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ANALYTICAL INTERPRETATION OF PILE INSTALLATION AND AXIAL PERFORMANCE 

By Hudson Mat lock ,  I g n a t i u s  Lam and L i n o  Cheang 

E r t e c ,  I n c . ,  3777 Long Beach Boulevard ,  Long Beach, C A  90807 

' Synops i s  

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

p r e s e n t l y  underway w i t h  t h e  purpose  o f  e x t e n d i n g  p r e s e n t  u n d e r s t a n d i n g  

o f  t h e  a x i a l  b e h a v i o r  of  p i l e  f o u n d a t i o n s .  The a n a l y t i c a l  develop-  

ments  a r e  d e s i g n e d  f o r  b a c k f i t t i n g  and c o r r e l a t i n g  t h e  e x p e r i m e n t a l  

r e s u l t s  and f o r  e x t r a p o l a t  i o n  t o  p r o t o t y p e  d e s i g n s .  Emphasis t h e r e -  

f o r e  i s  p l a c e d  on v e r s a t i l e  and g e n e r a l - p u r p o s e  computa t ion  t o o l s  

which w i l l  p e r m i t  e x a m i n a t i o n  of  a  wide  v a r i e t y  of s o i l  m o d e l l i n g  

c o n c e p t s .  

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

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

segments  a r e  used t o  measure  s h e a r  t r a n s f e r ,  pore  p r e s s u r e ,  and t o t a l  

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

expans  i o n  c o n c e p t s  have not  y e t  e x p l a i n e d  changes  obse rved  d u r i n g  

c y c l i c  l o a d i n g ,  a computa t ion  model h a s  been i n t r o d u c e d  which e n a b l e s  

a x i a l  s h e a r  and a s s o c i a t e d  s o i l  v o l u m e  c h a n g e s  t o  b e  c o n s i d e r e d  

s i m u l t a n e o u s l y  w i t h  c a v i t y  e x p a n s i o n  and l a t e r a l  c o n s o l i d a t i o n .  

An economical  r a d i a l  assemblage of e l e m e n t s  i s  used t o g e t h e r  w i t h  

a  two-phase model t o  a c c o u n t  f o r  b o t h  t h e  s o i l  s k e l e t o n  and t h e  p o r e  

w a t e r .  U t i l i z i n g  v e r y  g e n e r a l  i n e l a s t i c  s o i l  b e h a v i o r  c h a r a c t e r i s -  

t i c s ,  i t  i s  i n t e n d e d  t o  i n v e s t i g a t e  w h e t h e r  l o c a l  volume changes ,  pore  

w a t e r  m i g r a t i o n s  and changes  i n  e f f e c t i v e  r a d i a l  and c i r c u m f e r e n t i a l  

s t r e s s e s  w i l l  o r  w i l l  not  accoun t  r e a s o n a b l y  f o r  e x p e r i m e n t a l l y  ob- 

s e r v e d  shear-zone d e g r a d a t i o n  under  cyc l i c  l o a d i n g .  

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

o r  t o t a l  s t r e s s  c o n c e p t s ,  s o i l  c o h e s i o n  c  , i n t e r n a l  f r i c t i o n  5 ,  



- -  - - -  . - -  . 

volume changes  due  t o  s h e a r  d e f o r m a t i o n  o r  g r a i n  c r u s h i n g ,  and c r e e p  
,/? 

and r a t e  e f f e c t s .  C o r r e l a t i o n  s t u d i e s  a r e  t o  i n c l u d e  a l t e r n a t e  ap- 

p r o a c h e s  of  (1) i n t r o d u c i n g  measured s o i l  p r o p e r t i e s  f o r  p r e d i c t i v e  

a n a l y s e s  and ( 2 )  - b a c k f i t t i n g  of e x p e r i m e n t a l  r e s u l t s  t o  deduce t h e  

r e q u i r e d  s o i l  p r o p e r t i e s .  

