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The design and construction of foundations. in 
areas of discontinuous permafrost requires a good under- 
standing of frozen soil mechanics. Although simibar 
foundation problems exist in the continuous permafrost zone 
where man or nature has caused thawing of the permafrost, 
the problems of the discontinuous permafrost zone are 
normally considerably more difficult. Any change, of 
short or long duration, in the delicate thermal balance 
and adjacent to a foundation on frozen soil produces cor- 
responding changes in the mechanical and physical properties 
of the supporting medium. In all permafrost areas, heat 
flow from the structure to the underlying permafrost is a 
fundamental conslderation. Degradation of permafrost 
containing segregated ice will produce settlements, usually 
differential, of the structure. Degradation may occur not 
only from building heat, but from other heat sources due to 
disturbance of the surrounding surface cover, solar radia- 
tion, drainage, underground utilities and groundwater flow. 

The design of foundations partially or completely 
on permafrost consisting entirely of clean non-frost- 
susceptible compact sand and gravel deposits, free from 
segregated ice, may be the same as in non-frost areas 
(Reference 1). Sands or gravels with segregated ice which 
are susceptible to settlement on thawing, may be made suit- 
able by prethawing and consolidating (Reference 2). 
Competent bedrock, or sands and gravels, are considered 
ideal for foundations and should be sought whenever pos- 
sible; conventional foundation design approaches may be 
used in such cases. When, however, such sites are not 
available and the foundation soils are fine-grained silts 
or clays and contain ice inclusions, the problem becomes 
far more complex. In such silts and clays the advantages 
of pile foundations for safely transferring the loads to 
depths unaffected by settlement or thermal regime changes 
are well known. This paper presents some of the design 
and construction considerations associated with pile founda- 
tions in discontinuous permafrost areas. 



SITE CONDITIONS 

I n  a r e a s  of  d i scon t inuous  permafros t ,  e s p e c i a l l y  
d e t a i l e d  and c a r e f u l l y  executed s i t e  i n v e s t i g a t i o n s  should  
be conducted.  Many of t h e  founda t ion  problems can be 
avoided by s i t e  s e l e c t i o n  based on a e r i a l  and ground r e -  
connaissance.  A i r  photos may be advantageously used t o  
i d e n t i f y  s o i l  t ypes  and t h e i r  boundar ies  (References  3 and 
4 A i r  photos can a i d  s u b s t a n t i a l l y  i n  e l i m i n a t i n g  un- 
d e s i r a b l e  s i t e s  and i n  sugges t i ng  p o s s i b l e  usab le  s i t e s .  
The s h i f t i n g  of  a  s i t e  a  few hundred f e e t  may p l a c e  t h e  
s t r u c t u r e  e n t i r e l y  on o r  o f f  permafros t ,  t h u s  g r e a t l y  
s i m p l i f y i n g  t h e  founda t ion  problem. 

Adequate bor ings  a r e  e s s e n t i a l  t o  e s t a b l i s h  t h e  
c o n d i t i o n s  which e x i s t  a t  t h e  proposed founda t ion  s i t e .  
The c o n d i t i o n s  a t  depth  may be completely d i f f e r e n t  from 
those  a t  o r  n e a r  t h e  s u r f a c e .  When a  r e l a t i v e l y  sha l low 
l a y e r  of  u n d e s i r a b l e  m a t e r i a l  e x i s t s  over  c l ean  sands  o r  
g r a v e l s  t h e  des ign  may be g r e a t l y  s i m p l i f i e d  by excava t ing  
t h e  poor m a t e r i a l  and b a c k f i l l i n g  w i th  accep t ab l e  non-fros t -  
s u s c e p t i b l e  m a t e r i a l .  Conversely,  an appa ren t ly  a c c e p t a b l e  
l a y e r  of  sand o r  gravel 'may be u n d e r l a i n  by s i l t s  o r  c l a y s  
wi th  e x c e s s i v e  i c e  t h a t  would l e a d  t o  s e t t l e m e n t  a s  thawing 
p rog re s sed .  

To determine t h e  a c t u a l  e x t e n t  of t he  founda t ion  
m a t e r i a l ,  bor ings  should  be a t  a p p r o p r i a t e  i n t e r v a l s  and t o  
dep ths  of  at  l e a s t  t h e  width of t h e  s t r u c t u r e .  I f  t h e  
presence of  i s o l a t e d  permafros t  bodies  i s  suspec t ed ,  bo r ings  
should  be a t  e s p e c i a l l y  c l o s e  i n t e r v a l s .  Where changes i n  
s o i l  t y p e s ,  i c e  d i s t r i b u t i o n ,  ground wa te r ,  f rozen  and 
unfrozen s e c t i o n s  a r e  encountered,  s u f f i c i e n t  a d d i t i o n a l  
bor ings  should  be r e q u i r e d  t o  d e l i n e a t e  c l e a r l y  any f a c t o r s  
a f f e c t i n g  t h e  founda t ion  des ign .  Whenever p o s s i b l e  (and i n  
some case s  i t  i s  e s s e n t i a l )  und is tu rbed  s o i l  samples 
should  be ob t a ined ,  r a t h e r  t han  t hose  from auger ing .  
Rotary c o r e  d r i l l i n g  w i l l  always be f e a s i b l e  i n  s a t u r a t e d  
f rozen  m a t e r i a l s .  Drive sampling w i l l  r e cove r  p a r t i a l l y  
d i s t u r b e d  samples i n  f rozen  f i ne -g ra ined  s o i l s  down t o  
about 25OF. 

