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DESIGN OF FOUNDATIONS, ANCHORED I N  UNFROZEN 

GROUND.  TC RZSIST H E A V I N G  FORCES 

I n  r e g l o n ~  where t h e r e  i s  d?ep s e a s o n a l  f r e e z i n g  of  f i n e -  

g r a i n e d  s o i l s  t h e r e  i s  a  s e r i o a s  problem of  p r e v e n t i n g  h e a v i n g  of  

f o u n d a t i o n s .  One of  t h e  rnethads o f  p r o v i d i n g  s t a b l e  f o u n d a t i o n s  i n  

such  a c a s e  i s  a n c h o r i n g  t h e  f o u a d a t i o n s  i n  u n f r o z e n  g rouna  by p ro -  

v i d i n g  an  anchor  f o o t i n g .  

A t  t h e  p r c ~ s e n t  t i n e  t h e r e  i s  no s a t i s f a c t o r y  method o f  d e s i g n -  

i n g  such  f c u n d a t i o n s .  E x i s t i n g  s u g g e s t i o n s  d e a l i n g  w i t h  t h i s  prob-  

lem a r e  t o  a c o n s i d e r a b l e  e x t e n t  c o n v e n t i o n a l  s i n c e  t h e y  do  n o t  

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

s t r e s s e s  a t  t h e  p o i n t  of  i n t e r s e c t i o n  of  t h e  f r o z e n  and u n f r o z e n  

i n t e r f a c e  w i t h  t h e  a x i s  o f  t h e  f o u n d a t i o n .  Below a s u g g e s t i o n  i s  

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

l i m i t  s t a t e s :  t h e  d e f o r m a t i o n  l i m i t  and t h e  s t r e n g t h  l i m i t .  

L e t  us  c o n s i d e r  t h e  per formance  of  a f o u n d a t i o n  anchored  i n  

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

c o n t a c t  s u r f a c e  between t h e  f o u n d a t i o n  w a l l  and t h e  l a y e r  of  f r e e z -  

i n g  s o i l  ( F i g .  1). We s h a l l  c o n s i d e r  t h a t  up t o  t h e  o n s e t  of f r e e z -  

i n g  t h e r e  h a s  3een no set t ierr .e i i t  o f  t h e  f o u n d a t i o n  due  t o  compac t ion  

of t h e  f o u n d a t i o n  s o i l  and  a l s o  t h a t  t k ~ e  h e a v i n g  f o r c e s  are genera -  

t e d  r a t h e r  s l o w l y  and de fo rn ; t ions  a t  each  moment of t i m e  a r e  v i r -  

t u a l l y  s t a b i l i z e d .  Because of t h i s ,  a t  e a c h  moment o f  t,ime one c a n  

a p p l y  known r e l a t i o n s h i p s  between t h e  p r e s s u r e  of  t h e  f o u n d a t i o n  on 

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

I n  t h e  a b s e n c e  o f  h e a v i n g  f o r c e s  T, t h e  l o a d  of t h e  S t r u C t u r ? ,  

t h e  we igh t  o f  t h e  f o u n d a t i o n  a n c  t h e  we igh t  of  t h e  s o i l  above i t  

a r e  e q u i l i b r a t e d  by t h e  s t r e s s  oo a c t i n g  a l o n g  t h e  f o o t  of  t h e  foun-  

d a t i o n .  When t h e  upper  l aye l?  o f  s o i l  f r e e z e s ,  n e a v i n g  f o r c e s  Tn 

a r e  generaL;ed a l o n g  t h e  l a ~ e r a l  s u r f a c e s  o f  t h e  f o u n d a t i o n  w a l l  

which p a r t i a l l y  o r  ful;y c o u n t e r a c t  t h e  above-mentioned l o a d ,  t h u s  

e i t h e r  dec -eas ing  o r  c o m p l e t e l y  c a n c e l l i n g  t n e  p r e s s u r e  a t  t h e  f o o t  

of  t h e  f o u n d a t i o n .  Here t h e  pe r fo rmance  o f  t h e  f o u n d a t i o n  c a n  b e  

d i v i d e d  in ,o  two s t a g e s :  



The f i r s t  s t a g e  i n  t h e  pe r fo rmance  i s  d e f i n e d  by t h e  b o u n d a r i e s  

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

r a n g e  o f  a  t o  z e r o .  
C 

I n  t h e  second s t a g e  t h e  s t r ? s s e s  a l o n g  t h e  f o o t  o f  t h e  founda-  

t i o n  a r e  a b s e n t .  