F o r  t h e  s o l u t i o n  of comple te  p i l e - s o i l  s y s t e m s ,  t h e  r e s u l t s  o f  

t h e  l o c a l  c a v i t y  e x p a n s i o n  and s h e a r  a n a l y s i s  may b e  used a s  a  b a s i s  

f o r  e s t i m a t i n g  r e a s o n a b l e  m e c h a n i c a l  o r  r h e o l o g i c a l  a n a l o g s  t o  re- 

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

e l ement  program t h e n  may b e  used  t o  p r e d i c t  l o a d  d i s t r i b u t i o n ,  shea r -  

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

l o n g  o f f s h o r e  p i l e  s u b j e c t e d  t o  any p r e s c r i b e d  p a t t e r n  of s t a t i c  and 

c y c l i c  a x i a l  l o a d i n g .  

I n t r o d u c t i o n  

To meet t h e  r e q u i r e m e n t s  of  e x p l o r a t i o n  and p r o d u c t i o n  i n  deep 

w a t e r  a  new g e n e r a t i o n  of s t r u c t u r a l  c o n c e p t s  i s  b e i n g  evo lved ,  in-  

c l u d i n g  guyed t o w e r s ,  t e n s  ion- leg  p l a t f o r m s ,  and buoyant towers  o f  

v a r i o u s  c o n f i g u r a t i o n s .  These  c o n c e p t s  have i n  common t h e  c h a r a c t e r -  

i s t i c s  of  e x t r e m e l y  h i g h  c o s t  of  f o u n d a t i o n s  and c r i t i c a l  dependence 

on t h e  s e c u r i t y  of t h e  f o u n d a t i o n  pe r fo rmance .  The c o n c e p t s  them- 

s e l v e s  r e p r e s e n t  m a j o r  new t e c h n o l o g i c a l  i n i t i a t i v e s ,  a s  c o n t r a s t e d  

t o  r e l a t i v e l y  c o n t i n u o u s  e v o l u t i o n  of  c o n v e n t i o n a l  j a c k e t - t y p e  s  t r u c -  

t u r e s  . 
Each of  t h e  new deep  w a t e r  concep t s ,  imposes a  new and d i f f e r e n t  

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

t e n d  t o  b e  v e r y  long  b e c a u s e  o f  heavy l o a d i n g .  To p r o v i d e  c o n f i d e n c e  

i n  d e s i g n ,  a c l e a r  and fundamenta l  u n d e r s t a n d i n g  of  t h e  b e h a v i o r  of 

t h e  s o i l  a d j a c e n t  t o  t h e  p i l e  i s  e s s e n t i a l .  D a t a  from s i m p l e  u l t i m a t e  

s t a t i c - l o a d  t e s t i n g  of  s h o r t  p i l e s  i s  no t  a n  a d e q u a t e  b a s i s  f o r  d e s i g n  

o f  such  p i l e s .  



Behavior  of  A x i a l l y  Loaded P i l e s  - 

= 

Some of  t h e  f a c t o r s  a f f e c t i n g  s i d e - f r i c t i o n  c a p a c i t y  and deforma- 

t i o n a l  b e h a v i o r  of  a  p i l e  a r e  i l l u s t r a t e d  i n  F i g  1: 
- - .- 

( 1 )  I n - s i t u  s o i l  s t r e s s  c o n d i t i o n s  b e f o r e  p i l e  i n s t a l l a t i o n .  

( 2 )  Changes i n  t h e  s o i l  c o n d i t i o n s  due  t o  p i l e  i n s t a l l a t i o n .  

( 3 )  Changes i n  t h e  s o i l  c o n d i t i o n s  from c o n s o l i d a t i o n  of t 6 e  
s o i l  mass a f t e r  i n s t a l l a t i o n .  

( 4 )  Changes i n  t h e  s o i l .  c o n d i t i o n s  caused  by s u b s e q u e n t  s t a t i c  
and c y c l i c  a x i a l  l o a d i n g .  