The samples should  be c l a s s i f i e d  and d e s c r i b e d  i n  
accordance wi th  t h e  f rozen  s o i l  c l a s s i f i c a t i o n  sys tem 
(References 5 ,  6 and 7 ) .  S e l e c t e d  o r  continuous samples 
should  be p reserved  i n  t h e i r  f rozen  s t a t e  f o r  l a b o r a t o r y  
t e s t i n g  a t  a  t empera ture  a s  nea r  a s  p o s s i b l e  t o  t h a t  i n  
p l a c e .  The p r i n c i p a l  l a b o r a t o r y  d a t a  r e q u i r e d  i n c l u d e  dry 



u n i t  w e i g h t ,  w a t e r  and  o r g a n i c  c o n t e n t ,  g r a i n  s i z e  d i s t r i -  
b u t i o n  and  i n  some c a s e s  d e g r e e  of f r o s t  s u s c e p t i b i l i t y ,  
c o n s o l i d a t i o n  c h a r c t e r i s t i c s ,  t h e r m a l  c o n d u c t i v i t i e s  
( f r o z e n  and  u n f r o z e n ) ,  and  s h e a r  p r o p e r t i e s ,  p r e f e r a b l y  i n  
c r e e p .  From t h e s e  t e s t s  and a n a l y s e s ,  t h e o r e t i c a l  computa- 
t i o n s  o f  t h e  d e p t h s  o f  f r e e z i n g  and thawing  c a n  be made. 
U s i n g  t h e  computed d e p t h s  o f  t haw,  t h e  r e s u l t s  o f  thaw 
c o n s o l i d a t i o n  t e s t s  can  be  used  t o  p r e d i c t  s e t t l e m e n t s .  
P r e l i m i n a r y  e s t i m a t e s  of  t h e  amount o f  s e t t l e m e n t  which w i l l  
o c c u r  d u r i n g  t h e  thawing  o f  p e r m a f r o s t  c a n  be  b a s e d  on 
e s t i m a t e d  changes  i n  d r y  u n i t  w e i g h t ,  and hence  t h e  volume 
o f  t h e  s o i l ,  f rom i t s  o r i g i n a l  f r o z e n  s t a t e .  I f  c o n t i n u o u s  
f r o z e n  s a m p l e s  a r e  o b t a i n e d ,  t h e  e f f e c t  o f  a l l  t h e  i n c l u d e d  
i c e  ( w h e t h e r  i n  l e n s e s  o r  n o t )  c a n  be  a c c o u n t e d  f o r  i n  t h i s  
way. 

I d e a l l y ,  e x p l o r a t i o n s  s h o u l d  p r e c e d e  t h e  a c t u a l  
f o u n d a t i o n  d e s i g n  by at  l e a s t  one y e a r ,  o r  more,  i f  p o s s i b l e .  
Such a lead t i m e  i s  r e q u i r e d  t o  p r o c e s s  s o i l  s amples  and 
a c c u m u l a t e  o t h e r  n e c e s s a r y  i n f o r m a t i o n  s u c h  a s :  c l i m a t o -  
l o g i c a l  r e c o r d s ,  d e s i g n  and pe r fo rmance  i n f o r m a t i o n  f o r  
o t h e r  s t r u c t u r e s  i n  t h e  a r e a  o r  s i m i l a r  a r e a s ,  g round 
t e m p e r a t u r e s ,  a v a i l a b i l i t y  and  c o s t s  o f  c o n s t r u c t i o n  m a t e r i a l ,  
l a b o r ,  e t c .  Thermocouple o r  o t h e r  t e m p e r a t u r e  s e n s i n g  equ ip -  
ment s h o u l d  b e  p l a c e d  i n  a p p r o p r i a t e  b o r e  h o l e s  t o  r e c o r d  
t h e  g round  t e m p e r a t u r e s  a t  2 t o  3 f t  v e r t i c a l  i n t e r v a l s  p r i o r  
t o  c o n s t r u c t i o n  t o  a s c e r t a i n  t h e  maximum ground t e m p e r a t u r e s .  
P r e f e r a b l y  one o r  more o f  t h e  a s s e m b l i e s  s h o u l d  be i n  p e r i -  
m e t e r  e x p l o r a t i o n  h o l e s ,  j u s t  o u t s i d e  t h e  c o n s t r u c t i o n  a r e a ,  
t o  s e r v e  a s  c o n t r o l  a s s e m b l i e s  d u r i n g  and a f t e r  c o n s t r u c t i o n .  

Ground t e m p e r a t u r e s  which d o  n o t  v a r y  w i t h  t i m e  
a r e  p a r t i c u l a r l y  i m p o r t a n t  i n  t h e  d e s i g n  o f  p i l e  f o u n d a t i o n s  
i n  p e r m a f r o s t  b e c a u s e  t h e  p o t e n t i a l  s t r e n g t h  o f  t h e  perma- 
f r o s t  i s  t e m p e r a t u r e  dependen t  ( R e f e r e n c e s  8 and  9 ) .  Ground 
t e m p e r a t u r e  o b s e r v a t i o n s ,  a f t e r  a s u i t a b l e  p e r i o d  f o r  d i s -  
s i p a t i o n  o f  h e a t  i n t r o d u c e d  by d r i l l i n g ,  a r e  recommended t o  
e s t a b l i s h  t h e  magn i tude  o f  a n n u a l  t e m p e r a t u r e  e x t r e m e s  a t  
v a r i o u s  d e p t h s .  P r e c i p i t a t i o n ,  c l o u d  c o v e r ,  snow c o v e r ,  
and  d a i l y  a i r  t e m p e r a t u r e s  when a v a i l a b l e  a r e  used  t o  
e s t a b l i s h  t h e  i n f l u e n c e  o f  t h e s e  f a c t o r s  on t h e  ground 
t e m p e r a t u r e s  r e c o r d e d  and t h e  v a r i a t i o n  o f  t h e  p e r i o d  from 

. t h e  p r e v i o u s  means o r  a v e r a g e s  o b s e r v e d  by t h e  Weather  
Bureau .  Ground t e m p e r a t u r e  i s o t h e r m s  super imposed  on t h e  
s o i l  l o g s  g i v e  t h e  t h e r m a l  r eg ime  o f  t h e  ground ( R e f e r e n c e  
1 0 ) .  A t h o r o u g h  a p p r e c i a t i o n  o f  t h e  t h e r m a l  reg ime b e f o r e ,  
d u r i n g  and  a f t e r  c o n s t r u c t i o n  i s  e s s e n t i a l .  To b a s e  t h e  
d e s i g n  o f  a p i l e  f o u n d a t i o n  on o n l y  a  measurement o f  t h e  
d e p t h  o f  t h e  summer thaw i s  i n s u f f i c i e n t .  