S i n c e  compact ing  o f  t h e  f o u n d a t i o n  s o i l s  i s  c o n s i d e r e d  t o  be  

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

w i l l  r e s u l t  i n  s w e l l i n g  of t h e  f o u n d a t i o n  s o i l s  owing t o  e l a s t i c  

c o u n t e r a c t i o n  :,o compact ing ,  and  t h e  f o u n d a t i o n  w i l l  r e c e i v e  a n  

upward d i s p l a c e m e n t  S .  A s  a r e s u l t  o f  t h i s  d i s p l a c e m e n t  a n  a d d i -  

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

anchor  f o o t i n g .  

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

i n g  d e f o r m z t i o n  o f  t h e  f o u n d a t i o n  s o i l  SH , which c o r r e s p o n d s  t o  t h e  

f i r s t  s t a g e  o f  t h e  pe r fo rmance  o f  t h e  f o u n d a t i o n ,  t h e  e q u a t i o n  f o r  

t h e  e q u i l i b r a t i o n  o f  t h e  f o r c e s  a t  some moment o f  t ime  t w i l l  be  

where P - l o a d  from t h e  s t r ~ c t u r e  i n c l u d i n g  t h e  w e i g h t  o f  t h e  

f o u n d a t i o n ,  

F - t h e  a r e a  o f  t h e  f o o t  of t h e  f o u n d a t i o n ,  

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

yM, yT - b u l x  d e n s i t y  o f  t h e  f r o z e n  afid u n f r o z e n  g r o u n d ,  

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

h M ,  hT - t h e  t h i c k n e s s  o f  t h e  l a y e r s  o f  f r o z e n  and u n f r o z e n  s o i l  

above t h e  anchor  f o o t i n g ,  

a - s t r s s s e s  a l o n g  t h e  f o o t  o f  t h e  f o u n d a t i o n ,  and  

a. 3 0  > 0 when 0 :. T 6 ? + (yMhM + yThT + p ) ( F  - f ) .  

I n  t h e  s u b s e q u e n t  moment o f  t i m e  t + d t  t h e  t h i c k n e s s  o f  t h e  

f r o z e n  s o i l  w i l l  i n c r e a s e  by t h e  v a l u e  o f  dhM and t h e  t h i c k n e s s  o f  

t h e  u n f r o z e n  s o i l  w i l l  d e c r e a s e  by t h e  same v a l u e ;  t h e  r e s u l t  and 

h e a v i n g  f o r c e  w i l l  be l n c r e a s e d  by t h e  f a c t o r  dT and t h e  s t r e s s  a 

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

p e c t i v e l y  3y t h e  v a l u e s  da  and d p .  Then t h e  e q u a t i o n  f o r  e q u i l i -  

b r a t i o n  o f  f o r c e s  w i l l  have  -;he form 



S u b t r a c t i n g  e q u a t i o n  (1) from e q u a t i o n  ( 2 )  we o b t a i n  t h e  

e q u a t i o n  f o r  e q u i l i b r a t i o n  i n  t h e  d i f f e r e n t i a l  form 

A s  i s  kno rm(2 ) ,  t h e  r e l i t i o n s h i p  between t h e  p r e s s u r e  o f  t h e  

fou n d a t i on  and i t s  d i sp lacement  S  has  t h e  form: 

Here q  - t h e  p r e s s u r e  r e s u l t i n g  from t h e  founda t i on ;  b - t h e  

s h o r t e s t  sicie o f  t h e  r e c t ang -e  i n  p l a n  view o r  t h e  r a d i u s  o f  a  

c i r c u l a r  f ounda t i on  i n  p l a n  view; E ,  y - t h e  de fo rma t ion  modulus 

and l a t e r a l  expans ion  of  t h e  s o i l  r e s p e c t i v e l y ;  w - t h e  c o e f f i -  

c i e n t  depending on t h e  shape o f  t h e  f o u n d a t i o n  i n  p l a n  view and 

on i t s  r i g i d i t y .  I f  t h e r e  i s  a r i g i d  u n d e r l y i n g  l a y e r  t h e  coe f -  

f i c i e n t  w w i l l  a l s o  depend ori t h e  r e l a t i v e  dep th  of  t h i s  l a y e r .  