As shown i n  F i g  1 ,  t h e  s o i l  n e a r  t h e  p i l e  t i p  i s  remolded and 

d i s p l a c e d  d u r i n g  p i l e  i n s t a l l a t i o n .  F o r  a  t y p i c a l  o f f s h o r e  open-ended 

p i l e ,  some amount o f  s o i l  w i l l  e n t e r  t o  form t h e  s o i l  p l u g  and some 

amount w i l l  b e  d i s p l a c e d  l a t e r a l l y  o u t s i d e  t h e  p i l e  w a l l  p roduc ing  a  

s o - c a l l e d  c a v i t y  e x p a n s i o n  e f f e c t .  C a v i t y  e x p a n s i o n  i s  c h a r a c t e r i z e d  

by a  s i g n i f i c a n t  i n c r e a s e  of p o r e  p r e s s u r e  a t  t h e  p i l e  w a l l  which 

d e c r e a s e s  w i t h  d i s t a n c e  from t h e  p i l e  and decays  w i t h  t ime.  The p o r e  

I '  p r e s s u r e  w i l l  d i s s i p a t e  t o  some d e g r e e  even  w h i l e  t h e  p i l e  i s  b e i n g  

d r i v e n .  A f t e r  t h e  p i l e  i s  i n  p l a c e  i t  may b e  s u b j e c t e d  t o  s t a t i c  and 

c y c l i c  a x i a l  l o a d i n g ,  w i t h  p o s s i b l e  c y c l i c  d e g r a d a t i o n  i n  a  s h e a r  zone 

v e r y  c l o s e  t o  t h e  p i l e  w a l l .  I t  is  e s s e n t i a l  t o  c o n s i d e r  t h e  e f f e c t  

of  t h i s  s h e a r  zone o n  t h e  performance of  t h e  p i l e  f o u n d a t i o n .  

C u r r e n t  A n a l y t i c a l  Approaches 

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

c a p a c i t y  a r e  based l a r g e l y  o n  e m p i r i c a l  c o r r e l a t i o n s  d e r i v e d  from a  

l i m i t e d  number of  p i l e  l o a d  t e s t s .  F r i c t i o n a l  c a p a c i t y  p r e d i c t e d  by 

t h e s e  methods c a n  v a r y  a s  much a s  100 p e r c e n t  o r  more. To i l l u s t r a t e  

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

t y p i c a l  c a s e  by API r u l e s ,  t h e  Lambda method (Ref 1 8 )  and a  v e r s i o n  

of t h e  e f f e c t i v e  s t r e s s  method s u g g e s t e d  by E s r i g ,  e t  a l .  (Ref 4 ) .  

The  compar ison i s  g i v e n  i n  F i g  2 .  I t  c a n  be obse rved  t h a t  p r e d i c -  

t i o n s  f o r  s h o r t  p i l e s  ( l e s s  t h a n  5 0  f e e t )  a r e  c o m p a r a b l e  f o r  a l l  

t h r e e  methods,  b u t  s i g n i f i c a n t l y  d i f f e r e n t  f o r  v e r y  long p i l e s .  F o r  

example,  a t  a  p e n e t r a t i o n  of 300 f e e t ,  p i l e  c a p a c i t i e s  p r e d i c t e d  by 
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Fig I. Descr ip t ion  o f  p i l e  load ing  process 



T Y  P I C A L  I D E A L  I Z E D  P R O F  l L E  O F F S H O R E  

U N I T  S K I N  F R I C T I O N  ON P I L E  SHAFT  ( K S F )  

MU0 L I N E  

S I L T Y  CLAY - 
C 
W 
W x= 5 0  PCF 
LL - 

. - - -  
I 

EFFECT I YE STRESS.  0 METHOD 

C O X P A R ! S O N  O F  P I L E  C A P A C I T Y  A T  3 0 0 '  E M B E D M E N T  

AP I -2  METHOD 

LAMBDA A METHOD 

E F F E C T I V E  
STRESS METHOD 

F i g  2. Range of unce r t a in ty  i n  a x i a l  p i l e  capac i ty  by s f r e r e n t  desiga 
c r i t e r i a  ( a f t e r  Matlock and Lam, 1980) 
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t h e  e f f e c t i v e  s t r e s s  m e t h o d  a r e  n e a r l y  t w i c e  t h o s e  f r o m  t h e  A P I  
n 

1 method. The wide range  of u n c e r t a i n t y  i s  l a r g e l y  due t o  t h e  l a c k  of  

f i e l d  t e s t  d a t a  f o r  v e r y  long  p i l e s  b u t  i s  a l s o  a n  i n d i c a t i o n  of  t h e  

fundament a 1  l i m i t a t i o n s  . . .  of  p r e s e n t  c o n c e p t u a l  and a n a l y t i c a l  t r e a t -  

ments  of  a x i a l  p i l e - s o i l  i n t e r a c t i o n .  