INSTALLATION OF PILES 

The p i l e  i n s t a l l a t i o n  method i s  o f  p r imary  c o n c e r n  
i n  p e r m a f r o s t  h a v i n g  mean a n n u a l  t e m p e r a t u r e s  g r e a t e r  t h a n  
28OF. Each method h a s  i t s  m e r i t s ,  i n  t e rms  o f  u n i t  c o s t s  
and r e s u l t i n g  c a p a c i t i e s ,  and w i t h  r e s p e c t  t o  d i s t u r b a n c e  
o f  t h e  p e r m a f r o s t  and t h e  mode o f  f r e e z e b a c k .  C u r r e n t l y  
employed i n s t a l l a t i o n  methods a r e :  s t e a m  thawing ,  d r y  
a u g e r i n g ,  and  d r i v i n g  ( R e f e r e n c e s  9 and 1 0 ) .  

The m a j o r i t y  o f  p i l e  f o u n d a t i o n s  c o n s t r u c t e d  f o r  
m i l i t a r y  f a c i l i t i e s  i n  Alaska  have  been  i n s t a l l e d  i n  d r y  
a u g e r e d  h o l e s .  Truck mounted a u g e r s  have  been u s e d  
e f f i c i e n t l y  i n  s i l t s  o r  c l a y s  and  some s a n d s .  The e f f i c i e n c y  
o f  a u g e r i n g ,  u n l i k e  s t e a m  t h a w i n g ,  i s  n o t  dependent  on t h e .  
i c e  o r  o r g a n i c  c o n t e n t  o f  t h e  s o i l .  Holes  l e s s  t h a n  2 4  
i n c h e s  i n  d i a m e t e r  can  b e  a u g e r e d  a t  a  r a t e  of abou t  1 f t  
p e r  m i n u t e ,  a p p r o x i m a t e l y  t h e  same as i n  s t e a m i n g .  I n  
s a n d s  o r  s o i l s  c o n t a i n i n g  c o b b l e s  o r  b o u l d e r s ,  a u g e r i n g  may 
b e  d i f f i c u l t  o r  i m p o s s i b l e .  I n  s u c h  c a s e s ,  chu rn  d r i l l i n g  
o r  l o c a l i z e d  p re - thawing  w i t h  s t e a m  have  been  u s e d  t o  a i d  
i n  p r e p a r a t i o n  o f  t h e  p i l e  h o l e .  

S teaming i s  se ldom u s e d  i n  Alaska  t o d a y .  Normally 
s t e a m  i s  u s e d  o n l y  i n  c o l d e r  p e r m a f r o s t  which c a n  s a f e l y  
a b s o r b  t h e  h e a t  i n t r o d u c e d .  I n  w a r m  p e r m a f r o s t  t h e  m e l t e d  
i c e  f rom t h e  o r i g i n a l l y  f r o z e n  s o i l ,  augmented by t h e  s t e a m  
c o n d e n s a t e ,  c o n t a i n s  a l a r g e  amount o f  h e a t  and f r e e z e b a c k  
may t a k e  months o r  even  s e v e r a l  y e a r s .  The s t e a m i n g  o f  
h o l e s  f o r  p i l e s  i n  c o l d  p e r m a f r o s t  s h o u l d  o n l y  be  done by 
e x p e r i e n c e d  o p e r a t o r s ,  who know t h e  e f f e c t s  of  u s i n g  t h e i r  
equipment  i n  v a r i o u s  s o i l  and i c e  c o n d i t i o n s .  While t h e  
s t e a m i n g  method i n t r o d u c e s  a  c o n s i d e r a b l e  amount o f  s e n s i b l e  
h e a t  i n t o  t h e  p e r m a f r o s t  d u r i n g  t h e  p r e p a r a t i o n  o f  t h e  h o l e ,  
s o i l - w a t e r  s l u r r i e s  p l a c e d  a t  t e m p e r a t u r e s  j u s t  above 
f r e e z i n g . i n t r o d u c e  f a r  l e s s .  E s s e n t i a l l y  a l l  o f  t h e  
f r i c t i o n a l  h e a t  deve loped  i n  d r y  a u g e r i n g  i s  removed w i t h  
t h e  a u g e r  c u t t i n g s .  

The l e a s t  d i s t u r b a n c e  t o  t h e  t h e r m a l  r eg ime  i s  
r e a l i z e d  when t h e  p i l e s  a r e  i n s t a l l e d  by c o n v e n t i o n a l  o r  
m o d i f i e d  d r i v i n g  methods .  C o n v e n t i o n a l  d r i v i n g  h a s  been  
a d v a n t a g e o u s l y  employed i n  b o t h  t h e  d i s c o n t i n u o u s  perma- 
f r o s t  a t  B e t h e l  ( R e f e r e n c e  l l ) ,  and t h e  c o n t i n u o u s  perma- 
f r o s t  a t  F a i r b a n k s  and Kotzebue ,  A l a s k a .  I n  a d d i t i o n  t o  
t h e  s p e e d  o f  i n s t a l l a t i o n ,  t h e  d i s t i n c t  a d v a n t a g e  o f  d r i v -  
i n g ,  o v e r  t h e  u s e  o f  s t e a m  o r  s l u r r y ,  i s  t h a t  e s s e n t i a l l y  



no l a t e n t  h e a t  i s  i n v o l v e d ,  and f r e e z e b a c k  o c c u r s  w i t h i n  
m i n u t e s  o r  a  few h o u r s ,  a f te r  d r i v i n g .  L e s s  p e r f e c t  s u r f a c e  
bond Is a t t a i n e d  on d r i v e n  p i l e s ,  b u t  t h i s  i s  r e a d i l y  
compensa ted  f o r  by a d d i t i o n a l  p i l e  embedment a r e a .  High 
e n e r g y  d o u b l e  a c t i n g  o r  d i e s e l  hammers a r e  recommended. 