Neg l ec t i ng  t h e  n e g l i g i b l e  aeformat  i o n  of t h e  f r o z e n  l a y e r  

which draws t h e  founda t i on  towards  i t ,  i n  comparison w i th  t h e  

deformatio;? of t h e  unf rozen  s o i l  above t h e  f o u n d a t i o n ,  one can  

c o n s i d e r  t he  f r o z e n  s o i l  t o  b e  a  r i g i d  u n d e r l y i n g  l a y e r  and on 

{;he b a s i s  o f  t h e  formula  ( 4 )  

I n  t h i s  formula  c o e f f i c i e n t  o depends n o t  on ly  on t h e  shape  
0 

of t h e  f o u n d a t i o n  and i t s  r i g i d i t y ,  b u t  a l s o  on t h e  t h i c k n e s s  o f  

t h e  unf rozen  l a y e r  o f  s o i l .  On t h e  o t h e r  hand, from t h e  same 

formula  ( 4 )  we o b t a i n  
S , E ,  

c, - 0 r= 

b a ) ( l  - pa) (6) 

where EH i s  t h e  modulus o f  , ? l a s t i c  de format ion  of  t h e  s o i l  on 

s w e l l i n g  and L 1  i s  t h e  d i sp lacement  w i t h i n  t h e  l i m i t s  of  t h e  f i r s t  

s t a g e  o f  t h e  f o u n d a t i o n ' s  performance.  

There a r e  s p e c i a l  t a b l e s  ( 2 )  f o r  d e t e r m i n i n g  c o e f f i c i e n t s  w 

and wo.  

The h e a v l n g  f o r c e  on t h e  f o u n d a t i o n  can be e x p r e s s e d  i n  t h e  

g e n e r a l  form by t h e  r e l a t i o n s h i p  

T = U t n h , ,  



where u  i s  t h e  p e r i m e t e r  of  t h e  v e r t i c a l  member of  t h e  f o u n d a t i o n ;  

T n  i s  t h e  s p e c i f i c  heav ing  f o r c e ,  c o n v e r t e d  t o  a u n i t  of  a d f r e e z i n g  

i n t e r f a c e  between t h e  s o i l  a r ~ a  t h e  f o u n d a t i o n  w a l l .  

From equa-;ion ( 3 ) ,  k e e p i n g  i n  view r e l a t i o n s h i p s  ( 5 ) ,  ( 6 )  

and ( 7 ) ,  one c a n  o b t a i n  f o r  t h e  f i r s t  s t a g e  i n  t h e  f o u n d a t i o n  p e r -  

f ormance 

where in and ; a r e  averaged  v a l u e s  c o r r e s p o n d i n g  t o  v a l u e s  f o r  
0 

t h e  p e r i o d  of v a r i a t i o n  i n  a e p t h  of  f r e e z i n g  f rom z e r o  t o  hM . 
The l a s t  t q u a t i o n  i s  v a l i d  u n d e r  t h e  c o n d i t i o n  t h a t  S 1  < S H  , 

where S H  i s  t n e  f u l l  v a l u e  o f  f o u n d a t i o n  s o i l  s w e l l i n g  which c a n  

be de te rmined  from e q u a t i o n  ( 6 )  i f  one p u t s  i n  i t  a = 0: 

The dep th  o f  f r e e z i n g  c o r r e s p o n d i n g  t o  t e r m i n a t i o n  o f  t h e  

p r o c e s s  of f o u n d a t i o n  s o i l  s w e l l i n g  can  be  o b t a i n e d  f rom t h e  r e l a -  

t i o n s h i p s  (8) and ( 9 ) :  

When f r e e z i n g  of  t h e  s o l 1  goes  beyond t h e  v a l u e  o f  h M H  , 
which w i l l  c o r r e s p o n d  t o  t h e  second  s t a g e  i n  t h e  f o u n d a t i o n ' s  p e r -  

formance,  ,here i s  a f u r t h e r  upward d i s p l a c e m e n t  o f  t h e  f o u n d a t i o n .  

The v a l u e  of  t h e  ?oundat ion  d i s p l a c e m e n t  d u r i n g  t h e  second 

s t a g e  c a n  be o b t a i n e d  from e q u a t i o n  ( 3 )  i n  which one s h o u l d  pu t  

da  = 0 ,  

when 
- 

Here Y n  an3 u a r e  averaged  v a l u e s  c o r r e s p o n d i n g  t o  t h e  v a l u e  f o r  
0 

t h e  p e r i o d  of s o i l  f r e e z i n g  from t h e  d e p t h  h M H  t o  t h e  d e p t h  h M  . 