A l a r g e  number of r e s e a r c h e r s  ( R e f s  2 ,  3 ,  4 ,  5 ,  7 ,  1 3 ,  1 5  and 

1 9 )  have  a t t e m p t e d  t o  p r e d i c t  p i l e  c a p a c i t y  by e s t i m a t i n g  t h e  r a d i a l  

e f f e c t i v e  s t r e s s  and p o r e  p r e s s u r e  changes  due  t o  p i l e  d r i v i n g  and 

l a t e r a l  c o n s o l i d a t i o n .  The p i l e  i n s t a l l a t i o n  p r o c e s s  i s  model led  a s  

t h e  e x p a n s i o n  of a  c y l i n d r i c a l  c a v i t y  w i t h  i n c r e a s e  o f  p o r e  p r e s s u r e  

fo l lowed  by l a t e r a l  c o n s o l i d a t i o n  a s  p o r e  p r e s s u r e  d i s s i p a t e s  i n  t h e  

s o i l  mass a d j a c e n t  t o  t h e  p i l e .  The f i n a l  v a l u e s  o f  e f f e c t i v e  s t r e s s  

a t  t h e  end of  c o n s o l i d a t i o n  a r e  used t o  p r e d i c t  t h e  s k i n  f r i c t i o n  

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

t u t i v e  models h a s  been used t o  d e s c r i b e  t h e  s o i l  b e h a v i o r  d u r i n g  t h e s e  

p r o c e s s e s .  The most  w i d e l y  r e c o g n i z e d  a r e  t h e  C r i t i c a l  S t a t e  model 

used by b o t h  E s r i g ,  e t  a l .  ( ~ e f  51 ,  K i r b y ,  e t  a l .  ( ~ e f  7 )  and t h e  

Modi f i ed  Cam Clay  model by Wroth,  e t  a l .  ( ~ e f  1 9 ) .  

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

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

t h e y  have no t  d e m o n s t r a t e d  a c c u r a t e  d u p l i c a t i o n  of measurements from 

l a b o r a t o r y  o r  f i e l d  p i l e  l o a d  t e s t s  e i t h e r  q u a l i t a t i v e l y  o r  quan t  i t a -  

t i v e l y .  A compar ison of measured and p r e d i c t e d  l a t e r a l  s t r e s s e s  f o r  

Bos ton  Blue  c l a y  d u r i n g  l a t e r a l  c o n s o l i d a t i o n  around a n  i n s t r u m e n t e d  

p i l e  segment was p r e s e n t e d  by Ladd,  e t  a l .  (Ref 8) and i s  shown i n  

F i g  3.  The measured r a d i a l  s t r e s s e s  a r e  much l e s s  t h a n  p r e d i c t e d  

v a l u e s .  F o r  example,  a f  t e r  c o n s o l i d a t  i o n  and comple te  d i s s i p a t i o n  of 

e x c e s s  pore  p r e s s u r e ,  t h e  measured e f f e c t i v e  r a d i a l  s t r e s s ,  and t h u s  

t h e  e s t i m a t e d  p i l e  c a p a c i t y ,  i s  o n l y  abou t  o n e - t h i r d  of t h e  p r e d i c t e d  

v a l u e .  

P a r a m e t r i c  s t u d i e s  u s i n g  c o n v e n t i o n a l  c a v i t y  expans ion  t h e o r y  

have r e v e a l e d  t h a t  t h e  computed p i l e  c a p a c i t y  i s  dominated by t h e  con- 

s t i t u t i v e  model used t o  s i m u l a t e  t h e  s o i l  s k e l e t o n .  One e x p e r i m e n t a l  

s t u d y  (Ref 1 )  h a s  p rov ided  a  s t r o n g  i n d i c a t i o n  t h a t  p i l e  c a p a c i t y  

under  c y c l i c  l o a d i n g  i s  c o n t r o l l e d  by d e g r a d a t i o n  of t h e  s h e a r  zone 

v e r y  c l o s e  t o  t h e  ~ i l e  w a l l .  Thus ,  a  s a t i s f a c t o r y  c o n s t i t u t i v e  model 
rn 
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TIME AFTER PENETRATION (MIN) 