FREEZEBACK 

The o b s e r v e d  n a t u r a l  f r e e z e b a c k  o f  more t h a n  100 
p i l e s ,  o f  d i f f e r e n t  t y p e s ,  h a s  been  c o r r e l a t e d  w i t h  t h e o -  
r e t i c a l  h e a t  t r a n s f e r  e q u a t i o n s  and  h a s  produced  a method 
o f  c a l c u l a t i n g  t h e  t i m e  r e q u i r e d  f o r  n a t u r a l  f r e e z e b a c k .  
S i n c e  d e t a i l e d  d i s c u s s i o n s  o f  t h e  f r e e z e b a c k  o f  p i l e s  I n  
p e r m a f r o s t  have  been  p r e v i o u s l y  r e p o r t e d  ( R e f e r e n c e s  1 2  and 
1 3 ) ,  o n l y  t h e  a p p l i c a t i o n  o f  t h e  f r e e z e b a c k  p r i n c i p l e s  a s  
a p p l i e d  t o  d i s c o n t i n u o u s  p e r m a f r o s t  w i l l  b e  d i s c u s s e d  h e r e i n  

T y p i c a l  f r e e z e b a c k  c u r v e s  f o r  s l u r r i e d  H - p i l e s  
a n d  p i p e  p i l e s  i n  a u g e r e d  h o l e s ,  as obse rved  by means o f  
t h e r m o c o u p l e s ,  a r e  shown i n  F i g u r e  1. The h e a t  t o  be  
a b s o r b e d  by t h e  p e r m a f r o s t  i s  t h e  h e a t  produced  by t h e  
i n s t a l l a t i o n  method.  Because t h e  s e n s i b l e  h e a t  o f  t h e  
b a c k f i l l  m a t e r i a l  i s  n e g l i g i b l e  i n  c o n t r a s t  t o  t h e  amount 
o f  l a t e n t  h e a t  i n v o l v e d ,  t h e  amount of  h e a t  p e r  f o o t  o f  
p i l e  l e n g t h  which mpst be  removed i s  computed by t h e  
e q u a t i o n s  shown i n  F i g u r e  2.  Knowing t h e  t h e r m a l  p r o p e r t i e s  
( d i f f u s i v i t y ,  c o n d u c t i v i t y ,  and  h e a t  c a p a c i t y )  o f  t h e  perma- 
f r o s t ,  one c a n  compute t h e  t i m e  r e q u i r e d  f o r  P reezeback  by 
t h e  u s e  o f  t h e  g e n e r a l  e q u a t i o n  shown i n  F i g u r e  3.  The 
s o l u t i o n  t o  t h e  n a t u r a l  f r e e z e b a c k  problem was a d a p t e d  by 
Leung ( R e f e r e n c e  1 5 )  and Lee ( R e f e r e n c e  1 6 )  from Cars l aw 
and  J a e g e r  ( R e f e r e n c e  1 4 ) .  

Because  t h e  p e r m a f r o s t  t e m p e r a t u r e s  w i t h i n  t h e  
no rma l  d e p t h  o f  p i l e  embedment a r e  v a r i a b l e ,  It i s  o f t e n  
e a s i e r  t o  p r e p a r e  a s p e c i f i c  s o l u t i o n  f o r  t h e  f r e e z e b a c k  
t i m e  r e q u i r e d ,  as shown by t h e  p l o t  i n  F i g u r e  4 .  T h i s  
p l o t  d r a m a t i c a l l y  i l l u s t r a t e s  t h e  p ro longed  f r e e z e b a c k  
t i m e  r e q u i r e d  f o r  i n s t a l l a t i o n s  w i t h  l a r g e  Q v a l u e s ,  o r  i n  
r e l a t i v e l y  w a r m  p e r m a f r o s t .  F o r  i n s t a n c e ,  a 12  i n c h  t i m b e r  
p i l e  w i t h  a  s l u r r y  b a c k f i l l  h a v i n g  a  w a t e r  c o n t e n t  o f  30% 
i n  a n  1 8  i n c h  d i a m e t e r  h o l e  would r e q u i r e  t h e  removal  by 
t h e  p e r m a f r o s t  o f  a p p r o x i m a t e l y  4000 BTU's p e r  f o o t  o f  
p i l e .  I n  28OF p e r m a f r o s t  t h i s  would r e q u i r e ,  a s  shown i n  
F i g u r e  4 ,  a p p r o x i m a t e l y  6  days  t o  f r e e z e b a c k ;  a t  30°F i t  
would r e q u i r e  16  d a y s .  F u r t h e r  c a l c u l a t i o n s  would show 
t h a t  i n  31°F p e r m a f r o s t  i t  would r e q u i r e  4 1  d a y s ;  a t  31.5OF, 
97  d a y s ;  and  a t  31.8OF, 302 days  f o r  f r e e z e b a c k .  



Assuming t h e  volume o f  s l u r r y  p e r  f o o t  o f  p i l e  t o  
be  a t  a minimum, t h e  t e m p e r a t u r e  and w a t e r  c o n t e n t  o f  t h e  
s l u r r y  and  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  a r e  t h e  o n l y  p a r a -  
m e t e r s  which c a n  be  v a r i e d  t o  e f f e c t  a  r a p i d  f r e e z e b a c k .  ... 
I n  t h e  c o n t i n u o u s  p e r m a f r o s t  zone t h e  time o f  i n s t a l l a t i o n  
c a n  be  made t o  c o i n c i d e  w i t h  t h e  minimum ground t e m p e r a t u r e s  
e x p e r i e n c e d  i n  l a t e  w i n t e r  o r  e a r l y  s p r i n g .  When p i l e s  a r e  
i n s t a l l e d  d u r i n g  t h i s  p e r i o d  t h e  l a r g e  t e m p e r a t u r e  d i f f e r -  
e n t i a l  be tween t h e  s l u r r y  and t h e  s u r r o u n d i n g  e x t r e m e l y  
c o l d  p e r m a f r o s t  may be  u t i l i z e d  t o  e f f e c t  a r a p i d  f r e e z e -  
back .  I n  d i s c o n t i n u o u s  p e r m a f r o s t  a r e a s  where t h e  a n n u a l  
f r o s t  p e n e t r a t i o n  may be ve ry  s h a l l o w  o r  p o s s i b l y  n o t  even  
p e n e t r a t e  a r e s i d u a l  thaw l a y e r  above t h e  p e r m a f r o s t ,  t h e r e  
i s  no optimum i n s t a l l a t i o n  p e r i o d .  P r e s e n t  p r a c t i c e ,  i r-  
r e s p e c t i v e  o f  p e r m a f r o s t  t e m p e r a t u r e ,  i s  t o  mix and p l a c e  
t h e  s o i l - w a t e r  s l u r r y  a t  t h e  l o w e s t  p r a c t i c a b l e  w a t e r  
con ten t . ,  y e t  f u l l y  s a t u r a t e d ,  a t  t e m p e r a t u r e s  be tween 32 
and  45OF. The d i f f e r e n c e  i n  v o l u m e t r i c  l a t e n t  h e a t  o f  
h i g h  w a t e r  c o n t e n t  s i l t -  and low w a t e r  c o n t e n t  s and-wa te r  
s l u r r i e s  i s  o b t a i n e d  t h r o u g h  t h e  u s e  o f  t h e  e q u a t i o n :  

where 
Q = Lwyd 

Q = s l u r r y  h e a t ,  BTU's /cu . f t .  

