r e  

i s  a lmos t  a comple te  absence  o f  c o n v e c t i v e  h e a t  t r a n s f e r ;  on t h e  o t h e r  hand 

slow f r e e z i n g  caused  by small h e a t  l o s s e s  c a n  g r e a t l y  i n c r e a s e  m i g r a t i o n  and 

c o n s e q u e n t l y  c o n v e c t i v e  h e a t  t r a n s f e r .  

P r o c e s s e s  o f  e v a p o r a t i o n  and c o n d e n s a t i o n  i n  t h e  c o n t a c t  l a y e r  may on 

t h e  one hand b r i n g  abou t  a movement o f  m o i s t u r e  i n  t h e  s o i l ,  i . e .  f a c i l i t a t e  

h e a t  t r a n s f e r  by c o n v e c t i o n ;  and on t h e  o t h e r  hand t h e y  i n f l u e n c e  t h e  t h e r m a l  

p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  s o i l  chang ing  i t s  m o i s t u r e  c o n t e n t .  I n  t u r n  

t h e  t h e r m a l  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  s o i l  t o  a c o n s i d e r a b l e  e x t e n t  

d e t e r m i n e  t h e  r a t e s  o f  e v a p o r a t i o n  and c o n d e n s a t i o n .  These  p r o c e s s e s  a r e  

i n t e r r e l a t e d  w i t h  t h e  f o r m a t i o n  o f  t h e  r a d i a t i o n  component o f  t h e  ene rgy  

b a l a n c e ;  w i t h  changes  i n  t h e  m o i s t u r e  c o n t e n t  o f  t h e  c o n t a c t  l a y e r  which 

depends on t h e  m o i s t u r e  c o n t e n t  o f  t h e  s o i l  and on e v a p o r a t i o n  o r  condensa-  

t i o n ;  t h e  a l b e d o  o f  t h e  c o n t a c t  l a y e r  a l s o  changes  as w e l l  as i t s  t e m p e r a t u r e  

and r a d i a t i o n  p r o p e r t i e s ,  and c o n s e q u e n t l y  t h e  r a d i a t i o n  component o f  t h e  

ene rgy  b a l a n c e .  

T u r b u l e n t  h e a t  exchange depend ing  on t h e  t e m p e r a t u r e  o f  t h e  c o n t a c t  

l a y e r  a l s o  a f f e c t s  i t s  t e m p e r a t u r e ,  t h e  r a t e s  o f  e v a p o r a t i o n  and c o n d e n s a t i o n ,  

r a d i a t i o n  b a l a n c e ,  e t c .  

Changes i n  t h e  h e a t  exchange  i n  t h e  sys t em s t r u c t u r e - s o i l  h a s  a n  i n f l u e n c e  

on t h e  h e a t  exchange  i n  t h e  s y s t e m  a t m o s p h e r e - s o i l .  



The i n i t i a l  t h e r m a l  s t a t e  o f  t h e  s o i l ,  and t h e  shape  and s i z e  o f  t h e  

s u r f a c e  of  i n t e r a c t i o n  o f  t h e  s o i l  w i t h  t h e  s u r r o u n d i n g  medium, i n f l u e n c e  

t h e  r a t e  o f  e s t a b l i s h m e n t  o f  t h e  s t a t e  o f  dynamic e q u i l i b r i u m  and a l s o  t h e  

t e m p e r a t u r e  o f  t h e  c o n t a c t  l a y e r  and consequen t ly  a l l  o t h e r  f a c t o r s  de termin-  

i n g  t h e  t e m p e r a t u r e  f i e l d  o f  t h e  s o i l .  

Thus a l l  f a c t o r s  d e t e r m i n i n g  t h e  t e m p e r a t u r e  f i e l d  a r e  i n t e r d e p e n d e n t .  

A t  t h e  p r e s e n t  t ime  i t  i s  i m p o s s i b l e  t o  t a k e  i t s  i n t e r d e p e n d e n c e  i n t o  account  

i n  e n g i n e e r i n g  c a l c u l a t i o n s .  T h e r e f o r e ,  i t  must be  assumed t h a t  t h e r m a l  

p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  s o i l  and t h e  h e a t  t r a n s f e r  mechanism do n o t  

depend on h e a t  exchange w i t h  t h e  s u r r o u n d i n g  medium. Some p o s s i b i l i t i e s  o f  

t a k i n g  i n t o  accoun t  t h e  i n t e r r e l a t i o n s h i p  between t h e  e x t e r n a l  h e a t  exchange 

and h e a t  t r a n s f e r  w i t h i n  t h e  s o i l ,  w h i l e  d e t e r m i n i n g  t h e  t e m p e r a t u r e  f i e l d ,  

o c c u r  when e q u a t i o n s  o f  energy b a l a n c e  ( 4 . 8 ) ,  ( 4 . 9 )  and ( 4 . 1 0 )  a r e  used a s  

boundary c o n d i t i o n s  i n  the rmal  c a l c u l a t i o n s .  

6 .  P r i n c i p a l  Methods o f  Thermal Eng inee r ing  C a l c u l a t i o n s  

( a )  The g e n e r a l  p o s i t i o n  

The problem o f  t h e r m a l  e n g i n e e r i n g  c a l c u l a t i o n s  i s  t o  de te rmine  t h e  

t e m p e r a t u r e  f i e l d  s i n c e  t h e  physico-mechanical  c h a r a c t e r i s t i c s  o f  t h e  s o i l  

depend e s s e n t i a l l y  on t e m p e r a t u r e ,  and t h e  i n t e n s i t y  o f  g e o c r y o l o g i c a l  

p r o c e s s e s  depend on t h e  r a t e  o f  change o f  t h e  t e m p e r a t u r e  f i e l d  (Chap te r  111). 

Taking i n t o  account  p a r t i c u l a r l y  r a p i d  changes i n  t h e  physico-mechanical  

c h a r a c t e r i s t i c s  o f  t h e  s o i l  d u r i n g  changes i n  t h e  phase  compos i t ion  o f  t h e  

w a t e r ,  t h e  f i r s t  t h i n g  t o  be  done i s  t o  de te rmine  t h e  boundary between t h e  

f r o z e n  and thawed s t a t e  o f  t h e  s o i l ,  1 . e .  t h e  p o s i t i o n  o f  one i s o t h e r m  - 
thawing o r  f r e e z i n g ;  t h e  r e l a t i v e l y  s m a l l  p r e s s u r e s  e x e r t e d  by p resen t -day  

s t r u c t u r e s  on p e r m a f r o s t  make i t  p o s s i b l e  f o r  t h e  most p a r t  t o  n e g l e c t  o t h e r  

f a c t o r s .  

The f r e e z i n g  and thawing o f  t h e  m o i s t u r e  i n  f i n e - g r a i n e d  s o i l s  o c c u r s  

i n  a  l a y e r  o f  f r e e z i n g  o r  thawing s o i l  hav ing  a  wide range  o f  below f r e e z i n g  

t e m p e r a t u r e s  (Chap te r  111). Correspondingly  Kolesnikov (1952)  o b t a i n e d  a  

d i f f e r e n t i a l  e q u a t i o n  which t a k e s  i n t o  account  t h e  e v o l u t i o n  o r  a b s o r p t i o n  

o f  h e a t  o f  c r y s t a l l i z a t i o n  i n  t h e  l a y e r  o f  f r e e z i n g  o r  thawing s o i l .  Th i s  

e q u a t i o n  can b e  s o l v e d  on ly  by numer ica l  i n t e g r a t i o n  which makes i t  i m p o s s i b l e  

f o r  t h e  t ime  b e i n g  t o  u s e  t h e  mechanism developed by Kolesnikov f o r  s o l v i n g  

e n g i n e e r i n g  problems.  

To s i m p l i f y  t h e  problem a t  t h e  p r e s e n t  t ime  i t  i s  s t i l l  assumed t h a t  

t h e  h e a t  o f  c r y s t a l l i z a t i o n  f o r  f i n e - g r a i n e d  s o i l s  a s  w e l l  a s  f o r  c o a r s e -  

g r a i n e d  s o i l s  i s  evo lved  o r  absorbed on a  mobi le  i n t e r f a c e  between t h e  thawed 



and f r o z e n  s o i l  and n o t  i n  a  l a y e r  o f  s o i l .  Then t h e  problem o f  d e t e r m i n i n g  

t h e  t e m p e r a t u r e  f i e l d  d u r i n g  thawing o f  t h e  s o i l  i n  t h e  p e r m a f r o s t  r e g i o n  can 

be fo rmula ted  f o r  uniform s o i l s  i n  t h e  f o l l o w i n g  manner. The t e m p e r a t u r e  

f i e l d s  i n  t h e  r e g i o n s  o f  thawed and f r o z e n  s o i l ,  r e s p e c t i v e l y ,  a r e  d e s c r i b e d  

by t h e  F o u r i e r  e q u a t i o n s  ( f o r  t h e  s a k e  o f  b r e v i t y  a  un id imens iona l  problem i s  

c o n s i d e r e d ) :  
\ 

The i n i t i a l  c o n d i t i o n s :  

when t = 0; h  = 0 ;  efr = f ( x ) .  

The boundary c o n d i t i o n s :  

when x  = 0 ,  R ( t )  + P ( t )  + E ( t )  + A T  [%] = 0 ;  (4 .17)  
x = O  

when X = h ,  G T  Gf r  ' G o .  

The c o n d i t i o n s  o f  union a t  t h e  boundary o f  t h e  thawed and f r o z e n  s o i l s ,  

where G T  - t e m p e r a t u r e  o f  t h e  thawed l a y e r  o f  s o i l ,  

G f r  - t e m p e r a t u r e  o f  f r o z e n  s o i l ,  

Go - t e m p e r a t u r e  o f  t h e  m e l t i n g  o f  i c e  i n  t h e  s o i l ,  

a t , a f r  - c o e f f i c i e n t s  o f  d i f f u s i v i t y  o f  t h e  s o i l  i n  t h e  thawed and f r o z e n  

s t a t e ,  

X t , X f r  - c o e f f i c i e n t s  o f  h e a t  c o n d u c t i v i t y  o f  t h e  s o i l  I n  t h e  thawed and 

f r o z e n  s t a t e s ,  

h  - dep th  o f  thaw, 

w - q u a n t i t y  o f  i c e  i n  t h e  s o i l ,  

R ( t ) ;  P ( t ) ;  E ( t )  - h e a t  exchange components, t h e  same a s  i n  e q u a t i o n  ( 4 . 8 ) ,  

90 
- m e l t i n g  p o i n t  of i c e .  

Present -day mathematics cannot  produce a  p r e c i s e  s o l u t i o n  t o  t h i s  

problem. Moreover, g r e a t  d i f f i c u l t i e s  a r e  i n v o l v e d  i n  p roduc ing  a  s u f -  

f i c i e n t l y  s imple  a n a l y t i c a l  e x p r e s s i o n  f o r  t h e  f u n c t i o n s  o f  R ( t ) ,  P ( t )  and 



~ ( t )  i n  c o n d i t i o n  ( 4 . 1 7 ) .  The a n a l y t i c a l  s o l u t i o n s  o b t a i n e d  even f o r  

t h e  s i m p l e s t  boundary c o n d i t i o n s  ( R u b i n s h t e i n ,  1947;  Da t sev ,  1947;  and ,  

Volokhonsk i i ,  1950;  S h e k h t e r ,  1955, and o t h e r s )  cannot  be used  f o r  

e n g i n e e r i n g  purposes .  