For  p r a c t i c a l  c a l c u l a t i o n s  t h e  v a l u e  of  t a n g e n t i a l  h e a v i n g  

f o r c e s  c o n v e r t e d  t o  t h e  u n i t  o f  a d f r e e z i n g  s u r f a c e  can be c o n s i d e r e d  

c o n s t a n t  w i t h  a s u f f i c i e n t  c e g r e e  of accuracy  ( e q u a l  t o  t h e  mean 

v a l u e )  d u r i n g  :he e n t i r e  p e r i o d  of  i n c r e a s e  i n  h e a v i n g  f o r c e s  T .  

The f ~ l l  v a l u e  of f o u n d ~ t i c n  d i s p l a c e m e n t  c o r r e s p o n d i n g  t o  

t h e  t e r m i n a t i o 3  of s o i l  f r e e z i n g  i s  d e t e r m i n e d  by t h e  f o r m u l a  

where Sk i s  t h ?  f o u n d a t i o n  d i s p l a c e m e n t  d u r i n g  t h e  second s t a g e  

c a l c u l a t e d  from fo rmula  (11) w i t h  h M  = hhdn , and h ~ ~ r n  i s  t h e  f u l l  

(maximum) d e p t h  of f r e e z i n g .  

The v a l u e  of  Sn a t  t h e  moment of maximum g e n e r a t i o n  of 

h e a v i n g  f o ~ c e s  T  must be l i m i t e d ,  i . e .  t h e  c o n d i t i o n  must be 
max 

f u l f i l l e d  

5 ,  = S" + S k  , ( 1 3 )  

where A i s  t h e  p e r m i s s i b l e  d i s p l a c e m e n t  of  t h e  f o u n d a t i o n .  

The q u e s t i o n  of p e r m i s s i b l e  f o u n d a t i o n  d i s p l a c e m e n t  r e s u l t i n g  

from h e a v i n g  f o r c e s  h a s  n o t  y e t  been deve loped .  I n  s o l v i n g  t h i s  

problem one must c o n s i d e r  t h e  performance of t h e  s t r u c t u r e  as a 

whole and :he performance  of  t h e  f o u n d a t i o n  s o i l .  Obvious ly  t h e  

l a t t e r  w i l i  be t h e  l i m i t i n g  %actlor. For  t h e  t i m e  b e i n g  one c a n  

c o n f l d e n t l y  say  t h a t  d i s p l a c e m e n t  of  t h e  f o u n d a t i o n  e q u a l  t o  t h e  

s w e l l i n g  o f  t h e  f o u n d a t i o n  s o i l  because  of  i t s  e l a s t i c  c o u n t e r -  

a c t i o n  t o  compact ing ,  does  n o t  pose  any danger  because  of  t h i s  

small v a l u e .  

With f u l f i l l m e n t  of  e q u a t i o n  ( 1 3 )  i t  may o c c u r  t h a t  t h e  

a d d i t i o n a l  p r e s s u r e  on t h e  u2pe;:' s u r f a c e  of  t h e  a n c h o r  f o o t i n g ,  

d e f i n e d  by f o r m u l a  ( 5 ) ,  i s  i n a d m i s s i b l y  l a r g e  and a r e g i o n  o f  

p l a s t i c  d e f o r m a t i o n  w i l l  occilr  i n  t h e  s o i l .  S i n c e  t h e  zone o f  

p l a s t i c  d e f o r m a t i o n  cannot  make an  e x i t  t o  t h e  s u r f a c e  owing t o  

t h e  r i g i d  layer o f  f r o z e n  s o i l ,  t h e  r e g i o n  of p l a s t i c  d e f o r m a t i o n  

i n  t h e  u n f r o z c n  s o i l  can  be ~ e n z r a t e d  o n l y  i n  t h e  d i r e c t i o n  o f  

s t r e a m l i n i n g  2-round t h e  a n c h a r  f o o t i n g ,  making i t s  e x i t  under  t h e  

f o o t  of  t h e  f o u n d a t i o n .  C a l c u l a t i o n  shows t h a t  f o r  t h e  f o r m a t i o n  

of  s u c h  r e g i o r ~ s  o f  p l a s t i c  d ? f o r m a t i o n ,  t h e  a d d i t i o n a l  p r e s s u r e  p  

must be very  Large.  