Fig  3 .  Measured and predic ted changes o f  normalized s t r e s s e s  with time a f t e r  
p i l e  i n s t a l l a t i o n  ( a f t e r  Ladd e t  al., 1982, Ref 8 ) 



s h o u l d  a l s o  s i m u l a t e  t h e  changes  n e a r  t h e  p i l e  w a l l  t h a t  t a k e  p l a c e  rn 
d u r i n g  p i l e  d r i v i n g  and c y c l i c  l o a d i n g .  Because o f  l i m i t e d  c a p a b i l i -  

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

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

A C o o r d i n a t e d  Resea rch  Program 

I n  view of  t h e  c o n t i n u i n g  need f o r  a  p r a c t i c a l ,  y e t  r e a l i s t i c  

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

c a p a c i t y  of long  o f f s h o r e  p i l e s ,  a  r e s e a r c h  program i s  b e i n g  under-  

t a k e n  which emphasizes  t h e  c o o r d i n a t e d  u s e  of b o t h  a n a l y t i c a l  and 

exper iment  a 1  approaches .  

I n  a d d i t i o n  t o  c o n v e n t i o n a l  sampl ing  and l a b o r a t o r y  t e s t i n g ,  p l u s  

i n  s i t u  t e s t i n g ,  t h e  e x p e r i m e n t a l  components of t h e  program compr i se  

(1) l a b o r a t o r y  model t e s t s  o f  p i l e  ' s egments ,  

( 2 )  i n - s i t u  t e s t s  o f  p i l e  segments ,  and 

( 3 )  f i e l d  t e s t s  o f  f u l l - l e n g t h  p i l e s .  
I 

A l l  of t h e  e x p e r i m e n t s  p r o v i d e  measurements  of t o t a l  l a t e r a l  p r e s -  

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

f u n c t i o n  of s t a t i c  o r  c y c l i c  a x i a l  d i s p l a c e m e n t .  

V e r s a t i l i t y  and economics of  t e s t i n g  programs f a v o r  t h e  l a b o r a -  

t o r y  segment t e s t s  which have  been shown t o  d u p l i c a t e  c a v i t y  e x p a n s i o n  

and s h e a r  d e g r a d a t i o n  e f f e c t s  of  r e a l  p i l e s  ( ~ e f  1 ) .  They a r e  u s u a l l y  

performed i n  remolded s o i l  under  a r t i f i c i a l  conf inement .  Much h i g h e r  

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

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

i n s t r u m e n t e d  p i l e s .  F i e l d  t e s t i n g  o f  s m a l l e r  i n s t r u m e n t e d  p i l e  seg-  

ments  p r o v i d e s  a  c o s t - e f f e c t i v e  i n t e r m e d i a t e - l e v e l  approach.  The 

a d v a n t a g e s  i n c l u d e  i n s e r t  i o n  and t e s t i n g  i n  n a t u r a l  s o i l s ,  compara t ive  

t e s t i n g  i n  p a r a l l e l  h o l e s  w i t h  a s s u r a n c e  of e x c e l l e n t  s o i l  r e p l i c a -  

t i o n ,  and m o d e r a t e '  c o s t s  which e n a b l e  r e p e a t e d  t e s t i n g  w i t h  a  v a r i e t y  

of  l o a d i n g  sequences .  

I n  a n a l y t i c a l  d e v e l o p m e n t s ,  a l s o ,  maximum b e n e f i t s  w i l l  be  

r e t u r n e d  when a n  a s s o r t m e n t  of complementary approaches  i s  employed. 