The mathemat ica l  d i f f i c u l t i e s  i n  s o l v i n g  e q u a t i o n s  (4 .15)  w i t h  

t h e  c o n d i t i o n  o f  t h e  union o f  t e m p e r a t u r e  f i e l d s  a t  t h e  boundary 

between t h e  f r o z e n  and thawed s o i l  (4 .18)  has  f o r c e d  t h e  s e a r c h  f o r  

a  s i m p l i f i e d  s o l u t i o n .  

The g r e a t e s t  consumption o f  h e a t  d u r i n g  t h e  thawing o f  mois t  s o i l  

goes t o  change t h e  phase  composition o f  w a t e r  and t h e  i n t e r f a c e  between 

t h e  two s t a t e s  o f  t h e  s o i l  ( thawed and f r o z e n )  i s  u s u a l l y  d i s p l a c e d  

ve ry  s lowly .  A s  a  r e s u l t ,  t h e  t e m p e r a t u r e  f i e l d  i n  t h e  thawed o r  f r o z e n  

l a y e r  o f  s o i l  a t  any moment o f  t i m e  i s  c l o s e  t o  t h e  s t e a d y  s t a t e ,  whereas 

t h e  non-steady s t a t e  p r o c e s s  can  be  rega rded  a s  a  con t inuous  t r a n s i t i o n  

from one s t e a d y  s t a t e  t o  a n o t h e r .  Th i s  s p e c i f i c  f e a t u r e  o f  f r e e z i n g  and 

thawing of mois t  s o i l s  h a s  been used  a s  t h e  b a s i s  f o r  a  number o f  s o l u t i o n s .  

I n  t h e s e  s o l u t i o n s  i t  i s  assumed t h a t  i n  f r o z e n  o r  thawed l a y e r s  t h e  

t e m p e r a t u r e  o f  t h e  s o i l  v a r i e s  a c c o r d i n g  t o  t h e  law o f  a  s t e a d y  t h e r m a l  

s t a t e  o r  i s  approximated by some f u n c t i o n  s a t i s f y i n g  t h e  boundary condi-  

t i o n s .  Th i s  method i s  fo rmula ted  most f u l l y  i n  p a p e r s  o f  L.S. Leibenzon,  

(1931,  1939) .  Moreover, i n  such a n a l y t i c a l  s o l u t i o n s  s i m p l i f i e d  i n i t i a l  

and boundary c o n d i t i o n s  a r e  used.  

For  t h e  i n i t i a l  c o n d i t i o n s  u s u a l l y  one o f  t h e  f o l l o w i n g  v a r i a n t s  i s  

g iven :  ( a )  t h e  t e m p e r a t u r e  of t h e  s o i l  i s  e q u a l  t o  O ° C ;  ( b )  t h e  t e m p e r a t u r e  

o f  t h e  s o i l  i s  d i f f e r e n t  from z e r o  bu t  c o n s t a n t  w i t h  d e p t h ,  ( c )  t h e  tempera-  

t u r e  o f  t h e  s o i l  v a r i e s  l i n e a r l y  w i t h  dep th .  

A s  boundary c o n d i t i o n s  i t  i s  assumed t h a t  t h e  s o u r c e  o f  h e a t  i s  

g e n e r a t e d  i n s t a n t a n e o u s l y  and fu r the rmore  t h e  t e m p e r a t u r e  e i t h e r  a t  t h e  

s u r f a c e  o f  t h e  s o i l  o r  i n  t h e  s u r r o u n d i n g  medium remains  c o n s t a n t .  

The components of  t h e  e x t e r n a l  h e a t  exchange can q u i t e  r e a d i l y  be 

i n t r o d u c e d  i n  ana logous  s o l u t i o n s  i f  one t a k e s  t u r b u l e n t  h e a t  exchange i n t o  

accoun t  a c c o r d i n g  t o  e q u a t i o n s  ( 4 . 3 )  o r  ( 4 . 1 4 ) .  I n  t h i s  c a s e  t h e  boundary 

c o n d i t i o n  ( 4 . 1 7 )  i s  w r i t t e n  i n  t h e  form 

I n t r o d u c i n g  t h e  e q u i v a l e n t  t e m p e r a t u r e  ae c o r r e s p o n d i n g  t o  t h e  t o t a l  

e f f e c t  o f  t h e  components of t h e  e x t e r n a l  h e a t  exchange on t h e  t h e r m a l  

regime of  t h e  s o i l  we o b t a i n  



where 

If one assumed t h a t  3,, 3, ( s e e  e q u a t i o n  4 . 1 3 ) ,  R and E a r e  c o n s t a n t ,  

t h e  r a d i a t i o n  component of  h e a t  exchange and t h e  consumption o f  h e a t  on 

e v a p o r a t i o n  o r  i t s  e v o l u t i o n  d u r i n g  condensa t ion  can  be t a k e n  i n t o  account  

i n  any o f  t h e  approximate  s o l u t i o n s .  

For  an  approximate  e s t i m a t e  o f  t h e  i n f l u e n c e  o f  t h e  r a d i a t i o n  com- 

ponent  o f  t h e  h e a t  exchange and t h e  consumption o f  h e a t  d u r i n g  e v a p o r a t i o n  

on t h e  e q u i v a l e n t  t e m p e r a t u r e ,  we use  t h e  o b s e r v a t i o n s  o f  h e a t  exchange 

components c a r r i e d  o u t  on e x p e r i m e n t a l  p l o t s  i n  t h e  v i c i n i t y  o f  t h e  Aldan 

R i v e r  (Bakakin,  1 9 5 5 ) .  The d a t a  o f  o b s e r v a t i o n s  a r e  g i v e n  i n  Table  X X I I I .  

I n  t h e r m a l  e n g i n e e r i n g  c a l c u l a t i o n s  o f  t h e  thawing and f r e e z i n g  o f  

s o i l s ,  t h e  c o e f f i c i e n t  o f  h e a t  exchange a i s  u s u a l l y  used which i s  o b t a i n e d  

f o r  e n g i n e e r i n g  s t r u c t u r e s  w i t h i n  t h e  r ange  o f  10-30 ( I s k r i n ,  Luk'yanov 

and o t h e r s ) ,  s i n c e  t h e r e  a r e  no s p e c i a l  i n v e s t i g a t i o n s  o f  t h i s  problem. 

For  a  n a t u r a l  p l o t  where t u r b u l e n t  h e a t  exchange i s  r e t a r d e d  by v e g e t a t i o n  

c o v e r ,  we assume t h e  c o e f f i c i e n t  o f  h e a t  exchange t o  be  1 5 ;  f o r  c o a r s e  

g r a v e l l y  d e p o s i t s  which have t h e  g r e a t e s t  s i m i l a r i t y  t o  t h e  a p p r o p r i a t e  

s u r f a c e s  of  e n g i n e e r i n g  s t r u c t u r e s  a = 20 and f o r  a r t i f i c i a l l y  b lackened 

g r a v e l l y  d e p o s i t s  where one can expec t  a c c e l e r a t e d  t h e r m a l  t u r b u l e n c e ,  

a = 25 .  

The e q u i v a l e n t  t e m p e r a t u r e s  c a l c u l a t e d  from t h e  d a t a  o f  Tab le  X X I I I  

and t h e  assumed h e a t  exchange c o e f f i c i e n t  a r e  g i v e n  i n  Tab le  X X I V .  

From t h e  d a t e  i n  Table  X X I V  one can e s t i m a t e  t h e  i n f l u e n c e  o f  t h e  

r a d i a t i o n  component and h e a t  consumed by e v a p o r a t i o n  on t h e  v a l u e  o f  t h e  

e q u i v a l e n t  t e m p e r a t u r e s .  These d a t a  a r e  o n l y  approximate  s i n c e  a t  t h e  

p r e s e n t  t ime  t h e  c o e f f i c i e n t  o f  h e a t  exchange cannot  be  de te rmined  w i t h  

s u f f i c i e n t  accuracy .  N e v e r t h e l e s s  one can  conclude  t h a t  i n  t h e  m a j o r i t y  

of c a s e s  i t  i s  n e c e s s a r y  t o  t a k e  i n t o  accoun t  s i m u l t a n e o u s l y  bo th  t h e  

consumption o f  h e a t  on e v a p o r a t i o n  and t h e  r a d i a t i o n  h e a t  exchange com- 

ponent .  Taking i n t o  account  on ly  t h e  r a d i a t i o n  component g i v e s  an  exces-  

s i v e  va lue  t o  t h e  e q u i v a l e n t  t e m p e r a t u r e .  Thus f o r  a  p l o t  w i t h  n a t u r a l  

cover  t h e  mean e q u i v a l e n t  t e m p e r a t u r e  i n  J u l y  t a k i n g  on ly  r a d i a t i o n  i n t o  

account  w i l l  be 



whereas  i f  consumpt ion  o f  h e a t  on e v a p o r a t i o n  i s  a l s o  c o n s i d e r e d  3, = 1 8 . 8 ~ ~  

( T a b l e  XXIV). T h e r e f o r e  as a f i rs t  a p p r o x i m a t i o n ,  i f  t h e r e  a r e  no d a t a  on 

e v a p o r a t i o n ,  i t  i s  more r e l i a b l e  under  n a t u r a l  c o n d i t i o n s  t o  c o n s i d e r  t h a t  

f r e e z i n g  and thawing  i s  due o n l y  t o  h e a t  exchange  between t h e  s o i l  and  t h e  

a i r  f o r  d e t e r m i n i n g  t h e  d e p t h  o f  f r e e z i n g  and thawing .  The r e s u l t s  g i v e n  

i n  Tab le  XXIV a l s o  p e r m i t  t h e  c o n c l u s i o n  t h a t  i n  c a l c u l a t i n g  t h e  t h e r m a l  

reg ime f o r  t h e  f i l l  of a r a i l r o a d  bed  and d r y  s l o p e s  o f  dams one  s h o u l d  

t a k e  a s  t h e  boundary c o n d i t i o n s  n o t  o n l y  t h e  h e a t  exchange w i t h  t h e  a i r  

b u t  a l s o  t h e  r a d i a t i o n  component of t h e  h e a t  exchange and t h e  consumpt ion  

o f  h e a t  on e v a p o r a t i o n ,  o r  i n  t h e  f irst  a p p r o x i m a t i o n  c o n s i d e r  o n l y  t h e  

h e a t  exchange w i t h  t h e  a i r .  

Only i n  t h e  d e t e r m i n a t i o n  o f  t h e  d e p t h  o f  f r e e z i n g  o r  t hawing  o f  e a r t h  

roadbeds  w i t h  h a r d  s u r f a c e s  where e v a p o r a t i o n  i s  p r a c t i c a l l y  e x c l u d e d  can  

t h e  r a d i a t i o n  component o f  h e a t  exchange o b v i o u s l y  b e  c o n s i d e r e d .  

Thus a p r e c i s e  c o n s i d e r a t i o n  of h e a t  exchange  between t h e  s o i l  and  t h e  

a tmosphere  i s  d i f f i c u l t  a t  t h e  p r e s e n t  t i m e  s i n c e  t h e r e  a r e  no r e l i a b l e  

d a t a  w i t h  which t o  d e t e r m i n e  t h e  l o s s  o f  h e a t  on e v a p o r a t i o n  and  t h e  c o e f -  

f i c i e n t  o f  h e a t  exchange a .  The h e a t  exchange c o e f f i c i e n t  a v a r i e s  o v e r  

a  wide r a n g e ;  however,  if one t a k e s  i n t o  c o n s i d e r a t i o n  o n l y  t h e  h e a t  

exchange w i t h  t h e  a i r  i t  h a s  l i t t l e  i n f l u e n c e  on t h e  h e a t  f low w i t h i n  t h e  

s o i l .  