L  = l a t e n t  h e a t ,  1 4 4  BTU/lb o f  w a t e r  

w = w a t e r  c o n t e n t ,  e x p r e s s e d  as d e c i m a l  

yd  = d r y  u n i t  w e i g h t ,  p c f  

Q(si1t f o r  w = 70%,  yd  = 58 pcf  

Q = 1 4 4 ( 0 . 7 0 ) ( 5 8 )  

Q = 5850 BTUts/cu.  f t .  

& ( s a n d )  f o r  w = l o % ,  yd  = 133 p c f  
Q = 1 4 4  ( 0 . 1 0 ) ( 1 3 3 )  

Q = 1915 B T U f s / c u . f t .  

I n  28OF p e r m a f r o s t  t h e  sand-wa te r  s l u r r y  would 
f r e e z e b a c k  i n  2  t o  3  d a y s ,  t h e  s i l t - w a t e r  s l u r r y  i n  10 t o  
11 d a y s ;  i n  31.5OF p e r m a f r o s t ,  t h e  d i f f e r e n c e  i n  f r e e z e -  
back  t i m e  would b e  i m p o r t a n t ,  1 6  days  f o r  t h e  sand- ,  1 3 1  
days  f o r  t h e  s i l t - w a t e r  s l u r r y .  Thus a c a r e f u l  s e l e c t i o n  
o f  t h e  b a c k f i l l  m a t e r i a l  and a  p r o p e r  f i e l d  c o n t r o l  o f  t h e  
w a t e r  c o n t e n t  c a n  e f f e c t  a  s u b s t a n t i a l  r e d u c t i o n  o f  t h e  



h e a t  t o  be  a b s o r b e d  by t h e  p e r m a f r d b t  ahd t h e  t i m e  r e q u i r e d  
f o r  f r e e z e b a c k .  

The p r e c e d i n g  g e n e r a l  and s p e c i f i c  s o l u t i o n s  f o r  
t h e  n a t u r a l  f r e e z e b a c k  o f  p i l e s  assume t h e  s l u r r i e d  p i l e  t o  
b e  a f i n i t e  c y l i n d r i c a l  h e a t  s o u r c e  i n s i d e  a s e m i - i n f i n i t e  
medium, w i t h  a  sudden ly  a p p l i e d  c o n s t a n t  t e m p e r a t u r e  s o u r c e  
(32OF) which d i s s i p a t e s  h e a t  o n l y  i n  a  r a d i a l  d i r e c t i o n .  
The a c t u a l  h e a t  p a t h  i s  a lways  toward  c o l d e r  p e r m a f r o s t  
t h a n  e x i s t s  a t  t h e  d e p t h  c o n s i d e r e d ,  a s  shown i n  F i g u r e  5 .  
The a p p r o x i m a t e  h e a t  p a t h s  d u r i n g  summer and  w i n t e r  are 
shown i n  t h e  f i g u r e .  The " e f f e c t i v 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  a t  any d e p t h  can  be  approx ima ted  o v e r  t h e  t i m e  
and  d i s t a n c e  o f  t h e  h e a t  p a t h  t o  accoun t  f o r  t h e  v e r t i c a l  
h e a t  f l o w ,  i f  a c c u r a t e  i n i t i a l  ground t e m p e r a t u r e s  a r e  
known. I n  c o n t i n u o u s  p e r m a f r o s t  t h e  v e r t i c a l  g r a d i e n t  may 
b e  i m p o r t a n t ,  b u t  i n  d i s c o n t i n u o u s  p e r m a f r o s t  t h e  g r a d i e n t  
may b e  i n s i g n i f i c a n t .  While  t h e  f r e e z e b a c k  t i m e  may be  
r e d u c e d  by v e r t i c a l  h e a t  f l o w ,  t h e  g r e a t e s t  i n c r e a s e  i n  
f r e e z e b a c k  t i m e  i s  c a u s e d  by t h e  p r o x i m i t y  o f  a d j a c e n t  p i l e s .  

The e f f e c t  o f  p i l e  s p a c i n g  on t h e  o v e r a l l  r i s e  i n  
p e r m a f r o s t  t e m p e r a t u r e s  c a u s e d  by s l u r r y  h e a t  i s  shown i n  
F i g u r e  6 .  The r e l a t i o n s h i p  be tween s p a c i n g  and  t e m p e r a t u r e  &E 

i s  b a s e d  on t h e  "method o f  m i x t u r e s "  a s  shown by t h e  equa- 
t i o n s  i n  t h e  f i g u r e .  When t h e  r i s e  i n  p e r m a f r o s t  t empera-  
t u r e  ( A T )  i n  F i g u r e  6 exceeds  t h e  d i f f e r e n c e  between t h e  
f r e e z i n g  p o i n t  a n d  t h e  i n i t i a l  p e r m a f r o s t  t e m p e r a t u r e  (32-T ) ,  
t h e  p e r m a f r o s t  w i l l  f r e e z e  o n l y  t h a t  amount o f  t h e  s l u r r y  P  
w a t e r  n e c e s s a r y  t o  r a i s e  t h e  p e r m a f r o s t  t e m p e r a t u r e  t o  t h e  
f r e e z i n g  p o i n t .  The r e m a i n i n g  l a t e n t  h e a t  o f  t h e  s l u r r y  
w i l l  n o t  f r e e z e  u n t i l  t h e  s u r r o u n d i n g  p e r m a f r o s t  h a s  been  
made c o l d e r .  

