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

Capacité portante et tassement des pieux crénelés et tronconiques dans le pergélisol
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SYNOPSI S A l t h o u g h  i n  f r o z e n  s o i l s  mo s t  p i l e s  a c t  as  " f r i c t i o n  p i l e s " ,  r e l y i n g  v e r y  l i t t l e

on  e n d - b e a r i n g ,  n o t  mu c h  a t t e n t i o n  h a s  b e e n  c o n c e n t r a t e d  up  t o  n o w o n  t h e  p r o b l e m o f  i mp r o v i n g  t h e i r  

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

t h a t  a s y s t e ma t i c  s t u d y  o f  s u c h  s h a p e d  p i l e s  wo u l d  be  u s e f u l ,  an  e x p e r i me n t a l  i n v e s t i g a t i o n  wa s  u n ­

d e r t a k e n ,  i n c l u d i n g  a l a r g e  n u mb e r  o f  l o a d - a n d  r a t e - c o n t r o l l e d  t e s t s  o n  t h r e e  t y p e s  o f  mo d e l  p i l e s :  

s mo o t h  a n d  c o r r u g a t e d  s t r a i g h t - s h a f t e d  p i l e s ,  a n d  s mo o t h  t a p e r e d  p i l e s ,  i n s t a l l e d  i n  f r o z e n  s a n d .

T h i s  p a p e r  p r e s e n t s  t h e  p r i n c i p a l  t e s t  r e s u l t s ,  t h e i r  a n a l y s i s ,  a n d  t h e  c o mp a r i s o n  wi t h  t h e o r e t i c a l  

p r e d i c t i o n s .

I NT RODUCT I ON

Wi t h  v e r y  f e w e x c e p t i o n s ,  mo s t  o f  t h e  p i l e s  i n s ­

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

o r  s q u a r e  c r o s s - s e c t i o n ,  t h e i r  s h a f t  i s  s t r a i g h t ,  

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

I t  i s  we  11 k n o wn  t h a t ,  u n d e r  s e r v i c e  l o a d s ,  mo s t  

o f  t h e  l o a d  o n  s u c h  p i l e s  i s  c a r r i e d  by  a d f r e e z e  

b o n d ,  wh i l e  t h e  e n d  b e a r i n g  i s  s ma l l  a n d  i s  o f ­

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

d i e s  o n  t h e  a d f r e e z e  b o n d  ( P a r a me s wa r a n , 1 9 7 8 ,  

1 9 7 9 ;  We a v e r  a n d  Mo r g e n s t e r n ,  1 9 8 1 a , b ) h a v e  s h o wn  

t h a t ,  u n d e r  s i mi l a r  c o n d i t i o n s ,  i t s  i n t e n s i t y  i s  

a f f e c t e d  by  t h e  p i l e  ma t e r i a l  ( b e i n g  t h e  h i g h e s t  

f o r  u n t r e a t e d  wo o d ,  a n d  t h e  l o we s t  f o r  p a i n t e d  

s t e e l ) ,  a n d  b y  t h e  me t h o d  o f  i n s t a l l a t i o n  ( i . e . ,  

wh e t h e r  t h e  p i l e  i s  d r i v e n ,  d r i l l - d r i v e n ,  o r  i n s ­

t a l l e d  i n  a s l u r r i e d  h o l e  a n d  r e f r o z e n ) .  Th e  a d ­

f r e e z e  b o n d  i s  u s u a l l y  a s s u me d  i n  t h e  d e s i g n  t o  

be  a f r a c t i o n  o f  t h e  t i me -  a n d  t e mp e r a t u r e - d e p e n -  

d e n t  f r o z e n  s o i l  c o h e s i o n .  On e  a s p e c t ,  c o mmo n  

t o  a l l  s t r a i g h t - s h a f t e d  p i l e s ,  i s  t h a t  a d f r e e z e  

b o n d  f a i l s  i n  a b r i t t l e  ma n n e r ,  l e a d i n g  t o  a h i g h  

l o s s  o f  p i l e  c a p a c i t y  a f t e r  f a i l u r e .  ( Cr o r y ,

1 9 6 3 ;  Pa r a me s wa r a n ,  1 9 7 8 ) .

I n u n f r o z e n  s o i l s ,  s h a p e d  p i l e s  h a v e  b e e n  u s e d  

f o r  ma n y  y e a r s  f o r  i n c r e a s i n g  t h e i r  b e a r i n g  c a p a ­

c i t y .  Se v e r a l  t y p e s  o f  s u c h  p i l e s  a r e  n o w a v a i ­

l a b l e  c o mme r c i a l l y ,  a n d  s o me  d e s i g n  me t h o d s  h a v e  

b e e n  p r o p o s e d  ( e . g . ,  No r d l u n d ,  1 9 6 3 ) .

I n f r o z e n  s o i l s ,  a q u i t e  e x t e n s i v e  u s e  o f  i n -  

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

ma d e  r e c e n t l y  d u r i n g  t h e  c o n s t r u c t i o n  o f  t h e  

Al y e s k a  Pi p e l i n e .  Ho we v e r ,  a l t h o u g h  s o me  r e ­

p o r t s  o n  t h e i r  f u l l - s c a l e  p e r f o r ma n c e  h a v e  b e e n  

p u b l i s h e d ,  s h o wi n g  t h e i r  c l e a r  a d v a n t a g e s  ( Bl a c k  

a n d  T h o ma s ,  1 9 7 8 ;  T h o ma s  a n d  L u s c h e r ,  1 9 8 0 ;  

L u s c h e r  e t  a l . ,  1 9 8 3 ) ,  t h e  b e h a v i o u r  o f  s u c h  p i ­

l e s  i n  f r o z e n  s o i l s  h a s  n o t  y e t  b e e n  s y s t e ma t i ­

c a l l y  i n v e s t i g a t e d  a n d  n o  p r a c t i c a l  d e s i g n  me ­

t h o d  h a s  y e t  b e e n  p r o p o s e d .  Th e  e f f e c t  o f  c o r ­

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

d e d  i n f r o z e n  s a n d  wa s  r e c e n t l y  s t u d i e d  by  

An d e r s l a n d  a n d  A l wa h h a b  ( 1 9 8 2 )  , wh o  ma d e  a

s e r i e s  o f  mo d e l  s c a l e  p u l l i n g  t e s t s  o n  s t e e l  

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

s h a f t .  T h e  e f f e c t  o f  l u g s ,  s i mi l a r  t o  c o r r u g a ­

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

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

We a v e r  a n d  Mo r g e n s t e r n  ( 1 9 8 1 a )  h a v e  s t u d i e d  t h e  

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

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

I n o r d e r  t o  g e t  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  

b e h a v i o u r  o f  s h a p e d  p i l e s  e mb e d d e d  i n f r o z e n  

s o i l ,  an  e x p e r i me n t a l  s t u d y  wa s  u n d e r t a k e n  i n 

t h e  l a b o r a t o r i e s  o f  t h e  No r t h e r n  En g i n e e r i n g  

Ce n t r e  o f  Ec o l e  Po l y t e c h n i q u e  ( Gu i c h a o u a ,  1 9 8 4 ) .  