A more p r e c i s e  d e t e r m i n a t i o n  of t h e  h e a t  exchange c o e f f i c i e n t  i s  

r e q u i r e d  when t h e  c a l c u l a t i o n s  t a k e  i n t o  a c c o u n t  such  components o f  t h e  

h e a t  exchange  as t h e  consumpt ion  o f  h e a t  on e v a p o r a t i o n  and  r a d i a t i o n .  

( b )  Approximate a n a l y t i c a l  s o l u t i o n s  

Approximate a n a l y t i c a l  fo rmulae  a r e  used  e x t e n s i v e l y  i n  c a l c u l a t i o n s  

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

and s o i l s .  

Moreover ,  i n  a  number o f  e n g i n e e r i n g  c a l c u l a t i o n s  t h e y  e n s u r e  t h e  

r e q u i r e d  a c c u r a c y  a t  t h e  p r e s e n t  t ime  ( p r e s e r v a t i o n  o f  t h e  f r o z e n  con- 

d i t i o n  o f  t h e  f o u n d a t i o n  s o i l s  unde r  b u i l d i n g s  w i t h  v e n t i l a t e d  c r a w l  

s p a c e ,  d e t e r m i n a t i o n  o f  t h e  d e p t h s  of thaw a t  t h e  b a s e  of roadbeds  with  

h a r d  s u r f a c e s ,  e t c . ) .  

Many o f  t h e  problems i n  e n g i n e e r i n g  geoc ryo logy  c a n  b e  c l a s s i f i e d  

a s  u n i d i m e n s i o n a l  i n  which t h e  t e m p e r a t u r e  f i e l d  depends  on a s i n g l e  co- 

o r d i n a t e  ( d e t e r m i n a t i o n  o f  t h e  d e p t h  o f  thaw: u n d e r  n a t u r a l  c o n d i t i o n s ,  

i n  e a r t h  roadbed  c o n s t r u c t e d  i n  opened e x c a v a t i o n s ,  a t  ground l e v e l  o r  on 



low embankment, problems of  t h e r m a l  improvement, e t c . ) .  Some problems 

which a r e  e s s e n t i a l l y  two d imens iona l  can a l s o  b e  c o n s i d e r e d  approx imate ly  

a s  b e i n g  un id imens iona l  ( d e t e r m i n a t i o n  of  t h e  dep th  o f  thaw under  b u i l d i n g s  

wi th  v e n t i l a t e d  c rawl  s p a c e s ,  under  t h e  c e n t r a l  p a r t  o f  b u i l d i n g s  c o v e r i n g  

a  l a r g e  a r e a ,  e t c . ) .  

On t h e  b a s i s  of t h e  s i m p l i f i c a t i o n  c o n s i d e r e d  above,  a  l a r g e  number 

o f  c a l c u l a t i o n  formulae  have been o b t a i n e d  f o r  d e t e r m i n i n g  t h e  d e p t h  o f  

f r e e z i n g  o r  thawing f o r  un id imens iona l  c a s e s  (Krylov,  1934;  1940;  

Leibenzon,  1939; Luktyanov,  1946; S a l t y k o v ,  1944;  Khakimov, 1952, e t c . ) .  

The b a s i c  d i f f e r e n c e  between t h e s e  formulae  i s  t h e  method o f  t a k i n g  

i n t o  account  boundary c o n d i t i o n s ,  h e a t  c a p a c i t y  o f  f r e e z i n g  o r  thawing 

s o i l  and h e a t  f low from t h e  u n d e r l y i n g  thawed s o i l  i n  t h e  c a s e  o f  f r e e z i n g  

o r  h e a t  flow i n t o  t h e  u n d e r l y i n g  f r o z e n  s o i l  d u r i n g  thawing.  

The boundary c o n d i t i o n s  a r e  u s u a l l y  g i v e n  i n  t h e  form o f  t h e  

s u r f a c e  s o i l  t e m p e r a t u r e  o r  t h e  t e m p e r a t u r e  a t  a  c e r t a i n  dep th  i n  t h e  

form of  t h e  t e m p e r a t u r e  o f  t h e  s u r r o u n d i n g  medium. Tn any of  t h e  

formulae ,  t a k i n g  i n t o  accoun t  t h e  temperacure  o f  t h e  s u r r o u n d i n g  medium, 

t h e  t e m p e r a t u r e  o f  t h e  medium can be  r e p l a c e d  by t h e  e q u i v a l e n t  tempera- 

t u r e  and i n  t h i s  way a l l  t h e  components o f  t h e  e x t e r n a l  h e a t  exchange 

can be accounted  f o r .  

Below, t h e  most widely  used formulae a r e  g i v e n  which d i f f e r  i n  t h e  

q u a n t i t y  and methods of  t a k i n g  i n t o  account  v a r i o u s  f a c t o r s  i n f l u e n c i n g  

t h e  dep th  o f  f r e e z i n g  and thawing o f  t h e  s o i l .  

The formula  f o r  d e t e r m i n i n g  t h e  dep th  o f  f r e e z i n g  was f i r s t  d e r i v e d  

by Z a a l f s h y u t t s e ;  l a t e r  a s i m i l a r  formula  was d e r i v e d  by S t e f a n  (Golovko, 

1949) and i t  was named a f t e r  him: 

T h i s  formula  i s  based on t h e  c o n s i d e r a t i o n  t h a t  a l l  t h e  h e a t  e n t e r i n g  

t h e  s o i l  on thawing o r  e l i m i n a t e d  on f r e e z i n g  goes t o  change t h e  p h y s i c a l  

s t a t e  o f  t h e  w a t e r  i n  t h e  s o i l .  T h i s  formula  does n o t  c o n s i d e r  e i t h e r  

t h e  h e a t  c a p a c i t y  o f  t h e  s o i l  o r  h e a t  flow t o  t h e  u n d e r l y i n g  f r o z e n  s o i l  

from t h e  thawing boundary.  I n  e n g i n e e r i n g  geocryology i t  can  be used  only  

f o r  very  rough c a l c u l a t i o n s  of  t h e  dep th  o f  thaw of  p e r m a f r o s t  i f  t h e  

t e m p e r a t u r e  a t  t h e  dep th  o f  annua l  ampl i tude  i s  c l o s e  t o  O ° C .  

The h e a t  c a p a c i t y  i n  formula  of  t h e  t y p e  ( 4 . 2 0 )  was f i r s t  t a k e n  i n t o  

account  by S t e f a n  (Golovko, 1 9 4 9 ) ,  



where CT - v o l u m e t r i c  h e a t  c a p a c i t y  o f  thawed s o i l .  

The i n t r o d u c t i o n  i n t o  t h e  formula  o f  t h e  a d d i t i o n a l  f a c t o r  o f  h e a t  

c a p a c i t y  does n o t  i n c r e a s e  t h e  accuracy  o f  t h e  formula  t o  any e x t e n t  and 

t h e  p o s s i b i l i t i e s  o f  i t s  u s e  i n  c a l c u l a t i o n s  a r e  t h e  same a s  f o r  fo rmula  

(4 .20) .  

It shou ld  be  no ted  t h a t  t h e  consumption o f  h e a t  on h e a t i n g  thawing  

s o i l  o r  h e a t  f low from f r e e z i n g  s o i l  i n  t h e  form i n  which it was done by 

S t e f a n  can be  i n t r o d u c e d  i n  any o f  t h e  un id imens iona l  formulae  g l v e n  

below ( f o r  example, i n  t h e  formulae  o f  Krylov,  1934,  1940,  and o t h e r s ) .  

The p e r f e c t i o n  o f  formulae  of t h e  t y p e  (4 .20)  and (4 .21)  i s  reduced 

mainly t o  t a k i n g  i n t o  account  h e a t  exchange wi th  t h e  s u r r o u n d i n g  medium 

and h e a t  flow from t h e  thawing boundary i n t o  t h e  f r o z e n  s o i l  o r  h e a t  flow 

from unf rozen  s o i l  t o  t h e  f r e e z i n g  boundary.  

Krylov (1934) s u g g e s t e d  d e f i n i n g  t h e  f r e e z i n g  o f  s o i l  a s  t h e  r e s u l t  

o f  two independent  p r o c e s s e s :  t h e  f r e e z i n g  o f  s o i l  from above and t h e  

thawing  o f  s o i l  from b'elow c o n s i d e r i n g  t h e  h e a t  f low from t h e  unf rozen  

s o i l  q a s  b e i n g  c o n s t a n t .  Then t h e  dep th  o f  f r e e z i n g  a c c o r d i n g  t o  Krylov 

would b e ,  

Formula (4 .22)  i s  semi-empir ica l  s i n c e  t h e  s i n g l e  p r o c e s s  o f  f r e e z i n g  

and t h e  h e a t  f low t o  t h e  f r e e z i n g  boundary a r e  c o n s i d e r e d  s e p a r a t e l y .  

With i t  one can  c a l c u l a t e  f r e e z i n g  o v e r  a  r e l a t i v e l y  s h o r t  p e r i o d  of  t ime .  

L a t e r  Krylov (1939) d e r i v e d  a  formula s u i t a b l e  f o r  any i n t e r v a l  o f  

t i m e ,  

A g r e a t  c o n t r i b u t i o n  t o  t h e  development o f  approximate  methods o f  

c a l c u l a t i n g  t h e  dep th  of  f r e e z i n g  was made by V.  F. Luk'yanov (1946) .  

I n  t h e  formula  h e  d e r i v e d ,  t h e  most comple te  c o n s i d e r a t i o n  i s  g i v e n  f o r  

f a c t o r s  i n f l u e n c i n g  t h e  dep th  o f  f r e e z i n g ,  



where 

R - t h e  the rmal  r e s i s t a n c e  o f  i n s u l a t i o n  on t h e  s o i l  s u r f a c e .  

The i n s t r u c t i o n s  developed by V .  S. Lukfyanov and N .  V. Golovko (1957) 

i n  which a  b a s i s  is  g i v e n  f o r  t h e  s e l e c t i o n  o f  i n i t i a l  d a t a  i n c l u d i n g  t h e  

h e a t  f low q p e r m i t s  e f f e c t i v e  use  o f  formula  4.24 f o r  c a l c u l a t i n g  t h e  dep th  

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

The d e t e r m i n a t i o n  o f  t h e  h e a t  flow q i s  o f  c o u r s e  d i f f i c u l t .  There- 

f o r e  a t t e m p t s  were made t o  de te rmine  i t  a n a l y t i c a l l y .  Kh. R .  Khakimov 

(1952) assumes t h a t  a t  some d i s t a n c e  from t h e  f r e e z i n g  boundary o r  thawing 

boundary t h e  t e m p e r a t u r e  o f  t h e  s o i l  remains p r a c t i c a l l y  c o n s t a n t .  The 

d i s t r i b u t i o n  o f  t e m p e r a t u r e s  i n  t h e  s o i l  below t h e  f r e e z i n g  o r  thawing 

boundary i s  approximated by him t o  t h e  f u n c t i o n  

where ae - t h e  n a t u r a l  t empera tu re  o f  t h e  s o i l  a t  a  d i s t a n c e  L ;  

L - t h e  d i s t a n c e  from t h e  s u r f a c e  t o  t h e  dep th  where t h e  

i n f l u e n c e  o f  f r e e z i n g  o r  thawing a t  a  g i v e n  moment o f  

t ime  i s  p r a c t i c a l l y  a b s e n t .  