I n  t h e  c a s e  of t h e  s i l t -  and sand-wa te r  s l u r r i e s  
p r e v i o u s l y  d e s c r i b e d ,  i t  i s  obv ious  from F i g u r e  6 t h a t  a 
p i l e  s p a c i n g  of g r e a t e r  t h a n  1 2  f t  would b e  r e q u i r e d  f o r  
t h e  2000 BTU1s p e r  l i n e a l  f o o t  o f  t h e  sand-wa te r  s l u r r y  a t  
a  p e r m a f r o s t  t e m p e r a t u r e  of 31.0°F. The s i l t - w a t e r - s l u r r y  
(6000 BTU1s) would t h e o r e t i c a l l y  r a i s e  t h e  p e r m a f r o s t  
t e m p e r a t u r e  1°F  e v e n  a t  a 1 5  f o o t  s p a c i n g .  I f  t h e  i n i t i a l  
p e r m a f r o s t  t e m p e r a t u r e  were 31.5OF t h i s  would mean a  f i n a l  
t e m p e r a t u r e  o f  0.5OF above f r e e z i n g .  T h i s ,  o f  c o u r s e ,  i s  
i m p o s s i b l e .  I n  r e a l i t y ,  o n l y  a b o u t  3000 o f  t h e  6000 BTU1s 
p e r  f o o t  would b e  removed and t h e  s l u r r y  immedia t e ly  
a d j a c e n t  t o  t h e  p i l e  would remain  thawed.  The p e r m a f r o s t  
t e m p e r a t u r e  would r i s e  t o  j u s t  32OF. 



When t h e  h e a t  c a p a c i t y  of t h e  p e r m a f r o s t  i s  In-  
s u f f i c i e n t  t o  e f f e c t  f r e e z e b a c k  o f  s l u r r i e d  o r  s t eamed  
p i l e s  w i t h i n  a n  e s t a b l i s h e d  c o n s t r u c t i o n  s c h e d u l e ,  o r  
b e c a u s e  of c l o s e  p i l e  s p a c i n g ,  t h e  p i l e s  may be i n s t a l l e d  
by d r i v i n g ,  o r  a r t i f i c i a l  r e f r i g e r a t i o n  may be employed. 
P i p e s  o r  t u b i n g  can  be  q u i c k l y  a t t a c h e d  t o  t h e  p i l e s  p r i o r  
t o  i n s t a l l a t i o n  and c o n n e c t e d  t o  a p o r t a b l e  r e f r i g e r a t i o n  
s y s t e m  ( F i g u r e s  7 and 8 ) .  Normal ly ,  p o s i t i v e  a r t i f i c i a l  
f r e e z e b a c k  can  be  a c h i e v e d  i n  l e s s  t h a n  2 days by c a r e f u l  
c o n t r o l  o f  t h e  s l u r r y  t e m p e r a t u r e ,  w a t e r  c o n t e n t ,  and a 
s p e c i f i c  t i m e  l i m i t a t i o n  be tween a u g e r i n g ,  p i l e  p l acemen t  
and  t h e  s t a r t  o f  r e f r i g e r a t i o n .  The c o s t  o f  such  r e f r i g e r a -  
t i o n  i s  o f t e n  o f f s e t  by t h e  s a v i n g s  r e s u l t i n g  from c o n t i n u o u s  
c o n s t r u c t i o n .  The r e f r i g e r a t i o n  p i p e s ,  p u r p o s e l y  d e s i g n e d  
t o  r ema in  i n  p l a c e ,  a r e  a v a i l a b l e  f o r  u s e  t h r o u g h o u t  t h e  
l i f e  o f  t h e  s t r u c t u r e  i n  t h e  e v e n t  f u r t h e r  r e f r i g e r a t i o n  i s  
r e q u i r e d .  

No f a c t o r  o f  s a f e t y  i s  i n c o r p o r a t e d  i n  t h e  f r e e z e -  
back  e q u a t i o n s  d i s c u s s e d .  Thermocouple a s s e m b l i e s ,  o r  
o t h e r  t e m p e r a t u r e - i n d i c a t i n g  d e v i c e s ,  s h o u l d  be i n s t a l l e d  
t o  v e r i f y  t h e  t h e o r e t i c a l  f r e e z e b a c k  b e f o r e  t h e  p i l e s  a r e  
a c t u a l l y  l o a d e d .  

BEARING CAPACITY 

The b e a r i n g  c a p a c i t y  o f  p i l e s  i n  d i s c o n t i n u o u s  
p e r m a f r o s t  may be  a c h i e v e d  s o l e l y  by a d f r e e z e  s t r e n g t h ,  
p r o v i d e d  s u f f i c i e n t  p i l e  s u r f a c e  a r e a  i s  a v a i l a b l e  a t  t h e  
low s t r e n g t h  v a l u e s  o f  t h e  a d f r e e z e  bond a t  t e m p e r a t u r e s  
which a r e  o n l y  s l i g h t l y  below t h e  f r e e z i n g  p o i n t  ( R e f e r e n c e  
9 ) .  I f  t h e  p e r m a f r o s t  i s  r e l a t i v e l y  t h i n ,  t h e  p i l e s  may b e  
d e s i g n e d  t o  a c t ,  i n  p a r t  a t  l e a s t ,  as f r i c t i o n  p i l e s ,  
similar t o  c o n v e n t i o n a l  d e s i g n s  i n  thawed s o i l s .  If a 
f i r m  b e a r i n g  s t r a t u m  o r  bed rock  i s  w i t h i n  economica l  r e a c h ,  
t h e  b e a r i n g  c a p a c i t y  can  be  augmented o r  s o l e l y  d e r i v e d  by 
p o i n t  b e a r i n g ,  as i n  t h e  t e m p e r a t e  zone .  The c o n t r i b u t i o n  
o f  p o i n t  b e a r i n g  i n  u n c o n s o l i d a t e d  s o i l s  c o n t a i n i n g  i c e  i s  
n o r m a l l y  d i s r e g a r d e d  when t h e  l o a d  i s  b e i n g  c a r r i e d  by ad- 
f r e e z e  i n  t h e  p e r m a f r o s t .  