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

a n d  s e t t l e me n t - r a t e - c o n t r o l l e d  t e s t s  on  t h r e e  

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

s t r a i g h t - s h a f t e d  p i l e s ,  a n d  s mo o t h  t a p e r e d  p i l e s .  

L i k e  i n p r a c t i c e ,  t h e  p i l e s  we r e  i n s t a l l e d  i n 

o v e r s i z e d  h o l e s  i n f r o z e n  s a n d , s u r r o u n d e d  b y  a 

c o mp a c t e d  s a n d - wa t e r  s l u r r y ,  a n d  l e t  t o  f r e e z e  

a t  - 5° C.  T h e r e  wa s  n o  p i l e - s o i l  c o n t a c t  a t  t h e  

pi l e end.

I n o r d e r  t o  f i n d  a p r o p e r  d e s i g n  me t h o d  f o r  t h e  

t wo  t y p e s  o f  p i l e s ,  t wo  t h e o r i e s  we r e  c o n s i d e r e d .  

T h e  f i r s t  o n e  wa s  ah a d a p t a t i o n  o f  t h e  J o h n s t o n  

a n d  L a d a n y i  ( 1 9 7 2 )  r o d  a n c h o r s  t h e o r y ,  wh i c h  a s ­

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

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

r e  a t  t h e  p i l e - s o i l  i n t e r f a c e .  Th e  s e c o n d  t h e o ­

r y ,  i n t u r n ,  wa s  b a s e d  o n  t h e  f a c t  t h a t  a v e r t i ­

c al  d i s p l a c e me n t  o f  a t a p e r e d  p i l e s  p r o d u c e s  a 

l a t e r a l  e x p a n s i o n  o f  t h e  h o l e  i n  wh i c h  t h e  p i l e  

i s  e mb e d d e d ,  wh i c h  e n a b l e d  t o  r e l a t e  t h e  s e t t l e ­

me n t  r a t e  o f  t h e  p i l e  wi t h  t h e  r a t e  o f  e x p a n s i o n  

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

L a d a n y i  a n d  J o h n s t o n  ( 1 9 7 3 ) .

T h e  p a p e r  p r e s e n t s  a n d  a n a l y z e s  t h e  p r i n c i p a l  

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

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

p o s e d  t h e o r i e s .
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T EST  EQUI PMENT

Al l  t h e  t e s t s  we r e  p e r f o r me d  i n a c o l d  r o o m wh e ­

r e  t h e  t e mp e r a t u r e  wa s  c o n t r o l l e d  wi t h  a n  a c c u ­

r a c y  o f  ± 1° C.  I n g e n e r a l ,  t h e  t e mp e r a t u r e  wi t h ­

i n  t h e  s a mp l e s  r e ma i n e d  s e n s i b l y  c o n s t a n t  a t  

- 5° C.  Al l  l o a d - c o n t r o l l e d  t e s t s  we r e  c a r r i e d  

o u t  i n c y l i n d r i c a l  b l o c k s  o f  f r o z e n  s a n d ,  c o n ­

t a i n e d  i n  a s t e e l  t a n k  7 6 2  mm i n  d i a m.  a n d  4 6 0  

mm h i g h .  Th e  b o t t o m o f  t h e  t a n k  wa s  s u p p l i e d  

wi t h  s e v e r a l  wa t e r  e n t r y  t u b e s  t o  a s s u r e  a p r o ­

p e r  s a n d  s a t u r a t i o n .  I n o r d e r  t o  a v o i d  t h e  l a ­

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

i n s i d e  wa l l  o f  t h e  t a n k  wa s  c o v e r e d  wi t h  a l a y e r  

o f  f o a me d  p l a s t i c .

Th e  r a t e - c o n t r o l l e d  t e s t s ,  i n  t u r n ,  we r e  c a r r i e d  

o u t  i n  c y l i n d r i c a l  b l o c k s  o f  f r o z e n  s a n d  3 0 0  mm 

i n d i a me t e r  a n d  3 0 0  mm h i g h ,  wh i c h  we r e  p l a c e d  

i n  an  o r d i n a r y  50  k N s o i l  me c h a n i c s  t e s t i n g  ma ­

c h i n e ,  l o c a t e d  i n  t h e  c o l d  r o o m.

T EST  MAT ERI AL

T h e  s a n d  u s e d  i n t h e  t e s t s  wa s  t h e  s a me  as  i n  a 

p r e v i o u s  s t u d y  d e s c r i b e d  b y  L a d a n y i  a n d  Ec k a r d t  

( 1 9 8 3 ) .  I t s  g r a i n  s i z e  d i s t r i b u t i o n  wa s  a b o u t  

9 0 % b e t we e n  0 . 1  a n d  1 . 0  mm,  wi t h  l e s s  t h a n  2 % 

b e l o w 0 . 1  mm,  a n d  l e s s  t h a n  1% a b o v e  2 mm,  g i v i n g  

a c o e f f i c i e n t  o f  u n i f o r mi t y  o f  a b o u t  3 . 0 .  Th e  

ma x i mu m a n d  mi n i mu m d r y  d e n s i t i e s  o f  t h e  s a n d  

we r e  1 8 1 0  a n d  1 5 1 0  k g / m3 ,  r e s p e c t i v e l y .  T r i a x i -  

al  t e s t s  on  t h e  d r y  s a n d  g a v e  p e a k  s h e a r  s t r e n g t h  

a n g l e s  o f  45°  a t  t h e  ma x i mu m d e n s i t y  a n d  39°  a t  

a d e n s i t y  o f  1 6 8 0  k g / m3 .

SAMPL E PREPARAT I ON

Th e  s a n d  i s  f i r s t  c o mp a c t e d  i n  t h e  t a n k  wi t h  a 

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

b e l o w wi t h  d i s t i l l e d  d e - a e r a t e d  wa t e r .  Du r i n g  

s u b s e q u e n t  f r e e z i n g ,  a n d  d u r i n g  t h e  t e s t s ,  t h e  

s a n d  t e mp e r a t u r e  i s  me a s u r e d  wi t h  a s e t  o f  t h e r ­

mi s t o r s  e mb e d d e d  a t  3 d i f f e r e n t  l e v e l s  i n t h e  

s a mp l e .  Ab o u t  1 6 0  h o u r s  we r e  n e c e s s a r y  f o r  a 

s a mp l e  t o  f r e e z e  a n d  a t t a i n  a c o n s t a n t  t e mp e r a ­

t u r e  o f  - 5° C.

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

i n s t a l l e d  i n  p r e d r i l l e d  h o l e s  wi t h  t h e i r  d i a me ­

t e r  5 0 % l a r g e r  t h a n  t h a t  o f  t h e  p i l e .  T h e y  a r e  

t h e n  s u r r o u n d e d  by  a c o mp a c t e d  s a n d - wa t e r  s l u r ­

r y  a n d  f r o z e n - i n .  A s i mi l a r  me t h o d  wa s  u s e d  f o r  

i n s t a l l i n g  t h e  mo d e l  p i l e s  i n  t h i s  i n v e s t i g a t i o n .  