On t h e  b a s i s  o f  o b s e r v a t i o n s  o f  t h e  d i s t r i b u t i o n  of  t e m p e r a t u r e s  

d u r i n g  f r e e z i n g ,  Khakimov c o n s i d e r s  t h a t  t h e  r a t i o  L/h can  be  assumed 

c o n s t a n t  and approximate ly  e q u a l  t o  5. 

I f  one c o n s i d e r s  h e a t  i n s u l a t i o n  a t  t h e  s o i l  s u r f a c e  and asumes t h a t  

t h e  d i s t r i b u t i o n  o f  t e m p e r a t u r e s  i n  f r o z e n  s o i l  i s  analogous  t o  expres -  

s i o n  ( 4 . 2 5 )  t h e  dep th  o f  thaw w i l l  be 

where 



The va lue  o f  c o e f f i c i e n t  m i n  formula  (4 .26)  depending on t h e  thermo- 

p h y s i c a l  c h a r a c t e r i s t i c s  o f  f r o z e n  s o i l  can  be  t a k e n  a s  0.5 t o  0 .6 .  

Formula (4 .26)  Is v a l i d  when X T 3 ,  > - m X f r -  I n  formula  (4 .26)  t h e  h e a t  

f low from t h e  thawing  boundary i n t o  t h e  f r o z e n  s o i l  i s  v a r i a b l e  and t h e  

zone o f  c o n s t a n t  t e m p e r a t u r e  Oe d u r i n g  thawing c o n t i n u a l l y  moves away 

from t h e  thawing boundary,  which i s  t h e  main advantage  o f  t h e  formula .  

The t e m p e r a t u r e  g r a d i e n t  v a r i e s  u s u a l l y  w i t h i n  a  narrow r a n g e  (0 .02  - 
0.03OC/m which makes i t  p o s s i b l e  t o  assume i n  c a l c u l a t i o n s  t h a t  t h e  

t e m p e r a t u r e  3, i s  c o n s t a n t .  

I n  t h e  d e r i v a t i o n  o f  a  number o f  formulae  (Leibenzon,  1939;  I s k r i n ,  

1952; V o i t k o v s k i i ,  1954,  and o t h e r s )  i t  was assumed t h a t  t h e  t e m p e r a t u r e  

o f  t h e  s o i l  a t  t h e  b e g i n n i n g  o f  t h e  p r o c e s s  was c o n s t a n t  wi th  r e s p e c t  t o  

d e p t h ;  t h e n  i n  t h e  f r o z e n  s o i l  on thawing o r  i n  unf rozen  s o i l  on f r e e z i n g  

i t  v a r i e s  a c c o r d i n g  t o  e q u a t i o n  

O f  t h e  formulae  d e r i v e d  u s i n g  t e m p e r a t u r e  d i s t r i b u t i o n  a c c o r d i n g  t o  

( 4 . 2 7 ) ,  t h e  formula  o f  I s k r i n  (1952)  t a k e s  t h e  most comple te  accoun t  o f  

f a c t o r s  on which t h e  d e p t h  of  f r e e z i n g  depends and i s  a f u r t h e r  develop-  

ment o f  t h e  Leibenzon fo rmula  (1939) ,  

where 

Formula (4 .28)  h a s  a  r a t h e r  complex form and a t  t h e  same t ime  i s  no 

more p r e c i s e  t h a n ,  f o r  example, ( 4 . 2 6 ) .  

Formulae o f  t h e  t y p e  o f  (4.26)and ( 4 . 2 8 )  can  be used f o r  d e t e r m i n i n g  

t h e  d e p t h  o f  thaw under  t h e  c e n t r a l  p a r t  o f  a  h e a t e d  s t r u c t u r e  f o r  a  t ime  

p e r i o d  o f  4 - 6  y e a r s .  

The h e a t  f low from t h e  unf rozen  s o i l  t o  t h e  f r e e z i n g  boundary d u r i n g  

s e a s o n a l  f r e e z i n g  i s  u s u a l l y  a  s m a l l  v a l u e  and can be  averaged f o r  t h e  

e n t i r e  p e r i o d  o f  f r e e z i n g .  The same can  be  s a i d  of  t h e  h e a t  f low i n t o  f r o z e n  

s o i l  from t h e  thawing boundary i n  t h e  s o u t h e r n  p a r t  of  t h e  p e r m a f r o s t  r e g i o n .  



I n  r e g i o n s  where t h e  t e m p e r a t u r e  o f  t h e  pe rmaf ros t  i s  low d u r i n g  t h e  

w i n t e r  t h e r e  i s  i n t e n s i v e  c o o l i n g  o f  t h e  upper  s o i l  s t r a t a  and a t  t h e  

b e g i n n i n g  o f  t h e  thawing p e r i o d  t h e  t e m p e r a t u r e  o f  t h e  s o i l  i s  s u b j e c t  t o  

c o n s i d e r a b l e  v a r i a t i o n  w i t h  dep th  ( F i g u r e  21) .  The h e a t  f low from t h e  

thawing boundary i n t o  t h e  f r o z e n  s o i l  i s  s u b s t a n t i a l  a t  t h e  b e g i n n i n g  o f  

t h e  thaw and s u b s e q u e n t l y  d e c r e a s e s .  

I n  d e t e r m i n i n g  t h e  dep th  o f  thaw under  s t r u c t u r e s ,  t h i s  t e m p e r a t u r e  

d i s t r i b u t i o n  w i l l  have some i n f l u e n c e  on t h e  dep th  o f  thaw o n l y  d u r i n g  

t h e  f i r s t  y e a r  a f t e r  e r e c t i o n  o f  t h e  s t r u c t u r e  and only  i f  t h e  e r e c t i o n  o f  

t h e  s t r u c t u r e  c o i n c i d e s  w i t h  t h e  b e g i n n i n g  o f  thaw under  n a t u r a l  c o n d i t i o n s .  

T h e r e f o r e  i n  d e t e r m i n i n g  t h e  dep th  o f  thaw under  s t r u c t u r e s  t h e  t e m p e r a t u r e  

o f  t h e  f r o z e n  s o i l  ( 0 )  can  be  t a k e n  a s  c o n s t a n t .  

If a  d e t e r m i n a t i o n  i s  t o  b e  made o f  t h e  dep th  o f  thaw under  n a t u r a l  

c o n d i t i o n s  o r  a t  t h e  b a s e  o f  a n  e a r t h  roadbed one cannot  r e g a r d  summer 

thawing s e p a r a t e l y  from w i n t e r  c o o l i n g .  However, t h e  c o n s i d e r a t i o n  o f  

w i n t e r  c o o l i n g  a t  t h e  p r e s e n t  t ime  can only  be done very  approx imate ly  

from o b s e r v a t i o n  d a t a  under  n a t u r a l  c o n d i t i o n s .  On t h e  b a s i s  o f  t h e s e  

d a t a  a  d e t e r m i n a t i o n  i s  made o f  t h e  h e a t  f low q  s e p a r a t e l y  f o r  each 

month which r e q u i r e s  o b s e r v a t i o n s  th roughou t  t h e  e n t i r e  summer p e r i o d .  

T h e r e f o r e ,  t h e  measurements a r e  r e s t r i c t e d  u s u a l l y  t o  t h e  d i s t r i b u t i o n  

o f  t e m p e r a t u r e s  a t  t h e  b e g i n n i n g  of  t h e  thawing p e r i o d  and i t  i s  t h e n  

ave raged  t o  a  dep th  a t  which i t  remains p r a c t i c a l l y  c o n s t a n t  d u r i n g  t h e  

summer, i . e .  a  dep th  o f  6 - 10 m ( F i g u r e  2 1 ) .  T h i s  t e c h n i q u e  p e r m i t s  t h e  

u s e  o f  formulae o f  t h e  t y p e  ( 4 . 2 6 )  and ( 4 . 2 8 )  f o r  d e t e r m i n i n g  t h e  d e p t h  

o f  thaw under  n a t u r a l  c o n d i t i o n s  and a t  t h e  b a s e  o f  e a r t h  roadbeds .  

I n  a  manner d i f f e r i n g  from t h o s e  c o n s i d e r e d  above h e a t  f low i n  

f r o z e n  s o i l s  i s  t a k e n  i n t o  account  i n  t h e  formula  o f  Redozubov, f i r s t  

p u b l i s h e d  by N. I .  S a l t y k o v  (1944) '  

where n  - a n  e m p i r i c a l  c o e f f i c i e n t  which t a k e s  i n t o  accoun t  t h e  consumption 

o f  h e a t  on warming up t h e  f r o z e n  s o i l .  

The d e t e r m i n a t i o n  o f  c o e f f i c i e n t  n  i n  formula  (4 .29)  p r e s e n t s  con- 

s i d e r a b l e  d i f f i c u l t i e s  and a s  a  r e s u l t  t h i s  c o n s i d e r a t i o n  o f  h e a t  f low 

i n  f r o z e n  s o i l  w i l l  n o t  b e  widely  used.  An a t t e m p t  was made t o  d e t e r m i n e  

c o e f f i c i e n t  n  t h e o r e t i c a l l y  by S. V .  Tomird ia ro  (1957) which uses  a  

l i n e a r  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  f r o z e n  zone b u t  has  no advantage  



o v e r  t h e  c o n s i d e r a t i o n  o f  h e a t  f low i n  t h e  f r o z e n  zone i n  f o r m u l a e  o f  t h e  

t y p e  ( 4 . 2 6 )  and  ( 4 . 2 8 )  and  a t  t h e  same t i m e  t e n d s  t o  r e d u c e  t h e  v a l u e  o f  

h e a t  f l ow.  

I n  t h e  above fo rmula  t h e  t e m p e r a t u r e  f i e l d  i n  t h e  f r e e z i n g  o f  t h a w i n g  

s o i l  and  a l s o  i n  t h e  u n d e r l y i n g  s o i l s  was a p p r o x i m a t e  and  a n  e x t r e m e l y  

p r i m i t i v e  c o n s i d e r a t i o n  was g i v e n  t o  t h e  i n f l u e n c e  o f  w i n t e r  c o o l i n g .  

T h e r e f o r e  a l l  t h e s e  fo rmulae  a r e  a p p l i c a b l e  ma in ly  t o  d e t e r m i n i n g  t h e  

d e p t h  o f  thaw o r  f r e e z i n g  d u r i n g  a s t e a d y  s t a t e  p e r i o d i c  r eg ime  ( a t  t h e  

b a s e  o f  b u i l d i n g s  w i t h  v e n t i l a t e d  c r a w l  s p a c e ,  a t  t h e  b a s e  o f  e a r t h  road-  

b e d s ,  e t c . ) .  They do n o t  p e r m i t  a c o n s i d e r a t i o n  o f  t h e  dynamics fo rming  

t h e  d e p t h  o f  thaw o r  f r e e z i n g  a f t e r  d i s t u r b a n c e  o f  t h e  n a t u r a l  c o n d i t i o n s .  