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



- - 

( 1 )  a  s o l u t i o n  of t h e  comple te  p i l e - s o i l  s y s t e m  employing d i s -  
c r e t e - e l e m e n t  r e p r e s e n t a t i o n s  of s o i l  s u p p o r t s ,  

( 2 )  r e p r e s e n t a t i o n  of l o c a l  s o i l  r e s p o n s e  w i t h  a n  ax i symmet r i c  
s o l u t i o n  of  a  h o r i z o n t a l  s o i l  s l i c e ,  employing a  two-phqse 

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

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

The remainder  of t h i s  p a p e r  i s  d e v o t e d  p r i m a r i l y  t o  t h e s e  ana- 

l y t i c a l  deve lopments ,  w i t h  emphasis  o n  t h e  second  one. A computer 

program CASH ( ~ a v i  - ty-expans i o n  w i t h  A x i a l  SHear ing)  h a s  been formu- - - 
l a t e d  and i s  c u r r e n t l y  u n d e r g o i n g  f u r t h e r  development .  I n  g e n e r a l ,  

t h e  c h o i c e s  of t h e  a n a l y t i c a l  methods have b e e n  gu ided  by t h e  pe r -  

c e i v e d  need f o r  f l e x i b l e ,  g e n e r a l - p u r p o s e  t o o l s  t h a t  c a n  be  a d j u s t e d  

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

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

p r o t o t y p e s .  

S o i l  Flow a t  P i l e  P o i n t  

Dur ing  i n s e r t i o n  of a  p i l e ,  t h e  f l o w  of  s o i l  a t  t h e  p o i n t  r e -  

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

of c a v i t y  e x p a n s i o n ,  t h a t  i s ,  w h e t h e r  t h e  s o i l  i s  d i s p l a c e d  t o t a l l y  

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

of  a n  open-end p i l e ,  would seem t o  be i m p o r t a n t  t o  subsequen t  l a t e r a l  

c o n s o l i d a t i o n ,  s t a t e  o f  s t r e s s ,  and r e s i s t a n c e  t o  l o a d i n g .  However, a  

c l e a r  p a t t e r n  of such  i n f l u e n c e  h a s  no t  been e s t a b l i s h e d .  I t  i s  t h e r e -  

f o r e  t e n t a t i v e l y  p lanned  t h a t  e x p l o r a t o r y  s o l u t i o n s  w i l l  b e  made w i t h  

DIRT 11, a  g e n e r a l  u t i l i t y  f i n i t e  e l ement  computer program ( ~ e f s  6 and 

12)  which i s  a b l e  t o  r e p r e s e n t  t h e  s o i l  a s  a  s i n g l e  phase ,  n o n l i n e a r  

and r a t i o n a l l y  h y s t e r e t i c  medium. 

Some v e r y  p r e l i m i n a r y  s t u d i e s  have  been made w i t h  Program CASH 

u s i n g  a  two-phase e l a s t o - p l a s t i c  mode1 f o r  c l a y  s o i l  and imposing 

v a r y i n g  amounts of assumed r a d i a l  d i s p l a c e m e n t  o f  t h e  p i l e  w a l l .  T h i s  

might  b e  t h o u g h t  of a s  r e p r e s e n t i n g  i n  a  c r u d e  way v a r i a t i o n s  of  p i l e  

w a l l  t h i c k n e s s .  Some of t h e  r e s u l t s  a r e  shown i n  F i g  4 .  The f i n a l  

e f f e c t i v e  l a t e r a l  s t r e s s  (and nominal  p i l e  c a p a c i t y )  a p p e a r s  t o  be 

most  c r i t i c a l l y  i n f l u e n c e d  by s m a l l  i n i t i a l  e x p a n s i o n s .  Beyond t h e  
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f i r s t  inch  o r  two, t h e  p l a s t i c a l l y  s h e a r e d  zone of s o i l  a round t h e  

p i l e  i n c r e a s e s  i n  e x t e n t ,  b u t  not  much i n c r e a s e  i n  f i n a l  r a d i a l  e f f e c -  

t i v e  p r e s s u r e  i s  c r e a t e d .  