For  r e g i o n s  w i t h  deep w i n t e r  f r e e z i n g ,  when t h e  d e p t h  o f  t h e  

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

o f  t h e  f r e e z i n g ,  t h e  r e a l  p r o b l e n  i s  t h e  g e n e r a t i o n  of  a r e g i o n  o f  

p l a s t i c  d e f o r m a t i o n  i n  t h e  l a y e r  o f  f r o z e n  s o i l  ( F i g .  2 ) .  Here it 

i s  assumed t h a t  t h e  l a y e r  o f  u n f r o z e n  s o i l  l y i n g  above t h e  a n c h o r  

f o o t i n g  i s  i n  :'act a c o n t i n ~ i a t i o n  o f  t h e  f o o t i n g  up t o  t h e  lower  

boundary  of' t h e  f r o z e n  s o i l .  

We s h r i l  n e g l e c t  t h e  t a n g e n t i a l  s t r e s s e s  i n  t h e  v e r t i c a l  

p l a n e s  A A 1  and BB1 p a s s i n g  t h r o u g h  t h e  f o u n d a t i o n .  Moreover ,  i n  

c a l c u l a t i o n s  o-he s t r e n g t h  o f  f r o z e n  s o i l s  one can  c o n s i d e r  o n l y  

bond ing(  3 ) ,  f o ?  t h e  s a k e  of  s i m p l i c i t y  w i t h  some approx imat  i o n .  

Then k e e p i n g  i n  mind t h e  ment ioned a s s ~ m p t i o n s  a n d  a l s o  t h e  f a c t  

t h a t  a l o n g  t h e  r e m a i n i n g  p a r t  of t h e  lower  boundary o f  t h e  f r o z e n  

s o i l  t h e r e  i s  t h e  p r e s s u r e  yhlhM, t h e  l i m i t i n g  p r e s s u r e  i s  d e f i n e d  

by t h e  P r a n d t l  s o l u t i o n ,  w e l l  known i n  p l a s t i c i t y  t h e o r y  

Pn = y M  h M  t 5, 14Cn,, ( 1 4 )  

where CHJI i s  t n e  l o n g  t e r m  s h e a r  s t r e n g t h  o f  f r o z e n  s o i l .  

Formula ( 1 4  ) w a s  o b t a i n e d  f o r  a two-dimensional  ( p e r i m e t e r  

f o u n d a t i o n ) .  d i t h  a c e r t a i n  s a f e t y  f a c t o r  i t  can be  a p p l i e d  a l s o  

t o  t i ie  t h r e e - d i m e n s i o n a l  p r o b l e n .  For  example ,  f o r  a s q u a r e  

f o u r ~ u a t i o n  ( i n  p l a n  v iew)  as shcwn by i n v e s t i g a t i o n s  of  t h e  t h e o r y  
( 4 )  c f  l i m i t i n g  e q ~ i l i b r i u m  , j.n f o r m u l a  ( 1 3 ) ,  i n s t e a d  o f  c o e f f i -  

c i e n t  5 .14 one s h o u l d  u s e  t h e  c c e f f i c i e n t  5 .35 .  

These  c o n s i d e r a t i o n s  a r e  v a l i d  i f  t h e  r e g i o n  o f  p l a s t i c  d e f o r -  

ma t ion  does  n o t  e x t e n d  t o  t h e  ground s u r f a c e  which i s  d e t e r m i n e d  

by t h e  r e l a t i o n  h n n  < h ~ .  The v a l u e  hnn c a n  be o b t a i n e d  from t h e  

r e l a t i o n  h n j ~ b '  s i n e  45O, where b 1  i s  t h e  g r e a t e s t  s p a n  o f  t h e  

a n c h o r  f o o t i n g .  

A pro;er ly anchored  f o - m d a t i o n ,  e x c e p t  f o r  c o n d i t i o n  ( 1 2 ) ,  

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

I '  
p c -!- 

k * ( 1 5 )  

where k  i s  t h e  s a f e t y  f a c t o r  which s h o u l d  be n o t  l e s s  t h a n  1 . 5 ,  p 

i s  t h e  a d d i t i o n a l  p r e s s u r e  d e t e r m i n e d  by f o r m u l a  ( 5 )  w i t h  S = S . 



A s  an e x p l a n a t i o n  t o  t h e  s u g g e s t e d  method of  d e s i g n  a numeri-  

c a l  example i s  g i v e n  below. 