O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  u s e  o f  t h e s e  fo rmulae  f o r  c a l c u l a t i n g  

m u l t i - l a y e r e d  media such  as f i l l s  c o n s i s t i n g  of  m i n e r a l  s o i l s ,  a m a n t l e  

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

I n  t h i s  c a s e  t h e r e  a r e  two methods o f  t a k i n g  i n t o  a c c o u n t  t h e  t h e r m a l  

p h y s i c a l  p r o p e r t i e s  o f  i n d i v i d u a l  l a y e r s  o f  m u l t i l a y e r  media.  Us ing  t h e  

f i rs t  method one can  d e t e r m i n e  t h e  t i m e  o f  t hawing  o f  t h e  f i r s t  l a y e r  u s i n g  

t h e  most s u i t a b l e  fo rmula  f o r  c a l c u l a t i o n ;  t h e n  a f t e r  i n c l u d i n g  i t s  t h e r m a l  

r e s i s t a n c e  i n  S one can  d e t e r m i n e  t h e  t i m e  o f  t hawing  o f  t h e  second  l a y e r ,  

e t c .  With t h i s  method i t  i s  d i f f i c u l t  t o  t a k e  i n t o  a c c o u n t  t h e  t h e r m a l  

c a p a c i t y  o f  t h e  thawed l a y e r s .  A t  t h e  same t i m e  t h e  m a t e r i a l  u sed  f o r  

t h e  f i l l  and t h e  s e p a r a t e  l a y e r s  o f  t h e  m a n t l e  u s u a l l y  h a s  a v e r y  low 

m o i s t u r e  c o n t e n t  and  as a r e s u l t  i t s  t h e r m a l  c a p a c i t y  must b e  c o n s i d e r e d .  

T h e r e f o r e ,  a m u l t i - l a y e r  medium s h o u l d  b e  c o n v e r t e d  t o  a homogeneous 

medium which can  b e  done i f  one u s e s  t h e  c r i t e r i a  Fo and  B i  (Ve in rub  and  

o t h e r s ,  1 9 3 4 ) .  Here ,  f o r  t h e  newly o b t a i n e d  e q u i v a l e n t  l a y e r s  h a v i n g  t h e  

same c o e f f i c i e n t  o f  h e a t  c o n d u c t i v i t y ,  t h e  m o i s t u r e  c o n t e n t  must a l s o  b e  

r e p l a c e d  by t h e  e q u i v a l e n t  m o i s t u r e  c o n t e n t  ( f o r  more d e t a i l s  s e e  

C h a p t e r  V I I I )  . 
The s o l u t i o n  o f  two-dimens ional  problems and  p a r t i c u l a r l y  t h r e e -  

d i m e n s i o n a l  p r e s e n t s  g r e a t  d i f f i c u l t i e s .  Thus f o r  e n g i n e e r i n g  c a l c u l a t i o n s  

t h e r e  a r e  o n l y  a l i m i t e d  number of  fo rmulae  which a r e  s h o r t  o f  s a t i s f y i n g  

t h e  r e q u i r e m e n t s  o f  e n g i n e e r i n g  p r a c t i c e .  

These fo rmulae  a r e  d e r i v e d  on t h e  b a s i s  o f  s i m p l i f i c a t i o n s  c o n s i d e r e d  

above f o r  a u n i d i m e n s i o n a l  problem.  

The g r e a t e s t  number of  formulae  have  been  o b t a i n e d  f o r  d e t e r m i n i n g  

t h e  t i m e  o f  f r e e z i n g  o f  a c y l i n d e r ,  o r  r a d i u s  o f  t h a w i n g  and  f r e e z i n g  

a round  a p i p e  (Le ibenzon ,  1931;  Cha rny i ,  1948;  Khakimov, 1952,  and  o t h e r s ) .  

The most comple t e  c o n s i d e r a t i o n  i s  g i v e n  t o  f a c t o r s  g o v e r n i n g  t h e  

r a d i u s  of  t h a w i n g  o r  f r e e z i n g  a round  a c y l i n d e r  i n  t h e  f o r m u l a  o f  



Kh. R .  Khakimov (1952)  i n  which G .  A .  Martynov i n t r o d u c e d  t h e  h e a t  exchange  

c o e f f i c i e n t  a between t h e  s u r f a c e  o f  t h e  c y l i n d e r  and t h e  h e a t  c a r r i e r  

f l o w i n g  a l o n g  i t .  T h i s  fo rmula  h a s  t h e  form 

where ro - r a d i u s  o f  t h e  c y l i n d e r ,  

5 = - -  r ( t )  r e l a t i v e  r a d i u s  o f  t hawing ,  
ro 

r ( t )  - r a d i u s  o f  t hawing ;  

I n  d e r i v i n g  fo rmula  ( 4 . 3 0 )  a n  a s sumpt ion  was made t h a t  t h e r e  i s  a 

mobi le  r a d i u s  o f  i n f l u e n c e  R ( t )  beyond which t h e  t e m p e r a t u r e  i s  p r a c t i c a l l y  

c o n s t a n t .  According  t o  d a t a  o f  Khakimov (1952) t h e  e m p i r i c a l  c o e f f i c i e n t  

R ( t )  c a n  be  assumed t o  be  4 - 5. Numerical  c a l c u l a t i o n s  a c c o r d i n g  t o  
a = r(t> 

formula  ( 4 . 3 0 )  i n d i c a t e  t h a t  i f  t h e  t e r m  i n  b r a c e s  i s  n e g l e c t e d  t h e  e r r o r  

does  n o t  exceed  5 - 1 0 % .  

F o r  d e t e r m i n i n g  f r e e z i n g  o r  t hawing  around a p i p e  o r  a s y s t e m  o f  p i p e s  

t a k i n g  i n t o  a c c o u n t  h e a t  exchange a t  t h e  s o i l  s u r f a c e  t h e r e  is o n l y  one  

fo rmula ,  d e r i v e d  by A .  G .  Kolesn ikov  i n  1944,  which h a s  no t  y e t  been 

p u b l i s h e d .  I n  d e r i v i n g  fo rmula  ( 4 . 3 1 )  Ko lesn ikov  assumed: 

1. Steady  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 s  i n  t h e  f r o z e n  and thawed 

zones .  

2 .  Cons tan t  t e m p e r a t u r e  of  t h e  h e a t  c a r r i e r  i n  t h e  p i p e s  and  t h a t  

t h i s  t e m p e r a t u r e  i s  e q u a l  t o  t h e  t e m p e r a t u r e  o f  t h e  s u r f a c e  of  t h e  p i p e  

(aT) . 
A diagram e x p l a i n i n g  t h e  a p p l i c a t i o n  o f  K o l e s n i k o v r s  fo rmula  i s  

shown i n  F i g u r e  22 .  



where 
A fr'a q = 1 + - .  
'T'T 

2h 
B = I n  - - f o r  a  s i n g l e  p i p e ,  

0 

B = -  b  
2nh  + I n  - - f o r  a  sys tem o f  p i p e s ,  

b  2nro  

h  = ho + X f r  R - dep th  i n  t h e  ground o f  t h e  p i p e  o r  sys tem o f  p i p e s  

t a k i n g  i n t o  accoun t  t h e  h e a t  i n s u l a t i o n .  
-X  

-z 
E i ( - x )  = dz - t a b u l a t e d  f u n c t i o n .  

m 

The r a d i u s  o f  f r e e z i n g  ( r ( t )  = roE) o b t a i n e d  from e q u a t i o n  ( 4 . 3 1 )  i s  

a n  average  v a l u e  s i n c e  t h e  boundary formed by t h e  f r o z e n  body around t h e  

p i p e  i s  n o t  c i r c u l a r .  T h e r e f o r e  wi th  some r e l a t i o n s  o f  v a l u e s  i n  e q u a t i o n  

( 4 . 3 1 )  r ( t )  > ho may be o b t a i n e d  which i n d i c a t e s  complete f r e e z i n g  o f  t h e  

s o i l  above t h e  p i p e s .  

It shou ld  be no ted  t h a t  f o r  a  sys tem o f  p i p e s  i n  t h e  c a s e  o f  

b  
r ( t )  3 t h e  upper  boundary o f  t h e  f r o z e n  s o i l  can be c o n s i d e r e d  

p r a c t i c a l l y  h o r i z o n t a l .  

To de te rmine  t h e  thaw b a s i n  i n  t h e  s o i l  benea th  t h e  f o u n d a t i o n  of  

h e a t e d  b u i l d i n g s  wi th  r e s p e c t  t o  t i m e  a s  a  two d imens iona l  problem t h e r e  

i s  a s  y e t  only  one a n a l y t i c a l  s o l u t i o n ,  t h a t  o f  S.  S. Kovner (1933) .  I n  

t h i s  s o l u t i o n  i t  i s  assumed t h a t  t h e  i n i t i a l  t e m p e r a t u r e  o f  t h e  s o i l  i s  

e q u a l  t o  t h e  thawing t e m p e r a t u r e  (3,). Th i s  t e m p e r a t u r e  i s  main ta ined  

th roughou t  t h e  e n t i r e  p e r i o d  of thawing a t  t h e  ground s u r f a c e  o u t s i d e  t h e  

b u i l d i n g  ( F i g u r e  2 3 ) .  The s o l u t i o n  does  n o t  t a k e  i n t o  accoun t  t h e r m a l  

i n s u l a t i o n  o f  t h e  f l o o r :  a  c o n s t a n t  t e m p e r a t u r e  i s  assumed f o r  t h e  

ground s u r f a c e  under  t h e  b u i l d i n g  (3 , ) .  

The Kovner s o l u t i o n  reduced t o  a  very  s imple  form by N .  N .  S a l t y k o v  

has  t h e  form 

where I ( E )  - a  t a b u l a t e d  f u n c t i o n .  



The v a l u e  o f  5 i s  found from t h e  graph shown i n  F i g .  23. 

The r a d i u s  o f  t h e  thaw b a s i n  i s  determined by t h e  r e l a t i o n  

It shou ld  be  k e p t  i n  mind t h a t  i n  d e r i v i n g  formula  (4 .32)  h a l f  t h e  

wid th  o f  t h e  b u i l d i n g  i s  t a k e n  as t h e  u n i t  o f  measurement. T h e r e f o r e ,  

t h e  v a l u e s  o f  5 and R a c c o r d i n g  t o  formulae  (4 .32)  and (4 .33)  a r e  o b t a i n e d  

i n  c o n v e n t i o n a l  u n i t s  and f o r  c o n v e r s i o n  t o  me t res  t h e y  s h o u l d  be  m u l t i -  

p l i e d  by h a l f  t h e  wid th  o f  t h e  b u i l d i n g  (1) .  

Formula ( 4 . 3 2 ) ,  by v i r t u e  o f  t h e  s u p p o s i t i o n s  t a k e n  i n  d e r i v i n g  i t  

( t e m p e r a t u r e  o f  t h e  s o i l  and t e m p e r a t u r e  a t  i t s  s u r f a c e  o u t s i d e  t h e  

b u i l d i n g  i s  e q u a l  t o  00) ,  can be  used t o  de te rmine  t h e  thaw b a s i n  on ly  

f o r  s o u t h e r n  p a r t s  o f  t h e  p e r m a f r o s t  r e g i o n  where t h e  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  i s  c l o s e  t o  O ° C .  Moreover t h e  formula  does  n o t  i n c l u d e  t h e  

t h e r m a l  r e s i s t a n c e  o f  t h e  f l o o r  o f  t h e  f i rs t  storey which f u r t h e r  l i m i t s  

i t s  a p p l i c a t i o n .  

K .  F.  V o i t k o v s k i i  (1954) ,  by g e n e r a l i z i n g  i n d i v i d u a l  s o l u t i o n s  

c a r r i e d  o u t  on t h e  h y d r o i n t e g r a t o r ,  o b t a i n e d  a  semi -empi r i ca l  fo rmula  

f o r  d e t e r m i n i n g  t h e  p o s i t i o n  of  t h e  f r e e z i n g  boundary benea th  t h e  c e n t r e  

o f  an  i c e  s t o r e h o u s e .  T h i s  fo rmula  can  be  used f o r  d e t e r m i n i n g  t h e  

d e p t h  o f  thaw of  t h e  f o u n d a t i o n  s o i l  o f  a  b u i l d i n g  t a k i n g  i n t o  accoun t  

l a t e r a l  h e a t  f low.  I n  t h i s  c a s e  t h e  formula  has  t h e  form 

where ho - d e p t h  o f  thaw benea th  t h e  c e n t r e  o f  t h e  b u i l d i n g ,  

t - t ime i n  h o u r s .  