B e f o r e  u n d e r t a k i n g  a n  e x h a u s t i v e  (and  p o s s i b l y  misgu ided)  aria- 

l y t i c a l  s t u d y  of t h e  e f f e c t s  o f  s o i l  f l o w  a round  and i n t o  t h e  p o i n t  of 

t h e  p i l e ,  i t  a p p e a r s  p r u d e n t  t o  o b t a i n  some g u i d a n c e  from e x p e r i m e n t a l  

o b s e r v a t i o n s .  A c c o r d i n g l y ,  i t  i s  p lanned  t o  pe r fo rm some o f  t h e  in-  

s i t u  t e s t s  on s m a l l - s i z e  p i l e  segments  i n  such a  way a s  t o  compare 

c losed-end  and open-end i n s e r t i o n s .  

S o l u t i o n  f o r  Complete P i l e - S o i l  System 

The performance of  a  l o n g  o f f s h o r e  p i l e  c a n  be  a n a l y z e d  u s i n g  

t h e  computer  program DRIVE ( ~ e f  9). T h i s  program h a s  been success -  

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

p r o v i d e s  t h e  a b i l i t y  t o  c o n s i d e r ,  i n  n a t u r a l  sequence ,  m u l t i p l e  blows 

d u r i n g  d r i v i n g  and any d e s i r e d  s u b s e q u e n t  p a t t e r n  of s t a t i c  and c y c l i c  

a x i a l  l o a d i n g .  F u l l y  h y s t e r e t i c  s o i l  s u p p o r t  b e h a v i o r  i s  r e p r e s e n t e d  

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

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

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

T h e  m e c h a n i c a l  a n a l o g  u s e d  i n  DRIVE i s  shown i n  F i g  5 .  T h e  

p i l e  i s  model led  by  a  s e r i e s  o f  d i s c r e t e  masses  connec ted  by e l a s t i c  

s p r i n g s .  Dash-pots a r e  used t o  s i m u l a t e  i n t e r n a l  and e x t e r n a l  v i s c o u s  

damping. F o r  p i l e  d r i v i n g  s i m u l a t i o n ,  any number of t h e  e l e m e n t s  c a n  

be used t o  model hammer, c u s h i o n ,  a n v i l ,  and o t h e r  components such a s  

a long  mandre l .  The d r i v i n g  f o r c e  may b e  a p p l i e d  t o  the  p i l e  a t  any 

p r e s c r i b e d  p o i n t .  Force- t ime p u l s e s  c a n  be superposed  f r e e l y .  

Each a x i a l  s u p p o r t  i s  model l e d  by a n  assemblage  of e l a s  t o - p l a s  t i c  

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

and i n e l a s t i c  s o i l  b e h a v i o r .  T h i s  s o i l  s u p p o r t  r e p r e s e n t a t i o n  i s  

shown i n  F i g  6 ,  which d e m o n s t r a t e s  t h a t  t h e  t o t a l  r e s i s t a n c e  a t  any 

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

d e g r a d a t i o n  i s  s i rnulared by r e d u c i n g  t h e  r e s i s t a n c e  l i m i t  of sub- 

e l e m e n t s  i n  accordance  w i t h  p r e s c r i b e d  e f f e c t s  of c y c l i c  l o a d i n g .  
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F i g u r e  5 a l s o  compares t h e  p o s s i b l e  r e s p o n s e s  of t h r e e  s u p p p o r t s  /1 
l o c a t e d  a t  d i f f e r e n t  d e p t h s .  The long p i l e  i s  s u b j e c t e d  t o  l o a d i n g  

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

i n i t i a l  b e h a v i o r  v a r i e s  -- from l a r g e  c y c l i c  d i s p l a c e m e n t  and s e v e r e  

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

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

t h e n  p r o g r e s s e s  down t h e  p i l e .  Depending o n  t h e  magni tude and d u r a r  

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

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

The DRIVE program i s  c a p a b l e  o f  examining t h i s  form o f  p i l e  be- 

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

s u p p o r t  models .  E i t h e r  t h e  s i n g l e - s l i c e  model o f  Program CASH o r  

e m p i r i c a l  t-z backbone c u r v e s  and d e g r a d a t i o n  p a r a m e t e r s  c a n  be used 

a s  a  b a s i s  f o r  such s o i l  s u p p o r t  c h a r a c t e r i z a t i o n .  