Ho we v e r ,  t h e  h o l e s  we r e  n o t  d r i l l e d ,  b u t  we r e  

o b t a i n e d  by  p l a c i n g  e i t h e r  s t e e l  t u b e s  wi t h  5 c m 

d i a me t e r  ( Te s t s  1 t o  12,  T a b l e  I )  o r  p l a s t i c  t u b e s  

wi t h  6 c m d i a me t e r  ( Te s t s  14  t o  2 6 ,  T a b l e  I I ) ,  

i n  t h e  s a n d  b e f o r e  f r e e z i n g .  Th e  t u b e s  we r e  s i ­

l i c o n e - l u b r i c a t e d  a n d  wr a p p e d  i n  a t h i n  p l a s t i c  

s h e e t ,  t o  e n a b l e  t h e i r  e a s y  r e t r a c t i o n .

Th e  p i l e s ,  wi t h  a d i a me t e r  o f  2 t o  3 c m,  we r e  

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

h i o n  o f  f o a me d  p l a s t i c .  T h e  s a n d - wa t e r  s l u r r y  

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

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

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

b e l o w 4° C.

L OADI NG AND DI SPL ACEMENT  CONT ROL

I n l o a d - c o n t r o l l e d  t e s t s ,  8 p i l e s  we r e  i n s t a l l e d  

i n  e a c h  s a n d  b l o c k ,  s o  t h a t  t h e i r  d i s t a n c e  f r o m 

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

s ma l l e r  t h a n  15  c m.  T h e  l o a d s  we r e  a p p l i e d  a n d  

h e l d  c o n s t a n t  up  t o  o v e r  3 0 0  h o u r s  by  u s i n g  Be l -  

l o f r a m p n e u ma t i c  j a c k s .  I n r a t e - c o n t r o l l e d  

t e s t s ,  T a b l e  I I I ,  o n l y  o n e  p i l e  wa s  t e s t e d  i n 

e a c h  b l o c k .  Th e  a v a i l a b l e  r a t e s  o f  p e n e t r a t i o n  

we r e  0 . 0 3 0 ,  0 . 0 6 1 ,  a n d  0 . 3 0 0  mm/ mi n .  I n t h e  

t e s t s ,  t h e  l o a d s  we r e  c o n t r o l l e d  by  l o a d  c e l l s ,  

a n d  t h e  d i s p l a c e me n t s  by  DCDT T r a n s d u c e r s  wi t h  

2 5  mm r a n g e ,  s o  t h a t  a l l  t h e  d a t a ,  i n c l u d i n g  t h e  

t e mp e r a t u r e ,  we r e  r e c o r d e d  o n  a d a t a  a c q u i s i t i o n  

s y s t e m,  a n d  p l o t t e d  s u b s e q u e n t l y .

T YPES OF PI L ES

T h e  t h r e e  t y p e s  o f  p i l e s  u s e d  i n t h e  t e s t s ,  we r e :  

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

p i l e s  we r e  ma c h i n e d  f r o m h i g h  s t r e n g t h  a l u mi n i u m.  

T h e  s mo o t h  s t r a i g h t - s h a f t e d  p i l e s  h a d  t h e  d i a me -  

t e r  o f  2 c m a n d  we r e  21 t o  23  c m l o n g .  T h e  c o r ­

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

t h r e a d  s l o p i n g  d o wn  a t  10°  a n g l e .  T h e  t h r e a d  

h a d  a t r i a n g u l a r  s h a p e  wi t h  1 2 . 7  mm l o n g  b a s e  

a n d  an a s c e n d i n g  a n g l e  o f  10° .  T h i s  g a v e  i n t h e  

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

1 2 . 7  mm l o n g  a n d  a s c e n d i n g  a t  10°  i n t h e  d i r e c ­

t i o n  o f  t h e  p i l e  mo v e me n t .  Th e  s i z e s  o f  t h e  c o r ­

r u g a t e d  p i l e s  a r e  g i v e n  i n  T a b l e  I .

Al l  t h e  t a p e r e d  p i l e s  h a d  a t a p e r  a n g l e  o f  a  = 

2. 1° .  T h e y  we r e  a b o u t  2 0 . 3  c m l o n g  a n d  t h e i r  

ma x i mu m a n d  mi n i mu m d i a me t e r  wa s  a b o u t  3 . 5  a n d  

2 . 0  c m,  r e s p e c t i v e l y .  Da t a  a b o u t  t h e i r  e mb e d d e d  

l e n g t h s  a n d  d i a me t e r s  a r e  g i v e n  i n  T a b l e s  I I  a n d  

I I I .

T ABL E I

Re s u l t s  o f  l o a d - c o n t r o l l e d  c r e e p  t e s t s  

wi t h  s t r a i g h t - s h a f t e d  p i l e s

Tes t  Sl ur r y Lengt h Aver . Aver . Mi n. Tot al
No. Di am. Shear Se t t l . Cr eep

St r es s Rat e Ti me
w L

Dm T S
% cm cm kPa 10" 3 mm/ h h

( A)  Smoo t h  pi l es

2 16. 0 16. 2 2. 0 43. 8 0. 05 186

10 15. 2 14. 8 2. 0 62. 4 0. 08 120

12 15. 2 15. 4 2. 0 69. 0 0. 43 170

7 16. 0 14. 1 2. 0 75. 7 __  1 0. 02

4 16. 0 15. 7 2. 0 90. 6 __  l 0. 11

( B)  Cor r uga t ed pi l es

1 16. 0 16. 1 2. 23 118. 6 0. 21 186

6 16. 0 16. 3 2. 20 147. 9 0. 15 250

5 16. 0 15. 3 2. 22 190. 9 0. 25 250

3 16. 0 18. 2 2. 09 224. 9 4. 31 67

8 15. 2 17. 2 2. 23 263. 6 132 . 502 60

11 15. 2 15. 1 2. 22 277. 0 2. 70 170

' i ns t ant aneous  f ai l ur e

Low s l ur r y  c ompac t i on
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Re s u l t s  o f  l o a d - c o n t r o l l e d  c r e e p  t e s t s  

wi t h  t a p e r e d  p i l e s

TABLE I I

T ABL E I I I  

Re s u l t s  o f  r a t e - c o n t r o l l e d  t e s t s

TEST RESULTS

Al t oge t her  33 pi l e  t es t s  wer e c ar r i ed out ,  24 o f  whi c h 

wer e  c ons t an t  l oad c r eep t es t s ,  and 9 c ons t ant  s et t l ement  

r at e t es t s .  Tab l es  I ,  I I  and I I I  p r es en t  t he mai n dat a 

and s ome r es u l t s  o f  t he t es t s .  For  eac h  t es t ,  t he t abl es  

gi v e  t he wat er  c ont en t  of  t he s l u r r y  and t he embedded 

l engt h and t he di amet er  o f  t he pi l e.  Fur t her ,  f or  c r eep 

t es t s ,  Tab l es  I  and I I  gi v e t he v al ue of  t he appl i ed av e ­

r age s hear  s t r es s  t  ( and t he t ot al  l oad Q i n Tab l e  I I ) ,  

t he r es ul t i ng  mi n i mum s e t t l ement  r at e,  and t he t ot al  c r eep 

t i me.  For  r at e c on t r o l l ed t es t s ,  Tab l e  I I I  gi v es  t he v a ­

l ue of  t he appl i ed s e t t l ement  r at e and t he r es u l t i ng av e ­

r age peak  s hear  s t r es s  t .