The e m p i r i c a l  c o e f f i c i e n t  k i s  de te rmined  by t h e  fo rmula  

where b - h a l f  t h e  wid th  o f  t h e  b u i l d i n g ,  

1 - h a l f  t h e  l e n g t h  o f  t h e  b u i l d i n g ,  

0, - mean a n n u a l  ground t e m p e r a t u r e  o u t s i d e  t h e  b u i l d i n g .  

The v a l u e  o f  h  i n  formula  (4 .34)  can  be  found from one o f  t h e  above 

formulae f o r  s o l v i n g  t h e  un ld imens iona l  problem. 



The d e t e r m i n a t i o n  o f  s t e a d y  t empera tu re  f i e l d s  I n  t h e  f o u n d a t i o n  

s o i l s  o f  v a r i o u s  s t r u c t u r e s  i s  g r e a t l y  s i m p l i f i e d  i f  one u s e s  t h e  method 

o f  S. G .  Gutman (1952) who sugges ted  i n t r o d u c i n g  t h e  reduced t e m p e r a t u r e  

i n  t h e  form o f  a  boundary c o n d i t i o n .  

= - ' 3. 
're 

I n  t h i s  way t h e  nonhomogeneous the rmal  p h y s i c a l  c h a r a c t e r i s t i c s  o f  

thawed and f r o z e n  s o i l  can  b e  reduced t o  a  homogeneous medium and f o r  

s e p a r a t e  zones we w i l l  have,  r e s p e c t i v e l y ,  

'T 
(+TIre = - *' 

're 

If one t a k e s  a s  t h e  reduced medium t h e  thawed zone (Are = A T ) ,  t h e  

below f r e e z i n g  t empera tu re  a t  t h e  boundary o f  t h e  f r o z e n  zone w i l l  b e :  

I n  t h e  r e g i o n  o f  thawed s o i l  t h e  t empera tu re  f i e l d  w i l l  cor respond  

t o  t h e  t r u e  v a l u e  and i n  t h e  r e g i o n  o f  f r o z e n  s o i l  t h e  t empera tu re  w i l l  

vary by t h e  f a c t o r  o f  X f / ' A T .  

The method sugges ted  by Gutman p e r m i t s  summing and expans ion  o f  

t empera tu re  f i e l d s .  Using known s o l u t i o n s  0 .  V. Porkhaev i n  1957 w i t h  

t h i s  method o b t a i n e d  t h e  t empera tu re  f i e l d  i n  t h e  f o u n d a t i o n  s o i l  of a  

b u i l d i n g  hav ing  n  rooms w i t h  d i f f e r e n t  i n s i d e  t e m p e r a t u r e s  and wi th  d i f -  

f e r e n t  the rmal  r e s i s t a n c e  on t h e  f l o o r s .  The formula  i s  r a t h e r  complex 

( F i g u r e  2 4 ) ,  

- as [ a r c t a n g  - a r c t a n 6  + exp Y ( s i n  X 2 c I X 2 -  s i n  XlciXl-  
n 2 1 

- cos X , s l X 2  + cos X 1 s l X 1 )  - 12(X,, Y) + I l ( X , ,  Y), ( 4 . 3 5 )  



X l n  - X 
where e l  - a ; c 2  = Y 

I , (X1,  Y) = X 1  

x  - I n  x - l  
X ,  = ; x 2  = n-1 . 

' ~ ~ n  ' ~ ~ n  

1 
I exp(-  Yz) dz 

I l (X19 Y) = 
0 X 2 

z 2  + (;) 

G - mean annua l  t e m p e r a t u r e  g r a d i e n t  o f  t h e  p e r m a f r o s t .  

F o r  p r a c t i c a l  purposes  formula  (4 .35)  i s  reduced t o  t h e  form 

where f ( ~ ) ,  F(X, Y) - t a b u l a t e d  f u n c t i o n s .  

An example o f  c a l c u l a t i o n  and graphs  o f  f ( C )  and F(X, Y) a r e  g i v e n  

i n  Chap te r  V I .  

The above a n a l y t i c a l  s o l u t i o n s  can  be used t o  de te rmine  o n l y  t h e  

p o s i t i o n  o f  t h e  i n t e r f a c e  between t h e  f r o z e n  and thawed s o i l .  The 

t e m p e r a t u r e  f i e l d  i s  d i s t o r t e d .  

A more p r e c i s e  t e m p e r a t u r e  f i e l d  and a l s o  t h e  i n t e r f a c e  between t h e  

f r o z e n  and thawed s o i l  f o r  any boundary c o n d i t i o n s  and any i n i t i a l  temper- 

a t u r e  d i s t r l b u t l o n  can be o b t a i n e d  by s o l v i n g  e q u a t i o n  ( 4 . 1 5 )  n u m e r i c a l l y  o r  

u s i n g  methods o f  analogy and computers .  



( c )  Numerical methods (method o f  f i n i t e  d i f f e r e n c e s )  

D i f f i c u l t i e s  a r i s i n g  i n  a n a l y t i c a l  s o l u t i o n s  o f  h e a t  c o n d u c t i v i t y  

e q u a t i o n s  l e d  t o  t h e  development o f  methods o f  numer ica l  a n a l y s i s .  Using 

t h e  method o f  f i n i t e  d i f f e r e n c e s  one can s o l v e  any problem o f  h e a t  con- 

d u c t i v i t y .  Th i s  method does  no t  impose any l i m i t a t i o n s  on t h e  c h o i c e  o f  

i n i t i a l  t e m p e r a t u r e s ,  boundary c o n d i t i o n s  and the rmal  p h y s i c a l  c h a r a c t e r -  

i s t i c s .  For  v a r i a b l e  the rmal  p h y s i c a l  c h a r a c t e r i s t i c s  it h a s  been worked 

out  i n  g r e a t e s t  d e t a i l  by A .  P. Vanichev (1946) b u t  t h e  u s e  o f  t h i s  method 

even f o r  s o l v i n g  un id imens iona l  problems i n v o l v e s  a  g r e a t  many c a l c u l a t i o n s .  

The computa t ion  o f  two-dimensional o r  th ree -d imens iona l  t e m p e r a t u r e  f i e l d s ,  

t a k i n g  i n t o  accoun t  changes i n  t h e  p h y s i c a l  s t a t e ,  i n v o l v e s  a  g r e a t  d e a l  o f  

work which make t h i s  method of l i t t l e  u s e  i n  s o l v i n g  problems o f  e n g i n e e r -  

i n g  geocryology.  

( d )  Methods o f  analogy and computers 

The a n a l y t i c a l  s o l u t i o n  o f  problems o f  h e a t  c o n d u c t i v i t y ,  p a r t i c u l a r l y  

wi th  complex boundary c o n d i t i o n s  and v a r i a b l e  t h e r m a l  p h y s i c a l  c h a r a c t e r -  

i s t i c s ,  i n v o l v e s  insurmountab le  d i f f i c u l t i e s .  The method o f  f i n i t e  d i f f e r -  

ences  i n v o l v e s  a  g r e a t  d e a l  o f  c a l c u l a t i o n  work. 

The s i m u l a t i o n  o f  a  p a r t i c u l a r  phenomenon w i t h  t h e  h e l p  of  models o f  

t h e  same p h y s i c a l  n a t u r e  a s  t h a t  o f  t h e  o b j e c t  under  i n v e s t i g a t i o n  i n v o l v e s  

many d i f f i c u l t i e s  (h igh  expense i n  p r e p a r i n g  t h e  model,  l a r g e  consumption 

o f  t i m e ,  complexi ty  o f  measurements, e t c .  ) .  T h i s  makes t h e  method o f  l i t t l e  

use  i n  s o l v i n g  p r a c t i c a l  problems and a s  a  r e s u l t  t h e r e  i s  a  t r e n d  t o  

reproduce  t h e  g iven  phendmenon by ana logues  which a r e  d e s c r i b e d  by t h e  same 

mathemat ica l  r e l a t i o n s h i p s  b u t  much more e a s i l y  c a r r i e d  o u t .  T h i s  l e d  t o  

t h e  c o n s t r u c t i o n  o f  d e v i c e s  f o r  s o l v i n g  d i f f e r e n t i a l  e q u a t i o n s  o f  h e a t  con- 

d u c t i v i t y  based on ana logues .  

For  s o l v i n g  problems o f  h e a t  c o n d u c t i v i t y  t h e  most widely  used a r e  

d e v i c e s  o f  e l e c t r i c  and h y d r a u l i c  ana logues .  The f i r s t  of  t h e s e  a r e  based  

on a n a l o g i e s  between t h e  d i s t r i b u t i o n  o f  t e m p e r a t u r e  i n  a  s o l i d  and a  

d i s t r i b u t i o n  o f  v o l t a g e s  i n  an i n d u c t i o n l e s s  conduc to r ;  t h e  second i s  

based on t h e  a n a l o g i e s  between t h e  ma themat ica l  r e l a t i o n s h i p s  d e s c r i b i n g  

t h e  d i s t r i b u t i o n  o f  h e a t  i n  a  s o l i d  and t h e  motion o f  w a t e r  i n  a  h y d r a u l i c  

c i r c u i t  w i t h  a  l aminar  regime.  

For  s o l v i n g  d i f f e r e n t i a l  e q u a t i o n s  by t h e  method o f  e l e c t r i c  ana logues  

Academician N .  N .  P a v l o v s k i i  developed a  d e v i c e  which has  become widely  

used f o r  s o l v i n g  p l a n a r  problems o f  f i l t r a t i o n  o f  groundwater .  The develop- 

ment of t h i s  method h a s  l e d  t o  t h e  c r e a t i o n  o f  th ree -d imens iona l  models.  

The p r o p a g a t i o n  o f  h e a t  i n  a  s o l i d  and t h e  f i l t r a t i o n  o f  w a t e r  i n  a  f i n e -  

g r a i n e d  medium a r e  d e s c r i b e d  by t h e  same e q u a t i o n s ;  t h e r e f o r e  t h e  method 



o f  N .  N .  P a v l o v s k i i  was s u c c e s s f u l l y  u s e d  f o r  s o l v i n g  p rob lems  o f  h e a t  

c o n d u c t i v i t y .  An a d v a n t a g e  o f  t h i s  method i s  t h e  p o s s i b i l i t y  o f  a  com- 

p a r a t i v e l y  s i m p l e  d e t e r m i n a t i o n  o f  t h e  t e m p e r a t u r e  f i e l d s  w i t h  a  complex 

p r o f i l e  o f  t h e  s u r f a c e  o f  i n t e r a c t i o n  be tween  t h e  s o i l  and  t h e  s u r r o u n d i n g  

medium t a k i n g  i n t o  a c c o u n t  changes  i n  t h e  t h e r m a l  p h y s i c a l  c h a r a c t e r i s t i c s  

o f  t h e  s o i l  f o r  any s t r a t i f i c a t i o n .  However t h i s  method c a n  be u s e d  f o r  

s o l v i n g  o n l y  p rob lems  o f  s t e a d y  s t a t e  h e a t  p r o p a g a t i o n  which g r e a t l y  l i m i t s  

i t s  a p p l i c a t i o n .  