It  i s  r e q u i r e d  t o  check  t h e  f o u n d a t i o n  f o r  h e a v i n g  f o r c e s  con- 

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

40 x  40 cm w i t h  an a n c h o r  foo:ing h a v i n g  t h e  d imens ions  o f  100  x 100 

cm i n  p l a n  view,  a n d  t h e  uppe? s u r f a c e  o f  t h e  f o o t i n g  i s  a t  a d e p t h  

o f  2.2 m f r am t h e  ground s u r f a c e .  The d e p t h  o f  f r e e z i n g  hMrr  = 2  

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

a = 2  kg/cn12. 
0 

Foundat ior -  d a t a :  F  = l o 4  cm2, f  = 1600 ,  F - f  = 8400 cm2, 

u  = 160 cm. 

S o i l  c h a r z c t e r i s t i c s :  p = 0 . 3 ,  E - 80 kg/cm3, EH = 300 kg/crn2; 
- 

- 1 . 8  t / m 3 ,  Tn = 1 kg/cm2, Cnn = 3 kg/cm\ yy = 1 . 6  t / m 3 ,  y~ - 

w = 0 . 9 5 .  

The f i r s t  component i n  e x p r e s s i o n  ( 1 2 ) ,  a c c o r d i n g  t o  f o r m u l a  

( 9 ) ,  i s  SH = 0 . 5 8  cm. 

The d e p t h  o f  f r e e z i n g  c o r r e s p o n d i n g  t o  t h e  t e r m i n a t i o n  of  foun-  

d a t i o n  s o i l  s w e l l i n g  i s  d e t e r n i n e d  by f o r m u l a  ( 1 0 ) .  However, i n  

t h i s  f o r m u l a  wo i t s e l f  depends  on hMH, t h e  v a l u e  o f  which i s  as 

y e t  unknowr, t h e  c a l c u l a t i o n  i s  c a r r i e d  o u t  by s e r i e s  approxima- 
- 

t i o n .  We assurzed i n i t i a l l y  t h a t  hr~r .J-- 0 ,  h e r e  w = w = 0 . 6 4 .  Then 
0 0 

hMH = 112 CR. 

With t h i s  v a l u e  o f  ~ M H  t h e  v a l u e  o f  w o  = 0 . 4 1  and  t h e  co r -  

r e s p o n d i n g  w = 0 . 5  ( 0 . 6 4  + 0 . 4 1 )  = 0 . 5 2 .  
0 

C a r r y i n g  o u t  a second  c a l c u l a t i o n  u s i n g  f o r m u l a  ( 1 0 )  w i t h  
- 
w = 0 . 5 2 ,  we o b t a i n  a s e c o n a  a p p r o x i m a t i o n  hMH = 119 cm, t o  

0 

which c o r r e s p o n d s  wo = 0.39,  and Go = 0 .51 .  Hence, i t  i s  e v i d e n t  

t h a t  t h e  second  a p p r o x i m a t i o n  i s  c o m p l e t e l y  sat  i s  f a c t o r y  f o r  p r a c -  

t i c a l  c a l c ~ . l a t r o n s .  

With  oil f r e e z i n g  up t o  2  m d e p t h  w = 0 . 1  and  Go = 0 . 5  
0 

( 0 . 3 9  + 0 . 1 )  = 0 .24 .  

The second  component i n  e q u a t i o n  ( 1 2 )  i s  d e t e r m i n e d  by f o r -  

mula ( 1 1 )  S x  = 0.30 cm. Then t h e  f u l l  v a l u e  o f  upward f o u n d a t i o n  

d i sp lacemer - t  at t h e  e n d  o f  f r e e z i n g  w i l l  b e  e q u a l  t o  Sn = 0.88  cm. 

It i s  a s s ~ m e d  t h a t  0 .88  cm < A .  



The a d d i t i o n a l  p r e s s u r e  on t h e  s u r f a c e  o f  t h e  anchor  

f o o t i n g ,  a c c o r d i n g  t o  e q u a t i o n  ( 1 5 )  w i t h  wo = 0 . 5  ( 0 . 6 4  + 0  . l )  

= 0.37 c o r r e s p o n d i n g  t o  t h e  e n t i l - e  p e r i o d  o f  s o i l  f r e e z i n g  from 

0 t o  2 metres,  w i l l  b e  p  = 2 . 1  kg/cm2. 

The l i n i t l n g  p r e s s u r e  from ;he c o n d i t i o n  o f  t h e  f o r m a t i o n  o f  

t h e  r e g i o n  o f  p l a s t i c  a e f o r m a t i o q ,  a c c o r d i n g  t o  e x p r e s s i o n  ( 1 4 ) ,  

i s  pn = 1 6 . 4  kg,'cm2. The s a f e z y  f a c t o r  k  = 7.8  > 1 . 5 .  
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