Fi gur es  1 t o 4 s how s ome t ypi cal  r es ul t s  ob t a i ned i n t he 

ex per i ment s .  Fi gur e 1 s hows  c r eep c ur v es  of  a c or r ugat ed 

and a t aper ed  pi l e ob t a i ned under  s i mi l ar  c ondi t i ons .  A 

s moot h pi l e wou l d  hav e f ai l ed near l y  i ns t ant aneous l y  un ­

der  t hi s  l oad.  The c ur v es  s how a l ong pr i mar y  c r eep por ­

t i on,  wi t h s ome appar ent  t endenc y  t o s t eady  s t at e  af t er  

about  100 hour s .  Howev er ,  when t he r es ul t s  of  s ome mos t  

t y pi c al  pi l e c r eep t es t s  ar e pl ot t ed i n a l og- l og pl ot ,  

Fi g.  2,  af t er  s ub t r ac t i ng t he i ns t ant aneous  r es pons e,  one 

get s  r at her  t he i mpr es s i on  t hat  t he s et t l ement  of  al l  t he 

pi l es  t ended not  t o a s t eady  s t at e,  but  t o a s t a t i onar y  

c r eep wi t h  an a t t enua t i ng t r end.  A s i mi l ar  c onc l us i on 

was  made by Weav er  and Mor gens t er n  ( 1981b)  f or  pi l es  i n 

" i c e- poor "  s oi l s ,  and by  Lus c her  et  al .  ( 1983)  on t he ba ­

s i s  of  f ul l  s c a l e t es t s  on c or r ugat ed pi l es  i n Al ask a.

Thi s  k i nd of  c r eep t es t  r es ul t s  c an be pr oc es s ed i n t wo 

d i f f er ent  ways :  Fi r s t ,  one c an c onc ent r at e onl y  on t he 

s t eady - s t at e  por t i on,  or  t he mi n i mum c r eep r at e,  neg l ec ­

t i ng t he at t enuat i ng c har ac t er  of  t he c ur v es .  When t he 

quas i - s t eady - s t a t e  c r eep r at es  so obt ai ned  ar e pl ot t ed 

agai ns t  t he appl i ed s t r es s es  i n a l og- l og pl ot  f or  a s e ­

r i es  of  pi l e c r eep t es t s ,  i t  i s us ua l l y  f ound t hat  t he 

r a t e s ens i t i v i t y  of  t he s hear  s t r engt h al ong t he s haf t  i s 

r at her  l ow,  i . e. ,  t he ex ponent  of  s t r es s  n i n t he c r eep 

equa t i on Eq.  ( 2)  s hown f ur t her  i s hi gh.  Fi gur e 3 shows  

one s uc h pl ot  obt a i ned f r om t he pr es ent  r es ul t s  wi t h  

s moot h and c or r ugat ed  pi l es ,  c ont a i ni ng al s o t he r esul t s  

of  r a t e- c ont r o l l ed  t es t s .  I t  wi l l  be s een t hat  t he l i nes  

dr awn t hr ough t he t es t  poi n t s  gi v e t he v al ues  of  t he e x po ­

nent s  n of  about  n = 4 and 5,  r es pec t i v e l y .  I t  i s al so 

f ound t hat  t he bear i ng c apac i t y  of  c or r ugat ed pi l es  i s 

f r om 2 t o 3. 5 t i mes  hi gher  t han t hat  of  s moot h pi l es  at  

t he s ame s et t l ement  r at e.  The abov e v al ues  of  n c ompar e  

wel l  wi t h t hos e f ound by  Par ames war an ( 1978,  1979)  ( n =

4. 5 f or  s t eel )  under  s i mi l ar  t es t  c ondi t i ons .  Howev er ,  

as s t at ed by  Ladany i  ( 1972) ,  and J ohns t on and Ladany i  

( 1972) ,  t hi s  k i nd of  pl ot t i ng has  a pr ac t i c al  v al ue onl y  

i f  us ed i n c onnec t i on  wi t h t he de t e r mi ned ps eudo- i ns t an ­

t aneous  di s p l ac ement s ,  whi c h i nc l ude al l  t he pr ec edi ng 

e l as t i c  and pr i mar y  c r eep s t r ai ns .  But ,  ev en t hen,  t he 

as s umpt i on of  s t eady - s t a t e c r eep s et t l ement  of  a pi l e us u ­

al l y  l eads  t o ex c es s i v e  s et t l ement  r at e pr ed i c t i ons  and 

ov er - c ons er v at i v e  des i gn.

Anot her  a l t e r nat i v e i s c l ea r l y  t o dr aw c onc l us i ons  f r om 

t he l og- l og pl ot  of  c r eep c ur v es ,  as i n Fi g.  2.  As  s hown 

i n t he f ol l owi ng,  t hes e c ur v es  c an be app r ox i mat ed by  a 

mor e gener al  c r eep equat i on ,  s uch as Eq.  ( 2) .  Onl y  v er y  

l ong t er m f u l l - s c a l e  t es t s  c oul d t el l  whi c h of  t he t wo me ­

t hods  wi l l  be abl e t o gi v e  mor e c or r ec t  l ong- t e r m p r ed i c ­

t i ons .

Fi nal l y ,  i n Fi g.  4 t he obs er v ed behav i our  o f  t he t hr ee 

k i nds  of  pi l es  i s c ompar ed at  t wo d i f f e r ent  r at es  of  s e t ­

t l ement .  The i r  r es pons e  i s s een t o be dr as t i c a l l y  d i f f e ­

r ent .  The s moot h pi l es  f a i l ed at  l ow s t r es s  i n a br i t t l e  

manner ,  l oos i ng al l  t hei r  s t r eng t h af t er  a di s p l ac ement  

of  about  2 mm.  The s haf t  r es i s t anc e of  c o r r ugat ed pi l es  

c ont i nued t o c l i mb up t o about  2 MPa,  r eac hi ng i t s  peak  

at  about  5 mm,  and dec r eas i ng s l owl y  t owar ds  t he r es i dual ,  

whi c h  af t er  12 mm d i s p l ac ement  r emai ned s t i l l  at  50% of  t he 

peak  s t r engt h.  The t aper ed  pi l es  s howed t y p i c a l l y  a smal l  

f i r s t  peak  at  abou t  0. 6 mm di s pl ac ement ,  i nd i c a t i ng t he 

l os s  of  adhes i on as i n a s moot h pi l e t es t ,  but  af t er  t hi s ,  

t hei r  r es i s t anc e c ont i nued t o r i s e s t eadi l y  wi t hout  any  

s i gn of  s t r engt h  l oss.