F u r t h e r  deve lopment  o f  t h e  method o f  e l e c t r i c  a n a l o g u e s  was made by 

L. I.  Gutenmakher  ( 1 9 4 3 ) .  The d e s i g n  p r i n c i p l e s  d e v e l o p e d  by him o f  u n i q u e  

e l e c t r o - i n t e g r a t o r s  and  d e v i c e s  b u i l t  u n d e r  h i s  d i r e c t i o n  c a n  b e  u s e d  f o r  

e f f e c t i v e l y  s o l v i n g  v a r i o u s  problems on t h e  p r o p a g a t i o n  o f  h e a t  f o r  s t e a d y  

s t a t e  a s  w e l l  a s  non-s teady  s t a t e  c o n d i t i o n s .  

However t h e  e l e c t r o - i n t e g r a t o r s  b e i n g  b u i l t  a t  t h e  p r e s e n t  t i m e  can-  

n o t  t a k e  i n t o  a c c o u n t  changes  i n  t h e  p h y s i c a l  s t a t e  o f  s u b s t a n c e s  which 

g r e a t l y  l i m i t s  t h e  p o s s i b i l i t y  o f  u s i n g  them f o r  e n g i n e e r i n g  g e o c r y o l o g y .  

A t  t h e  same t i m e  t h e  a c c o u n t i n g  f o r  changes  i n  t h e  p h y s i c a l  s t a t e  o f  sub-  

s t a n c e s  i s  p o s s i b l e  i n  p r i n c i p l e .  With such  a  modification e l e c t r o -  

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

o f  f r e e z i n g  and  t h a w i n g  s o i l s .  

P a r t i c u l a r l y  g r e a t  advances  have  been  made i n  s o l v i n g  p rob lems  o f  

h e a t  c o n d u c t i v i t y  t a k i n g  i n t o  a c c o u n t  changes  i n  t h e  p h y s i c a l  s t a t e  a f t e r  

t h e  i n v e n t i o n  by V .  S.  Luk'yanov i n  1934 o f  a  d e v i c e  o f  h y d r a u l i c  a n a l o g u e s  

(Luk'yanov e t  a l .  1 9 5 7 ) .  With t h i s  d e v i c e  one c a n  d e t e r m i n e  t h e  t e m p e r a t u r e  

f i e l d  u n d e r  any i n i t i a l  and  boundary  c o n d i t i o n s  t a k i n g  i n t o  a c c o u n t  t h e  

changes  i n  t h e  p h y s i c a l  s t a t e  o f  t h e  s u b s t a n c e .  A g r e a t  a d v a n t a g e  o f  t h e  

d e v i c e  i s  t h a t  t r a n s i t i o n a l  p r o c e s s e s  c a n  be  r e p r o d u c e d  f o r  p r a c t i c a l l y  

any p e r i o d  o f  t i m e .  T h i s  makes i t  p o s s i b l e  t o  change  t h e  p a r a m e t e r s  o f  

t h e  s y s t e m  d u r i n g  t h e  p r o c e s s  o f  s o l u t i o n  and  a l s o  makes i t  p o s s i b l e  t o  

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

f i e l d .  However f o r  s o l v i n g  two d i m e n s i o n a l  p rob lems  a  c o n s i d e r a b l e  amount 

o f  t i m e  i s  r e q u i r e d  ( p r i m a r i l y  f o r  a s s e m b l i n g  and  r e g u l a t i n g  t h e  d e v i c e ) .  

F o r  example ,  i n  d e t e r m i n i n g  t h e  t e m p e r a t u r e  f i e l d  a t  t h e  b a s e  o f  b u i l d i n g s ,  

p r e s e n t - d a y  d e v i c e s  r e q u i r e  a b o u t  two weeks f o r  one p a r t i c u l a r  s o l u t i o n  

t a k i n g  i n t o  a c c o u n t  a s sembly  and  c o n t r o l .  When t h e  d e v i c e  h a s  been  a d j u s t e d  

a p p r o x i m a t e l y  one  day i s  r e q u i r e d  t o  s o l v e  e a c h  s u b s e q u e n t  p rob lem.  

U n f o r t u n a t e l y  t h e  t h e o r y  of  e r r o r s  f o r  t h i s  d e v i c e  h a s  n o t  been  d e v e l o p e d  

w i t h  which one c o u l d ,  i n  c o n j u n c t i o n  w i t h  t h e  r e q u i r e d  a c c u r a c y  o f  s o l u -  

t i o n ,  b r e a k  down t h e  f i e l d  o f  i n v e s t i g a t i o n  i n t o  s e c t i o n s  t o  e s t a b l i s h  

p e r m i s s i b l e  e r r o r s  i n  c a l i b r a t i n g  two d i f f e r e n t  p a r t s  o f  t h e  d e v i c e ,  e t c .  



Other  d e f e c t s  o f  t h e  d e v i c e  a r e  i t s  awkwardness and t h e  p o s s i b i l i t y  o f  

d i v i d i n g  t h e  f i e l d  o f  i n v e s t i g a t i o n  i n t o  only  a  s m a l l  number o f  u n i t s .  

For  s o l v i n g  a  th ree -d imens iona l  problem i n  e n g i n e e r i n g  geocryology it i s  

n e c e s s a r y  t o  d i v i d e  t h e  f i e l d  under  i n v e s t i g a t i o n  i n t o  n o t  l e s s  t h a n  

800 - 1000 u n i t s  which makes it exceed ing ly  d i f f i c u l t  t o  s o l v e  t h i s  t y p e  

o f  problem w i t h  e x i s t i n g  d e v i c e s .  

A t  t h e  p r e s e n t  t ime ,  f o r  s o l v i n g  e q u a t i o n s  o f  ma themat ica l  p h y s i c s  

s u c c e s s f u l  use  i s  made o f  high-speed e l e c t r o n i c  computers  o f  t h e  BESM 

t y p e .  The use  o f  p resen t -day  computers  would make i t  p o s s i b l e  t o  s e t  any 

i n i t i a l  and boundary c o n d i t i o n s ,  t o  c o n s i d e r  any d e t a i l  of  e i t h e r  two- 

d imens iona l  o r  t h r e e - d i m e n s i o n a l  problems,  t h u s  g i v i n g  a  maximum approx i -  

mat ion  t o  r e a l i t y .  However, f o r  u s i n g  modern e l e c t r o n i c  computers ,  s o l u -  

t i o n s  must b e  found f o r  t h e  problems a t  l e a s t  i n  t h e  most g e n e r a l  form. 

Such s o l u t i o n s  have been worked o u t  only  f o r  t h e  u n i d i m e n s i o n a l  problem 

w i t h  s i m p l i f i e d  boundary c o n d i t i o n s  ( R u b i n s h t e i n ,  1947;  Melamed, 1957) .  

The working o u t  o f  s o l u t i o n s  f o r  two-dimensional  and th ree -d imens iona l  

c a s e s ,  a s  w e l l  a s  f o r  un id imens iona l  b u t  wi th  boundary c o n d i t i o n s  of t h e  

t h i r d  o r d e r ,  i s  t h e  problem t o  be  s o l v e d  i n  t h e  n e a r  f u t u r e .  



L i t e r a t u r e  

Bakakin ,  V.P. E x p e r i e n c e  g a i n e d  i n  c o n t r o l l i n g  h e a t  exchanges  i n  t h e  a c t i v e  
l a y e r  o f  f r o z e n  r o c k s  i n  o r d e r  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  min ing  
o p e r a t i o n s .  Izd-vo A N  SSSR, 1955.  

Ber lyand ,  M.E. and  B e r l y a n d ,  T.G. D e t e r m i n a t i o n  o f  t h e  e f f e c t i v e  r a d i a t i o n  
o f  t h e  E a r t h  by c o n s i d e r i n g  t h e  e f f e c t  o f  t h e  c l o u d  c o v e r .  I z v .  A N  
SSSR, s e r .  g e o f i z . ,  No. 1, 1952.  

Buayko, M . I .  Thermal  e q u i l i b r i u m  on t h e  e a r t h ' s  s u r f a c e .  G i d r o m e t e o i z d a t .  
L e n i n g r s d ,  1956. 

C h a r n y i ,  I . A .  D e t e r m i n a t i o n  o f  boundary o f  change i n  t h e  a g g r e g a t e  s t a t e  
on c o o l i n g  o r  h e a t i n g  o f  b o d i e s .  I z v .  AN SSSR, OTN, No. 2 ,  1948.  

Chudnovsk i i ,  A.F. Heat exchange i n  d i s p e r s e d  media.  G o s t e k h i z d a t ,  
Moscow, 1954.  

Da t sev ,  A.V.  S t e f a n ' s  l i n e a r  problem. DAN SSSR, 58 ( 4 ) ,  1947.  

Fedorov,  A . A .  A c e t y l - c e l l u l o i d  f i l m  f o r  i n s u l a t i n g  s o i l .  Sb. 1. T r .  
Leningradskogo f iz iko-agronomicheskogo i n - t a .  I z d .  VASKhNIL, 1935.  

Fok in ,  K.F. Thermal  d e s i g n  o f  e x t e r n a l  p a r t s  o f  a b u i l d i n g .  Gos. i z d .  
l i t .  po s t r o i t .  i a r k h i t e k t u r e .  Moscow, 1953.  

Golovko, M . D .  Mathemat i ca l  t h e o r y  o f  f r e e z i n g  o f  m o i s t  s o i l s  ( a  l i t e r a t u r e  
s u r v e y ) .  T s e n t r a l l n a y a  p c l i t e k h n .  b i b l . ,  1949.  

Gutenmakher,  L . I .  O p e r a t i o n  o f  e l e c t r i c  models .  Izd-vo AN SSSR, 1943.  

Gutman, S.G. S tudy o f  s t e a d y  h e a t  f low i n  a  compos i t e  medium o f  f r o z e n  
and thawed s o i l s .  I z v .  V N I I G  i m .  Vedeneeva, Vol .  47, 1952.  

Khakimov, Kh.h. Q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  f r e e z i n g  o r  t hawing  o f  s o i l .  
N I I  o s n o v a n i i  i fundamentov. Sb. 1 9 .  Gos. i z d .  l i t .  po s t r o i t e l l s t v u  
i a r k h i t e k t u r e ,  Moscow, 1952. 

Khvoles ,  S.B. Use o f  day py regomete r  AFI. Sb .  t r u d o v .  AFI VASKhNIL, 
No. 5 ,  1952.  

Kolesnikov,  A . G .  M o d i f i c a t i o n  o f  ma themat i ca l  t r e a t m e n t  of  t h e  problem 
o f  s o i l  f r e e z i n g .  DAN SSSR, Novaya s e r i y a ,  Vo l .  2 ,  X X X I I ,  No. 6 ,  1952.  

Kovner, S.S.  One problem o f  h e a t  c o n d u c t i v i t y .  G e o f i z i k a ,  3  (I), 1933.  

Kry lov ,  M . M .  Thermotechn ica l  a n a l y s i s  of  s o i l  f r e e z i n g .  V e s t n i k  i n z h e n e r a  
i t e k h n i k a ,  No. 1 0 ,  1934.  



Krylov,  M . M .  Accumulation of  c o l d  i n  t h e  s o i l  a s  a  f a c t o r  i n  r e d u c i n g  
d r o u g h t .  Ves tn ik  m e l i o r a t s i i  i g i d r o t e k h n i k l ,  No. 1, 1940. 

Leibenzon,  L.S. Handbook on mechanics I n  t h e  pe t ro leum i n d u s t r y .  
P a r t  I ,  Gosud. nauchno-tekhnicheskoe i z d . ,  1931. 