N e g a t i v e  s k i n  f r i c t i o n  s h o u l d  be c o n s i d e r e d  i f  
t h e  s o i l s  above  t h e  p e r m a f r o s t  a r e  u n c o n s o l i d a t e d  o r  
a d d i t i o n a l  t h a w i n g  o f  t h e  p e r m a f r o s t  w i l l  p roduce  s e t t l e m e n t  
i n  t h e  s o i l  s u r r o u n d i n g  t h e  u p p e r  r e g i o n s  o f  t h e  p i l e .  
N e g a t i v e  s k i n  f r i c t i o n  c a n  be  a s i g n i f i c a n t  problem i f  un- 
c o n s o l i d a t e d  s o i l s  a r e  s u r c h a r g e d  by g r a v e l  f i l l s .  



SUMMARY 

T h i s  p a p e r  h a s  o u t l i n e d  o n l y  a  few o f  t h e  problems 
a s s o c i a t e d  w i t h  f o u n d a t i o n s  i n  d i s c o n t i n u o u s  p e r m a f r o s t  
a r e a s .  Al though a c o n s i d e r a b l e  amount o f  i n f o r m a t i o n  h a s  
b e e n  p u b l i s h e d ,  most r e c e n t l y  i n  r e p o r t s  o f  t h e  U.S. Army 
Cold  Reg ions  R e s e a r c h  and E n g i n e e r i n g  L a b o r a t o r y  (CRREL) 
t h r o u g h  t h e  F i r s t  Canadian  Confe rence  on P e r m a f r o s t  - A p r i l  
1 9 6 2 , t h r o u g h t h e  I n t e r n a t i o n a l  Confe rence  on P e r m a f r o s t  - 
November 1963 ,  and  t h r o u g h  r e v i s e d  Army f o u n d a t i o n  d e s i g n  
manuals  which w i l l  soon  b e  a v a i l a b l e ,  many a s p e c t s  a r e  
s t i l l  unknown o r  u n p u b l i s h e d .  I n  a d d i t i o n  t o  f u r t h e r  
r e s e a r c h ,  f i e l d  r e p o r t s  o f  c o n s t r u c t i o n  and pe r fo rmance  a r e  
n e e d e d .  

The e f f i c i e n t  d e s i g n  and  c o n s t r u c t i o n  o f  founda-  
t i o n s  on p e r m a f r o s t  r e q u i r e  a t h o r o u g h  u n d e r s t a n d i n g  o f  t h e  
c o n d i t i o n s  t o  b e  e x p e r i e n c e d  b e f o r e ,  d u r i n g ,  and  a f t e r  
c o n s t r u c t i o n .  I n  a d d i t i o n  t o  i t s  b e i n g  good p r a c t i c e  f o r  
o b t a i n i n g  d e s i g n  i n f o r m a t i o n  and  f o r  m o n i t o r i n g  e f f e c t s  
d u r i n g  c o n s t r u c t i o n ,  i n s t r u m e n t a t i o n  of  t h e  f o u n d a t i o n  w i t h  
t e m p e r a t u r e  s e n s i n g  d e v i c e s  and  v e r t i c a l  c o n t r o l  p o i n t s  may 
be  e s s e n t i a l  t o  d e t e c t  l o n g  t e r m  changes  i n  t h e  t h e r m a l  
r eg ime  a n d  v e r i f y  t h e  s t a b i l i t y  o f  t h e  f o u n d a t i o n .  

C a r e f u l  c o n s i d e r a t i o n  o f  t h e  h e a t  i n t r o d u c e d  by 
t h e  p i l e  i n s t a l l a t i o n  method a n d  o f  t h e  p o t e n t i a l  h e a t  
c a p a c i t y  o f  t h e  p e r m a f r o s t  t o  a b s o r b  t h i s  h e a t  a t  d i f f e r e n t  
g round  t e m p e r a t u r e s  and p i l e  s p a c i n g ,  i s  e s s e n t i a l  i n  
d e s i g n .  T h e o r e t i c a l  f r e e z e b a c k  t i m e  f o r  p i l e s  i n  p e r m a f r o s t  
c a n  b e  a d v a n t a g e o u s l y  employed f o r  c o n s t r u c t i o n  s c h e d u l i n g .  
When t h e  h e a t  c a p a c i t y  o f  t h e  p e r m a f r o s t  i s  i n s u f f i c i e n t  
f o r  f r e e z e b a c k  w i t h i n  an e s t a b l i s h e d  c o n s t r u c t i o n  s c h e d u l e ,  
a r t i f i c i a l  r e f r i g e r a t i o n  may be  u s e d .  A r t i f i c i a l  r e f r i g e r a -  
t i o n  may b e  u s e d  i n t e r m i t t e n t l y  o r  c o n t i n u o u s l y  t o  e s t a b l i s h  
o r  r e t a i n  a d e s i r e d  t h e r m a l  r e g i m e ,  w i t h  a n  a d e q u a t e  ad- 
f r e e z e  o r  b e a r i n g  s t r e n g t h .  A t  t h e  low s t r e n g t h  o f  perma- 
f r o s t  i n  d i s c o n t i n u o u s  p e r m a f r o s t  a r e a s ,  where p e r m a f r o s t  
t e m p e r a t u r e s  are o n l y  s l i g h t l y  below f r e e z i n g ,  t h e  d e s i g n ,  
c o n s t r u c t i o n  and  ma in tenance  r e q u i r e s  a  t h o r o u g h  under -  
s t a n d i n g  o f  t h e  f a c t o r s  i n f l u e n c i n g  f o u n d a t i o n  s t a b i l i t y .  
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TIME DAYS AFTER BACKFILLING 

Plle No. I Size I Hole Dia. I Dote Installed 

C - l l  1 P:;: I 18- inch 25 A p r i l  I 957  
C - 3 9  14- inch 1 17 A p r i l  1957 

Both piles Installed in dry ougered holes and 
backfi l led with si l t -watar slurry. 