Fr om a pr ac t i cal  poi nt  of  v i ew,  t hes e t es t  r es ul t s  s how a 

c l ear - adv ant age of  us i ng c or r ugat ed pi l es  i n per maf r os t ,  

r a t her  t han s moot h pi l es ,  wh i c h f ol l ows  al s o f r om t he 

Al y es k a Pi pe l i ne ex per i enc e ( Thomas  and Lus c her ,  1980;  

Lus c her  et  a l , 1983) .  The r eas on i s  t hat  c or r ugat ed pi l es  

s how gener a l l y  a non- br i t t l e  behav i our ,  us i ng mos t  of  t he 

nat ur al  soi l  s hear  s t r engt h.  Wi t h a pr oper  mar gi n of

Tes t  Sl ur r y Embedded Load Aver . Se t t i . Tot al

Lengt h Di amet er Shear Rat e Cr eep

St r ess Ti me

No. w L D d 0 T S‘

% cm cm cm kN kPa 10- 3mm/ h h

14 7 6 15. 0 3. 08 1. 98 3. 12 262 0. 84 191

15 7 6 13. 6 3. 00 2. 00 4. 01 376 5. 88 191

16 7 6 14. 2 3. 07 2. 03 2. 90 255 0. 49 335

17 7 6 13. 4 3. 03 2. 02 3. 39 321 0. 24 335

18 7 6 14. 3 3. 03 1. 98 1. 78 159 0. 09 263

19 7 6 12. 6 2. 98 2. 05 8. 92 897 22. 00 263

20 7 8 10. 4 2. 74 1. 98 2. 68 348 6. 95 263

21 7 8 13. 1 2. 89 1. 93 2. 90 292 9. 87 263

22 7 8 10. 4 2. 74 1. 98 2. 45 318 2. 23 266

23 7 8 10. 8 2. 90 2. 03 8. 92 978 1. 94 266

24 7 8 14. 8 3. 08 2. 00 2. 01 173 3. 28 236

25 7 8 9. 6 2. 73 2. 02 7. 58 1045 4. 53 236

26 7 8 11. 9 2. 93 2. 05 5. 60 600 5. 12 240

* at 120 hour s

Tes t SI ur r y Lengt h Av er Se t t l . Aver ,  peak

Di  am r at e Shear

S

St r es s

w T

No. % cm cm mm/ h kPa

( A) Smoot h Pi l es

I X 18. 3 11. 81 2. 0 1. 80 853

I I I 15. 7 15. 58 2. 0 3. 66 429

VI 15. 7 15. 48 2. 0 18. 30 438

( B) Cor r uqat ed pi ' es

VI I I  18. 3 12. 34 2. 23 1. 80 1790

I I 15. 7 14. 04 2. 20 3. 66 1380

V 15. 7 13. 23 2. 09 18. 30 2010

( C) Taper ed  pi l es ( a -  2. 1°

VI I 18. 3 14. 41 2. 55 1. 80 ( 1460) *

I 17. 5 16. 96 2. 64 3. 66 ( 716) *

I V 15. 7 13. 26 2. 51 18. 30 ( 2040) *

*  St ead i l y  i ncr eas i ng af t er 2 cm s et t l ement .
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Fi g.  1.  Cr eep c ur v es  o f  a c or r ugat ed and a t aper ed  pi l e 

under  s i mi l ar  t es t  c ondi t i ons .

Fi g.  2.  Typi c al  c r eep c ur v es  o f  s moot h  ( 10)  c or r ugat ed 

( 19- 25) ,  and t aper ed  ( 3- 6)  pi l es. ,  c ompar ed wi t h  

t he t heor y .

s af et y  of  at  l eas t  2,  t hes e pi l es  wi l l  ne i t her  s how e x c es ­

s i v e s et t l ement ,  nor  go i nt o t e r t i a r y  c r eep.  The t aper ed 

pi l es  ar e c l ear l y  t he s af es t  o f  t he t hr ee,  not  r equi r i ng  

any  s af et y  f ac t or  agai ns t  f ai l ur e.  Howev er ,  t hey  need 3 

t o 4 t i mes  l ar ger  d i s p l ac ement s  f or  at t ai ni ng t he s ame r e ­

s i s t anc e as c or r uga t ed  pi l es  at  t he s ame r at e.  I n ot her  

wor ds ,  t h6y  may  bec ome ec onomi c a l  onl y  at  l ar ge d i s p l ac e ­

ment s ,  or  i f  pr el oaded.

THEORY

Li nder  an i nc r eas e i n s t r es s ,  c on t a i n i ng  a s ubs t ant i al  de-  

v i at or i c  c omponent ,  an i c e - s a t ur a t ed  f r oz en soi l  wi l l  s how 

an i ns t ant aneous  r es pons e,  bot h el as t i c  and pl as t i c ,  f o l ­

l owed by  c r eep,  s omet i mes  c ombi ned  wi t h  c ons ol i da t i on.

The c r eep i s i ni t i al l y  of  a pr i mar y  t y pe, f o l l owed by  a 

s hor t  s t eady - s t a t e por t i on,  ev ent ua l l y  ac c e l er at i ng t o ­

Fi g.  3.  Mi n i mum c r eep r at es  vs.  appl i ed s hear  s t r es s  f or  

s moot h and c or r ugat ed pi l es .

Settlement, s, mm
Fi g.  4.  Res ul t s  of  s e t t l ement - r a t e- c ont r o l l ed  t es t s  wi t h 

t h r ee  t y pes  o f  pi l es  and at  t wo d i f f e r ent  r at es .

war ds  f ai l ur e,  under  f av or abl e boundar y  c ondi t i ons .  I t  

i s us ual l y  as s umed i n f r oz en soi l  mec han i c s  t hat  t ot al  

s t r ai n e,  r es ul t i ng  f r om a dev i a t or i c  s t r es s  i nc r ement ,  

i s c ompos ed of  an i ns t an t aneous  s t r ai n,  ei ns t  ancl  a d e ­

l ay ed s t r ai n,  ec r eep

e "  e i ns t  +  Ec r eep ^  ^

Bec aus e of  t he r e l a t i v e l y  hi gh r i gi d i t y  of  an i c e- s at ur a ­

t ed f r oz en soi l  at  s hor t  t er m l oads ,  t he i ns t ant eneous  

por t i on of  t he s t r ai n  i s muc h s mal l er  t han t he c r eep po r ­

t i on,  whi c h  keeps  i nc r eas i ng wi t h t i me.  As  t hi s  paper  i s 

ma i n l y  c onc er ned wi t h as s es s i ng t he l ong- t er m behav i our  

of  pi l es ,  at t en t i on wi l l  be c onc ent r a t ed onl y  on c r eep 

s t r ai ns .  Bes i des ,  f or  an i ns t ant aneous  el as t i c - p l as t i c  

f r oz en soi l  r es pons e,  t he pi l e  des i gn met hods  dev e l oped 

i n unf r oz en soi l  mec han i c s  r emai n val i d.