Leibenzon,  L.S. Hardening of  t h e  e a r t h ' s  c r u s t  from t h e  i n i t i a l  mol ten  
s t a t e .  I z v .  A N  SSSR, s e r i y a  g e o g r a f i c h e s k a y a  i g e o f i z i c h e s k a y a ,  
No. 6 ,  1939.  

Luktyanov,  V.S. De te rmina t ion  o f  d u r a t i o n  o f  f r e e z i n g  and thawing o f  
s o i l s .  I n  book: Sooruzhenie  zemlyanogo p o l o t n a  v  zimnee vremya. 
T r a n s z h e l d o r i z d a t ,  1946. 

Luktyanov,  V.S. and Golovko, M.D. C a l c u l a t i o n  o f  f r e e z i n g  dep th  o f  s o i l .  
T r .  V N I I  t r a n s p o r t n o g o  s t r o i t e l t s t v a ,  No. 23. G o s t r a n s z h e l d o r i z d a t ,  
Moscow, 1957.  

Lykov, A.V. Heat and mass exchange d u r i n g  t h e  d r y i n g  p r o c e s s .  Moscow- 
Leningrad,  Gosenergo izda t ,  1956.  

M a c h i n s k i i ,  V . D .  Thermotechnica l  a s p e c t s  of  c o n s t r u c t i o n .  S t r o i i z d a t ,  
Moscow, 1949. 

Mikheev, M . A .  Fundamentals o f  h e a t  t r a n s f e r .  G o s e n e r g o i z d a t ,  Moscow- 
Len ingrad ,  No. 2 ,  1949. 

R u b i n s h t e i n ,  L.E. De te rmina t ion  o f  i n t e r f a c e s  i n  t h e  un id imens lona l  
problem o f  S t e f a n .  DAN SSSR, 58 ( 2 1 ,  1947.  

S a l t y k o v ,  N . I .  C a l c u l a t e d  f o r c e s  o f  heav ing  a c t i n g  on s t r u c t u r a l  
f o u n d a t i o n s .  I z v .  A N  SSSR, OTN, No. 6 ,  1944.  

Sapozhnikova,  S.A. Mic roc l ima te  and l o c a l  c l i m a t e .  G i d r o m e t e o r o l i g i c h .  
i z d .  , Leningrad ,  1950. 

Savinov,  S . I .  R e l a t i o n  between c l o u d  c o v e r ,  s u n s h i n e  and sums o f  d i r e c t  
and d i s p e r s e d  r a d i a t i o n .  M e t e o r o l o g i c h e s k i i  v e s t n i k ,  No. 1, 1933.  

Savinov,  S . I .  Formulae e x p r e s s i n g  d i r e c t  and d i s p e r s e d  r a d i a t i o n  i n  
r e l a t i o n  t o  c loud  c o v e r .  M e t e o r o l o g i c h e s k i i  v e s t n i k ,  No. 5-6, 1933. 

S h e k h t e r ,  F.N. and T s e i t l i n ,  G.Kh. Depth o f  f r e e z i n g  and s o i l  t e m p e r a t u r e  
i n  w i n t e r .  T r .  GGO i m .  A . I .  Voeikova,  No. 53  (1151,  1955.  

Sumgin, M . I . ,  Kachur ln .  S .P . ,  T o l s t i k h i n ,  N . I .  Genera l  p e r m a f r o s t  s t u d i e s .  
Izd-vo A N  SSSR, 1940. 



Vanichev, A.P. Approximate ao lu t ion  o f  hea t  conduct iv i ty  problems in-  
volving v a r i a b l e  cons tan ts .  Izv .  A N  SSSR, Otd. Tekh. Nauk, No. 1 2 ,  
1946. 

Veinrub, L.Q.,  Moro, V.D. e t  a l .  Use of furnaces  i n  ceramic indus t ry .  
O o s s t r o i i z d a t ,  1934. 

Voeikov, A . I .  Heat cyc le  i n  t h e  e a r t h ' s  c r u s t .  Izbrannye sochineniya,  
Val. 3, Izd-vo AN SSSR, MOSCOW, 1952. 

Voitkovski i ,  K.F. Design of  s t r u c t u r e s  made ou t  o f  i c e  and snow. 
Izd-vo AN SSSR, 1954. 

Volokhonskii, L. Sh. Theory o f  f r eez ing  o f  s o i l s .  T r .  QQO i m .  A . I .  
Voeikova, No. 19 (811, 1950. 



-49- 

Tab le  X X I  

Albedo ( i n  dec imal  f r a c t i o n s )  f o r  some t y p e s  o f  c o n t a c t  l a y e r s  

T a b l e  XXII 

Consumption o f  h e a t  on e v a p o r a t i o n  kcal /m2 hour  

Type o f  c o n t a c t  l a y e r  

. . . . . . . . .  Snow. f r e s h l y  f a l l e n  

Snow. d i r t y  and thawing  . . . . . . .  
Green g r a s s  . . . . . . . . . . . . .  
Dry g r a s s  . . . . . . . . . . . . . .  

. . . . . . .  Swamp w i t h  s h r u b s  ( m a r 9 )  

Tundra . . . . . . . . . . . . . . . .  
Brush . . . . . . . . . . . . . . . .  
Deciduous f o r e s t  . . . . . . . . . . .  

. . . . . . . . . . . . .  Pine  f o r e s t  

. . . . . . .  L i g h t  c o l o u r e d  b a r e  s o i l  

. . . . . .  Dark c o l o u r e d  d r y  b a r e  s o i l  

. . . . .  Dark c o l o u r e d  m o i s t  b a r e  s o i l  

Dark c o l o u r e d  f r e s h l y  ploughed s o i l  . . 
. . . . . . . . . . .  Concre te  man t l e  

Mantle c o n s i s t i n g  o f  optimum g r a v e l  
m i x t u r e  . . . . . . . . . . . .  

Crushed s t o n e  m a n t l e  . . . . . . . . .  

Albedo 

0.85 

1 0.40 

0.28 

0 .  19 

3.20-0.25 

0.15-0.20 

0.10 

0.20 

0.10.0.15 

0.35 

0.15 

0.10 

0.05 

0.25 

0.12 

0.14 

Type o f  e v a p o r a t i n g  s u r f a c e  

Black f a l l o w  . . . . . . . . . . . . . . .  
Swamp p e a t  . . . . . . . . . . . . . . .  
Winter  r y e  . . . . . . . . . . . . . . .  
Oats . . . . . . . . . . . . . . . . . .  
A r t i f i c i a l  meadow . . . . . . . . . . . . .  
R a d i a t i o n  component o f  t h e  energy b a l a n c e  

d u r i n g  d a y l i g h t  h o u r s  . . . . . . . .  

Source  

Sapozhnikova.  1950 

K a l i t l n .  1938 

Bakakin. 1955 

Budyko. 1956 

Sapozhnikova.  1950 

Stepanov.  1955 

h Months 
v 
74 

95 

131  

92 

109 

138 

VIII 

66 

70 

49 

60 

74 

96 

VI 

84 

99 

134 

138 

127 

138 

I X  

35 

46 

21 

28 

46 

42 

VII 

105 

105 

95 

127 

1 4 4  

138 



Table X X I I I  

Radia t ion  component o f  h e a t  exchange (R) and consumption o f  h e a t  

on evapo ra t i on  (E) f o r  exper imenta l  p l o t s ,  kcal/m2 hour  

Table  XXIV 

Equivalent  t empera ture  3, on exper imenta l  p l o t s  ( O C )  by months 

P l o t  

Natura l  

Coarse g r a v e l  d e p o s i t ,  l i g h t  
yellow i n  co lou r  

Same d e p o s i t  a r t 1  f i c i a l l y  darkened 

P lo t  

Natura l  . . . . . . 
Course g r a v e l  depos i t ,  

l i g h t  yellow i n  
co lou r  . . . . . 

Same d e p o s i t  a r t i -  
f i c i a l l y  darkened 

I X  

37 

-20 

26 

-18 

35 

- 18 

Months 

R 

E 

R 

E 

R 

E 

V I I  

10 7 

-81 

93 

-41 

10 7  

-36 

V I I I  

8 1 

-59 
_ _ _  

72 

-38 

7  9  

-33 

V I I  

17.0 4.3 -1.4 19.9 13.3 3.2 -1.3 15.2 6.0 1.4 -0.7 6.7 1 1  1 1  1 1  1 1 1 1  I 

e 

18.8 

VIII - 
1 R I  

a 

17 .0 .7 .2  

a 

13.3 

IX 
E - 

; a  

-5.4 

e 

7.2 

e a 5  

6.0 14.8 

a 

5.4 

1 7 . 0 4 . 6 - 2 . 0 1 9 . 6 1 3 . 3 3 . 6 - 1 . 9 1 5 . 0 6 . 0 1 . 3 - 0 . 9 6 . 4  

E - 
a 

-3.9 

a 

2.5 

- 
a 

-1.3 



~ i g .  19  

E s t a b l i s h e d  t h e r m a l  s t a t e  w i t h  h e a t  f low i n  one d i r e c t i o n  

a - thaw b a s i n  a t  t h e  b a s e  o f  t h e  b u i l d i n g ;  b  - underground 
d u c t  a round  which no p r o v i s i o n  i s  made t o  p r e s e r v e  t h e  
p e r m a f r o s t ;  c  - thaw b a s i n  u n d e r  a r e s e r v o i r .  1 - s o i l  

i n  a thawed s t a t e  when t h e  s t r u c t u r e  i s  i n  o p e r a t i o n ;  
2 - s o i l  i n  t h e  f r o z e n  s t a t e ;  3 - s e a s o n a l l y  

f r e e z i n g  and thawing  s o i l  

F i g .  20 

E s t a b l i s h e d  p e r i o d i c a l  t h e r m a l  s t a t e  

a - b u i l d i n g  w i t h  v e n t i l a t e d  c r a w l  s p a c e ;  b - s h a l l o w  w a t e r  d u c t ;  
c  - r o a d  o r  a i rd rome  m a n t l e .  1 - s o i l  i n  t h e  thawed s t a t e  when 

s t r u c t u r e  i s  i n  o p e r a t i o n ;  2 - s o i l  i n  t h e  f r o z e n  s t a t e ;  
3 - s o i l  t h a t  f r e e z e s  and thaws s e a s o n a l l y  
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Temperature d i s t r i b u t i o n  b e f o r e  t h e  b e g i n n i n g  
o f  thawing i n  r e g i o n s  w i t h  low mean annua l  

t e m p e r a t u r e s  

F i g .  22  

Diagram e x p l a i n i n g  t h e  a p p l i c a t i o n  o f  formulae  f o r  c a l c u l a t i n g  
t h e  f r e e z i n g  o f  s o i l  around d u c t s  ( a f t e r  A . G .  Kolesnikov)  

1 - s o i l  i n  t h e  f r o z e n  s t a t e ;  2  - s o i l  i n  t h e  thawed s t a t e  



F i g .  23 

On c a l c u l a t i n g  t h e  thaw b a s i n  a t  t h e  b a s e  o f  a  h e a t e d  s t r u c t u r e  
( a f t e r  Kovner) 

F i g .  24 

Diagram e x p l a i n i n g  t h e  c a l c u l a t i o n  o f  t h e  t e m p e r a t u r e  f i e l d  
a t  t h e  b a s e  o f  a s t r u c t u r e  w i t h  a s t e a d y  s t a t e  t h e r m a l  regime 

( a f t e r  G .V.  Porkhaev) 