F I G U R E  1 

T Y P I C A L  F R E E Z I N G  C U R V E S  FOR S I L T  S L U R R Y  

64 ~ 5 r - 1 0  



F I G U R E  2 

~ = n ~ ( < - r : ) w r d  or Q =  L(nr:-A)wrd 
where L =  Latent heat of water 

r2 = Radius o f  hole 
r, = Radius of pile 
A = Cross sectional area of H-pile 
w = Water content, percent dry weight 

y d = D r y  unit weight of slurry 

L A T E N T  H E A T  O F  S L U R R Y  B A C K F I L L  



F I G U R E  3 

where t = Freezeback time, hrs. 

K = Conductivity of permafrost, B T U l h r  f t  OF. 
C = Volumetric heat capaci ty  of permafrost, 

B T U / t t  O F  

a = Oiffusivity of permafrost, f tZ /hr  = # " 
9 = Lalent  heat o f  slurry per foot of pile 

length, B T U / f t .  

AT = I n i t i a l  temperature of permafrost, expressed 
as number of "F below freezing (32O- Tp) 

rg = Radius of pile hole, ft. 

G E N E R A L  S O L U T I O N  O F  S L U R R Y  F R E E Z E B A C K  



where C = 30 B ~ u / f t ~  OF 

Q = Latent  heat of slurry per f t  
of pile length, BTU / f t .  

F I G U R E  4 S P E C I F I C  S O L U T I O N  O F  S L U R R Y  F R E E Z E B A C K  



( 0 )  ONE DAY (b) THREE DAYS (c) TEN DAYS 

LATE WINTER 

( d l  THREE DAYS (e) TEN DAYS (f)  THIRTY DAYS 

LATE SUMMER 

F I G U R E  5 N A T U R A L  F R E E Z E B A C K  O F  P I L E S  I N  P E R M A F R O S T  I 



S, PILE SPACING, f t  

01 = Q2 ( H e a t  loss = Heat pain) 

92 = CIS'- T ~ ~ ~ ' ) A T  

where Q = Latent heat  of slurry, B T U / f t .  

C = Volumetric heat capoclty of 
permofrost, B T U / f t 3  O F  

S = Pi le  spacing, 11. 

r2= Radius of pile hole, 11. 

A T -  Rise in temperature of permafrost, OF. 

F I G U R E  6 

INFLUENCE OF SLURRY ON SURROUNDING PERMAFROST 



F I G U R E  7 

R E F R I G E R A T I O N  T U B I N G  O N  T I M B E R  P I L E S  

F I G U R E  8 

R E F R I G E R A T I O N  O F  H - P I  LE  G R O U P  



D i s c u s s i o n  

G .  H o l l i n g s h e a d  a s k e d  what s t r e n g t h  t e s t s  a r e  
p e r f o r m e d  on f r o z e n  s o i l s .  The a u t h o r  r e p l i e d  t h a t  e a r l i e r  
t e s t s  were o f  t h e  c o n v e n t i o n a l  t y p e  such  as r a p i d  l o a d i n g .  
More r e c e n t l y ,  t e s t s  s imilar  t o  t h o s e  c a r r i e d  o u t  by 
R u s s i a n  i n v e s t i g a t o r s  have been  employed. These  i n c l u d e  
c o n s o l i d a t i o n  and  s h e a r  s t r e n g t h  u n d e r  c r e e p  o r  l o n g  
s u s t a i n e d  l o a d i n g .  Long-term l o a d s  a r e  a l s o  u s e d  i n  f i e l d  
s t u d i e s .  CRREL d o e s  n o t  employ t h e  e a r l i e r  R u s s i a n  ad- 
f r e e z i n g  s t r e n g t h  d a t a  b u t  t h e i r  c r e e p  l o a d  d a t a  may be  
u s e d .  Both c o n f i n e d  and u n c o n f i n e d  spec imens  a r e  u s e d  i n  
t e s t i n g  w i t h  emphas i s  on c o n f i n e d  spec imens .  

R.S. T a y l o r  n o t e d  t h a t  t h e  a u t h o r  r e f e r r e d  t o  t h e  
u s e  o f  c o p p e r  t u b i n g  f o r  c i r c u l a t i n g  r e f r i g e r a t i n g  f l u i d s  
and  h e  wondered whe the r  p l a s t i c  t u b i n g  was e v e r  employed. 
Cro ry  r e p l i e d  t h a t  CRREL u s e d  s t e e l  and p l a s t i c  t u b i n g  a t  
Hanover ,  N . H .  It was found t h a t  p l a s t i c  and p o l y e t h y l e n e  
t u b i n g  became b r i t t l e  a t  low t e m p e r a t u r e s .  

I n  r e p l y  t o  an e n q u i r y  by G.S.H. Lock a b o u t  
F i g u r e  1 showing f r e e z e - b a c k  c u r v e s  f o r  p i l e s ,  t h e  a u t h o r  
r e p l i e d  t h a t  t h e s e  were o b t a i n e d  f rom f i e l d  o b s e r v a t i o n s .  
The g round  t e m p e r a t u r e  r e m a i n s  a t  3Z°F u n t i l  t h e  l a t e n t  
h e a t  r e q u i r e m e n t s  a r e  s a t i s f i e d  and  t h e n  i t  d e c r e a s e s .  
G.S.H. Lock a s k e d  f o r  more d e t a i l e d  i n f o r m a t i o n  on t h e  
boundary  c o n d i t i o n s  and  w h e t h e r  t h e r e  was a u n i f o r m  h e a t  
f l u x  o r  c o n s t a n t  t e m p e r a t u r e .  Crory  r e p l i e d  t h a t  t i m e  
i s  p l o t t e d  v e r s u s  t e m p e r a t u r e  showing t h a t  t h e  s e n s i b l e  
h e a t  i s  removed r a p i d l y ;  t h e  t e m p e r a t u r e  i s  c o n s t a n t  at  
32OF. I n  r e p l y  t o  Lock ' s  e n q u i r y  on whe the r  t h i s  i n fo rma-  
t i o n  c a n  be  u s e d  t o  a n a l y z e  h e a t  f l ow down t h e  p i l e s  i n t o  
t h e  p e r m a f r o s t ,  t h e  a u t h o r  r e p l i e d  t h a t  i t  was p o s s i b l e ,  
t h e  s i t u a t i o n  b e i n g  similar t o  Long ' s  t h e r m o p i l e .  