A c onv eni ent  f or m of  a c r eep l aw f or  f r oz en soi l ,  pr oposed
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by Ladany i  ( 1972) ,  and ex t ended t o i nc l ude t he pr i mar y  

c r eep by  Ladany i  and J ohns t on ( 1974) ,  c an be wr i t t en as

n

( 2)
ee = ( ae / oc 0 ) A Ft

wher e  s ubs c r i p t  e denot es  t he v on Mi s es  equ i v a l ent  s t r es s  

and s t r ai n,  n >, 1 i s t he c r eep ex ponent  f or  s t r ess,  and 

Ft  i s a t i me f unc t i on.  I n t hi s  paper  t he power  l aw o f  t i ­

me  F^  -  t b wi t h  b ^  1 was  adop t ed  as t he t i me f unc t i on,  

i n whi c h  case:  A -  ( ec / b ) b , and aeg denot es  t he r ef er enc e  

s t r ess  at  t he ar b i t r a r y  r ef er enc e s t r a i n  r at e £ c , o b t a i ­

ned f r om a t es t  made at  t emper at ur e 0 ( 6 i s t he number  of  

degr ees  C bel ow 0° C) .  I n t he t wo l as t - ment i oned paper s ,  

i t  i s al so s hown how a c e can be made t o i nc or por at e t he 

ef f ec t s  of  t emper a t ur e and nor mal  pr es s ur e  on cr eep.  Thi s  

power - l aw t y pe o f  t i me f unc t i on has  been adopt ed i n t hi s  

paper .

St r aj _g ht ^ s  ha f t ed_j nl  Si

As  s hown by  J ohns t on and Ladany i  ( 1972) ,  as  l ong as  t her e  

i s no s l i p bet ween t he pi l e  and t he soi l ,  t he pi l e  s e t t l e ­

ment  s due t o s hear  s t r es s es  on l y  i s equal  t o t he c umu l a ­

t i v e s hear  de f or mat i on  of  t he f r oz en soi l  at  t he c ont ac t  

wi t h t he pi l e.  For  a soi l  obey i ng t he c r eep l aw of  Eq.

( 2)  wi t h  Ft  = t b , t he pi l e s et t l ement  i s gi v en by

s = 3
(n+l j f clI  1

[ Dm/ 2 ( n - l ) J ( t / o  ) ( èc t / b) ( 3)

s i on and f r i c t i on al ong t he s haf t - s oi l  i nt er f ac e,  s i mi l a r ­

l y  as i n t he c as e of  a s t r a i gh t - s haf t ed pi l e.  The mai n 

as pec t  by  wh i c h  i t  di f f er s  f r om t he l at t er  i s t hat  t he l a ­

t er al  nor mal  s t r es s  i s no t  onl y  a f unc t i on o f  t he s t at e 

of  s t r es s  i n t he gr ound but  i t  al so depends  on t he pi l e 

di s p l ac ement .  Thi s  s t r es s  pr ov i des  a r es i s t anc e  t o pi l e 

penet r at i on ,  ev en i f  t he pi l e i s per f ec t l y  s moot h.  As  t he 

pi l e s et t l es ,  i t  en l ar ges  t he hol e i n t he gr ound,  whi c h 

mobi l i z es  t he l at er al  ear t h  pr es s ur e  pr opor t i ona l l y  t o 

t he r at i o  of  t he l at er al  d i s p l ac ement  ov er  t he i ni t i al  ho ­

l e r adi us .  As  t hi s  r at i o,  at  any  gi v en pi l e  s et t l ement ,  

i nc r eas es  wi t h dept h,  t he l at er al  soi l  r eac t i on wi l l  f o l ­

l ow t he s ame t r end,  as obs er v ed al s o i n unf r oz en s oi l s  

( Bak ho l d i n and I gon' k i n,  1978) .

I n t he f o l l owi ng,  a s ol ut i on o f  t hi s  pr ob l em i s pr opos ed,  

t ak i ng i nt o ac c ount  t he par t i c u l ar  c r eep  pr oper t i es  of  

f r oz en soi l s .  Us i ng t he not a t i ons  of  Fi g.  5,  t he t ot al  

l oad Q t hat  c an be appl i ed t o a t aper ed pi l e wi t h  no end-  

r es i s t anc e c an be ex pr es s ed as

Q - 2i r ( I  + I I  + I I I )

wher e I  i s due t o t hè adhes i on,  c a :

L/ c os a 

I  -  J  c g c os a r ^ dx

( 4)

( 5)

wher e  s i s t he s et t l ement ,  Dm i s t he av er age  pi l e d i ame ­

t er ,  t  i s t he av er age s hear  s t r es s  at  t he pi l e- s oi l  i n t e r ­

f ace,  and t he o t her  par amet er s  ar e def i ned as i n Fi g.  2.

The r ange o f  v a l i d i t y  of  Eq.  ( 3)  depends  on t he r oughnes s  

of  t he pi l e sur f ace.  For  v er y  r ough gr out ed- r od anc hor s ,  

des c r i bed by  J ohns t on and Ladany i  ( 1972) ,  t he s l i p s t a r ­

t ed af t er  a d i s p l ac ement  of  2 t o 3 cm.  I n t hi s  s t udy ,  

t he s l i p oc c ur r ed f or  s moot h pi l es  at  0. 4 t o 0. 8 n n  and 

f or  t he c or r ugat ed ones  at  about  5 mm.

I n t he pr es ent  s t udy ,  t he pi l es  had no end r es i s t anc e.

I n r eal i t y ,  t he end r es i s t anc e wi l l  be mobi l i z ed p r opor ­

t i onal l y  t o t he pi l e s et t l ement  and s et t l ement  r at e,  as 

des c r i bed  i n Ladany i  and J ohns t on ( 1974)  and Ladany i  

( 1983) .

Taper ed  £i j _e^

When a t aper ed pi l e,  as i n Fi g.  5,  i s pus hed  i nt o t he soi l ,  

i t s  s haf t  r es i s t anc e or i gi nat es  f r om t he mobi l i z ed adhe-

I I  i s due t o t he f r i c t i on  r es u l t i ng f r om t he f r i c t i on 

c oef f i c i ent  t anf i  and t he nat ur al  t ot al  g r ound s t r es s  p0 , 

as s umed t o ac t  nor mal l y  t o t he s ha f t  s ur f ac e:

L/ c os a

I I  ■ /  P„  ( s i na +  t ani  cosa) r , . dx 

Cons i der i ng t hat

£  pQ ( s i na +  t anf i  c os aj r ^ dx  ( 6)

r. j  -  D/ 2 -  x s i na ( 7)

and as s umi ng f or  t he av er age v al ues  ef  p0 , ca and £ t o be 

c ons t ant  al ong t he s haf t ,  t hes e t wo i nt egr a l s  c an be e a ­

s i l y  ev al uat ed,  t o bec ome

and

I  •  c a L ( D +  d) / 4 ( 8)

I I  *  p0 ( t ana +  t anf i ) ( D +  d) / 4  ( 9)

The t hi r d  i nt egr al  has  t he f or m

L/ c os a

I I I  *  /  ( pi  -  p0 ) ( s 1 n a +  t anf i  c os aj r ^ dx  ( 10)  

0

wher e  ( pi  -  p0 ) I s t he net  f r oz en gr ound  r eac t i on mob i l i ­

z ed by  t he hol e ex pans i on.

As  s hown i n s ome ear l i er  paper s ,  ( Ladany i  and J ohns t on,  

1973) ,  Ladany i ,  1976) ,  f o r  a f r oz en soi l  obey i ng t he 

c r eep l aw of  Eq.  ( 2) ,  t hi s  r eac t i on i s r el at ed t o t he r a ­

di al  hol e ex pans i on u^ by

1/ n

p i  -  po 1 c ( V r i )  i 1 1 )

wher e

. b, l / n - b/ n

C ■ a c e ( n / / 3 ) [ ( 2 / / 3 ) ( b / éc ) J t  ( 12)

Subs t i t u t i ng  Eq.  ( 11)  I nt o Eq.  ( 10)  and t ak i ng i nt o a c ­

c ount  t hat  r i  i s gi v en  by  Eq.  ( 7) ,  wh i l e  Ui  i s r el a t ed 

t o t he pi l e  s et t l ement  s by

u.|  1 s t ana

Eq.  ( 10)  can be i n t egr at ed t o gi ve:

m  .  c 1 +  t anf i / t ana ( D) 2 ( l ^ _ d / D) 1 / n .

( 13)

( 14)

Fi g.  5.  Not at i on used i n t he t heor y of  t aper ed pi l es.
[ ,  , 2- 1/ n i  1/ n 

■ | l  -  ( d/ D)  J s
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Obs er v i ng Eq.  ( 12) ,  i t  wi l l  be s een t hat  t he por t i on  of  

t he l oad Q due t o hol e ex t ens i on

I I I  » Q = ^  -  ( I  +  I I )  ( 15)

i s pr opor t i onal  t o ( s / t b ) 1 , or  i nv er s el y ,  t hat  t he pi l e  

s et t l ement  s i s pr opor t i onal  t o ( Qn t b ) .  On t he ot her  hand,  

ex pr es s i ng f r om Eq.  ( 14) :

s = K Qn t b ( 16)

wher e  K c ont ai ns  al l  t he ot her  t er ms  i n Eqs.  ( 12)  and

( 14) ,  one f i nds  f or  t he s et t l ement  r at e

5 -  ds / dt  = b K Qn t b _ 1  ( 17)

f r om whi c h  t he t i me can be el i mi nat ed t o gi v e

Q = ( 5/ b ) b/ n s ( 1’ b) / n K' 1/ n ( 18)

Eq.  ( 18)  shows  t hat ,  f or  a c ons t an t  s e t t l ement  r at e,  t he 

v al ue of  Q i s pr opor t i onal  t o t he s et t l ement  s t o t he p o ­

wer  of  ( l - b) / n.

I t  i s i n t er es t i ng t o not e t hat ,  when t he s ame c ons i der a ­

t i ons  ar e made i n c onnec t i on wi t h  a t aper ed pi l e embedded 

i n an el as t i c ,  l at er a l l y  i nf i ni t e,  medi um,  Eq.  ( 11)  be ­

comes

p i  ‘  p0 = 2G V i  ( 1 9 )

wher e G *  E/ 2( l +v )  i s t he s hear  modu l us  of  t he medi um.

One get s  t hen i ns t ead of  Eq.  ( 14)

l n e l = Q e l - G T r ^ 2 ( 1 + S sel  ( 20)

f r om whi c h  t he i ns t ant eneous  s e t t l ement  se i  of  a t aper ed 

pi l e due t o hol e ex pans i on can be ev al uat ed.

Not e t hat  Eq.  ( 4)  wi t h  al l  t he t hr ee s our c es  o f  s haf t  r e ­

s i s t anc e i nc l uded,  c ov er s  al l  t he c as es  f r om a s t r ai ght -  

s haf t ed c y l i ndr i c al  pi l e t o a c oni c al  pi l e wi t h  d -  0 .

COMPARI SON WI TH OBSERVATI ONS

When c r eep c ur v es  ob t a i ned f r om a s et  o f  s t ep- l oaded  

c r eep t es t s  appr ox i mat e l y  l i near i z e i n a l og t i me- l og d i s ­

p l ac ement  pl ot ,  t he pr ec ed i ng t heor et i c al  c ons i der a t i ons  

s how t hat  t he i r  s l ope s houl d gi v e  t he v al ue o f  t he ex po ­

nent  b,  whi l e  t he v al ue of  t he ex ponent  n c an be obt ai ned  

f r om t he d i s p l ac ement  vs app l i ed  s t r es s  r e l a t i ons h i p  at  

any  gi v en t i me,  s i mi l a r l y  as  s hown by  Ladany i  and 

J ohns t on ( 1973)  f or  pr es s ur emet er  c r eep t es t s .  I n a dd i ­

t i on,  when a l oad- s et t l ement  c ur v e at  a c ons t ant  pene t r a ­

t i on r at e i s pl ot t ed i n a l og- l og pl ot ,  ac c or d i ng  t o Eq.  

( 18) ,  i t s  s l ope s hou l d gi v e t he v al ue of  t he r at i o ( l - b) / n.

Us i ng al l  t hes e  av a i l ab l e  s our c es  o f  i n f or mat i on,  i t  was  

f ound t hat  t he r es ul t s  o f  t he per f or med c r eep t es t s  wi t h 

c or r uga t ed pi l es  ( Fi g.  2)  c oul d f ai r l y  wel l  be app r ox i ma ­

t ed by Eq.  ( 3) ,  pr ov i ded  one t akes :  n -  1. 6,  b -  0. 2 and 

a C 0  -  3500 kPa at  £ c -  10- 5mi n~l .  Thes e l ow v al ues  of  n 

and b ar e c l os e t o t hos e f ound by  ot her s  f or  dens e  f r oz en 

s and ( Weav er  and Mor gens t er n ,  1981b) ,  and t hey  f al l  wi t h ­

i n t he l i mi t s  es t ab l i s hed by  Ladany i  and Ec k ar d t  ( 1983)  

on t he bas i s  of  pr es s ur emet er  t es t s  per f or med i n t he s ame 

f r oz en sand.  Howev er ,  as i -n t hi s  s t udy ,  t hey  al s o f ound 

t hat  t he c r eep c ur v es  di d not  l i near i z e i n t he l og- l og 

pl ot  but  had an at t enuat i ng c har ac t er ,  wi t h t he v al ue of  

t he ex ponent  b dec r eas i ng wi t h t i me and i nc r eas i ng wi t h 

t he appl i ed s hear  s t r ess .  Cl ear l y ,  i n s uc h a s i t uat i on 

t he as s umpt i on of  a t i me f unc t i on  of  t he f or m t b wi t h 

b -  cons t ,  i s not  t he mos t  appr opr i a t e  one and ot her  a l ­

t er nat i v e f or ms s hou l d be c ons i der ed i n f ut ur e.

Thi s  r emar k  i s s t i l l  mor e  v a l i d  f or  t he c r eep c ur v es  i n 

Fi g.  2 obt a i ned f r om t he t es t s  wi t h  t aper ed pi l es .  I n 

t hat  case,  t he c ur v at ur e  i s c ont i nuous ,  and a t i me f unc ­

t i on o f  t “  t y pe can gi v e onl y  a c r ude appr ox i mat i on of  

t he r es ul t s .  At t ent i on  was  t her e f or e  c onc ent r a t ed onl y  

on t he l as t  por t i on of  t he c ur v es ,  wher e  t he i r  s l ope i s 

about  b = 0 . 2 , and t he i r  d i s t anc e c or r es ponds  t o n » 1 . 6 . 

Thes e v al ues  i mpl y  t hat  i n t he r a t e- c ont r o l l ed  t es t s  t he 

l oad- s et t l ement  c ur v es  pl ot t ed i n a l og- l og pl ot  s houl d 

hav e t he s l ope of  ( l - b) / n = 0. 500,  whi c h c or r es ponds  q u i ­

t e wel l  wi t h  t he ex per i ment a l  r esul t s .

Howev er ,  i n o r der  t o be abl e t o use Eq.  ( 14)  f or  c ompar i ­

son,  s ome addi t i onal  i n f or mat i on on adf r eez e s t r engt h 

par amet er s  c a and t an 6 was  needed.  The i nf or mat i on on 

t he bond o f  f r oz en s and t o t he s moot h al umi n i um s ur f ac e 

was  dr awn f r om t wo s our c es  ( Gui c haoua,  1984) :  Fi r s t ,  

f r om t he r es u l t s  o f  l oadi ng t es t s  on s moot h pi l es ,  and 

s econd,  f r om s pec i al  t or que t es t s  per f or med wi t h  t aper ed 

pi l es .  The max i mum and r es i dual  bond s t r eng t hs  f ound 

f r om t he f o r mer  wer e,  c a) max  -  400- 800 kPa and c a>r es *

50 t o 100 kPa,  whi l e,  c a | max  = 140 kPa and,  c a>r es =

30 -  50 kPa wer e f ound f r om t he t or que t es t s .

As  f or  t he f r i c t i on  c oef f i c i en t  t an6 bet ween t he met al  

and t he f r oz en sand,  i t  i s mos t  l i k e l y  t ha t  i t  was  not  

muc h s mal l er  t han i n an unf r oz en s and of  t he s ame dens i t y .  

Ac c o r d i ng t o s ome publ i s hed dat a ( Yoshi mi  and Ki s hi da,  

1981) ,  t he f r i c t i on  c oef f i c i en t  f or  t he s and agai ns t  a l u ­

mi n i um v ar i es  f r om about  0. 26 t o 0. 50,  depend i ng on t he 

r oughnes s .

The v al ues  of  t he t wo bond par amet er s  adopt ed i n t he c a l ­

c ul a t i on of  t he behav i our  of  t aper ed pi l es  ac c or d i ng t o 

Eq.  ( 14)  wer e:  c a -  50 kPa and 6 = 20°  ( t an6 = 0. 364) .  

Wi t h t hes e  bas i c  dat a  on c r eep and s t r eng t h par amet er s ,

Eq.  ( 14)  was  us ed f or  appr ox i mat i ng t he l as t  por t i ons  of  

t he obs er v ed c r eep c ur v es .  Thi s  was  f ound  t o be s uc c es s ­

f ul  on l y  i f  t he v al ue of  o c 0  -  13 MPa was  adopt ed i n t he 

c a l c u l at i on.  Thi s  v al ue of  a c g,  back  c a l c u l a t ed f r om t he 

t es t  r es ul t s ,  i s muc h  hi gher  t han ex pec t ed,  and i t  i s a l ­

so ov er  3 t i mes  hi gher  t han t hat  bac k  c a l c u l a t ed f r om 

c or r uga t ed pi l e t es t s .  Two pos s i b l e  ex p l anat i ons  ar e o f ­

f er ed f or  t hi s  hi gh a c e v al ue:  Fi r s t ,  i n a dens e sand,  

t he v a l ue of  a c e i s hi gher ,  bec aus e  i t  c ont ai ns  a f r i c ­

t i onal  t er m ( Ladany i ,  1972,  Eq.  81) ,  and s ec ond,  a f r ee ­

z i ng pr es t r es s  mi gh t  hav e been c r eat ed ar ound  t he pi l es  

due t o t he c onf i ned f r eez i ng of  s l u r r y  ( Ladany i ,  1982) .  

The t wo ef f ec t s  woul d a f f ec t  pa r t i c u l ar l y  t he t aper ed p i ­

l es ,  whi c h  r el y  on t he soi l  r eac t i on  gene r at ed by  hol e 

ex pans i on.

CONCLUSI ONS

Thi s  ex per i ment al  s t udy  and t heor et i c al  c ons i der at i ons  

l ead t o t he f ol l owi ng c onc l us i ons  c onc er n i ng t he behav i ­

ou r  of  t hr ee d i f f e r ent  t ypes  of  f r i c t i on pi l es ,  i ns t a l l ed 

i n f r oz en sand i n s l u r r i ed hol es .

( 1)  Smoot h,  s t r a i ght - s haf t ed  pi l es  f ai l  i n a br i t t l e  ma n ­

ne r  at  l ow s hear  s t r es s  and l ow s et t l ement .  They  

l oos e near l y  al l  of  t he i r  s t r eng t h  af t er  t he peak.

( 2)  Cor r ugat ed pi l es  f ai l  i n a s emi - br i t t l e  manner ,  r e ­

t ai n i ng about  50% of  t he i r  peak  s t r eng t h  at  l ar ge 

di s p l ac ement s .  At  any  gi v en penet r at i on r at e,  t hei r  

peak  s t r engt h i s f r om 2 t o 3. 5 t i mes  hi gher  t han t hat  

of  s moot h  pi l es .  They  ar e t he mos t  e f f i c i en t  o f  t he 

t hr ee.

( 3)  Smoot h- t aper ed pi l es  behav e i n a har deni ng manner ,  

ga i n i ng s t r engt h  c ont i nuous l y  wi t h  i nc r eas i ng d i s p l a ­

cement .  Howev er ,  f or  a t t ai n i ng t he s ame s t r eng t h as 

c or r uga t ed pi l es ,  t hey  need 3 t o 4 t i mes  l ar ger  d i s ­

p l ac ement s .  They  ar e t he s af es t  of  t he t hr ee.

( 4)  Theor et i c a l  p r edi c t i ons  ac c or d i ng t o t wo d i f f er ent
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t heor i es  appear  pr omi s i ng  but  f u r t her  wor k  i s needed 

f or  f i nd i ng a mor e appr opr i at e t i me f unc t i on i n t he 

c r eep equat i on  f or  f r oz en s and i n t hi s  k i nd of  l oa ­

di ng.
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