L o c a l  S o i l  Suppor t  E v a l u a t i o n  

Program CASH e n a b l e s  c o n s i d e r a t i o n  of t h e  i n f l u e n c e s  of ( 1 )  i n -  

s i t u  s o i l  c o n d i t i o n s ,  (2 )  p i l e  i n s t a l l a t i o n ,  ( 3 )  L a t e r a l  c o n s o l i d a t i o n  

and ( 4 )  a x i a l  s h e a r i n g .  The r e s u l t s  p r o v i d e  s i m u l a t i o n  of t h e  s i d e -  

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

a t  i o n  of c o h e s i o n  and i n t e r n a l  f r i c t i o n  may b e  p r e s c r i b e d .  

C o n f i g u r a t i o n .  As shown i n  F i g  7 ,  a n  ax i symmet r i c  s i n g l e  h o r i -  

z o n t a l  s l i c e  o f  s o i l  mass s u r r o u n d i n g  a  c y l i n d r i c a l  p i l e  i s  used f o r  

t h e  a n a l y s i s .  E i t h e r  a  p l a n e - s t r a i n  o r  a  p l a n e - s t r e s s  c o n d i t i o n  c a n  

be assumed i n  t h e  a n a l y s i s .  F u r t h e r  r e f i n e m e n t  t o  r e f l e c t  t h e  e l a s t i c  

s t r a i n i n g  ( s t r e t c h i n g  o r  compress ing)  o f  t h e  p i l e  u n d e r  a x i a l  l o a d i n g  

may a l s o  be  i n c o r p o r a t e d  i n t o  t h e  a n a l y s i s .  

The s l i c e  of s o i l  mass i s  d i s c r e t i z e d  i n  t h e  r a d i a l  d i r e c t i o n  i n  

t e rms  of a  r a d i a l  d imens ion  r . To a l l o w  f o r  t h e  i n t e r n a l  g e n e r a t i o n  

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

v e r y  f i n e l y  spaced  n e a r  t h e  p i l e  w a l l .  To accommodate l a r g e  d i s p l a c e -  

ment e f f e c t  s ,  t h e  geometry ( d i s c r e t i z a t i o n )  r e p r e s e n t i n g  t h e  s l i c e  o f  

s o i l  mass i s  upda ted  w i t h  t ime .  

Loading C o n d i t i o n s .  Two components of a  load- t ime h i s t o r y  a r e  

used t o  s i m u l a t e  t h e  e f f e c t s  of p i l e  i n s t a l  l a t i o n ,  c o n s o l i d a t  i o n  and 
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a x i a l  l o a d i n g .  These  t ime-dependent i n p u t  f u n c t i o n s  a r e  p r e s c r i b e d  

i n d e p e n d e n t l y  a s  r a d i a l  ( e x p a n s i o n )  and a x i a l  ( s h e a r i n g )  d i s p l a c e m e n t s  

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

c a n  be s p e c i f i e d .  -1 - - - -  
. - 

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

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

t h e  t o p  because  o f  e l a s t i c  rebound o f  t h e  p i l e .  Such s h e a r i n g  e f f e c p s  

may have  s i g n i f i c a n t  i n f l u e n c e s  on t h e  r e s p o n s e  and d e g r a d a t i o n  of t h e  

s o i l  c l o s e  t o  t h e  p i l e  w a l l .  +The  a b i l i t y  t o  p r e s c r i b e  a x i a l  s h e a r i n g  

d u r i n g  p i l e  i n s t a l l a t i o n  i s  a  major  f e a t u r e  of  Program CASH. 

Degrees  of  Freedom. Disp lacement  o f  t h e  s i n g l e - s l i c e  model i s  

d e s c r i b e d  by t h r e e  d e g r e e s  o f  freedom a t  e a c h  noda l  p o i n t  i n  t h e  s o i l  

mass: ( 1 )  r a d i a l  d i s p l a c e m e n t  ur of t h e  s o i l  s k e l e t o n ,  ( 2 )  a x i a l  

d i s p l a c e m e n t  uz  o f  t h e  s o i l  s k e l e t o n ,  and ( 3 )  r a d i a l  d i s p l a c m e n t  U r  

of  t h e  p o r e  f l u i d .  Dur ing  c o m p u t a t i o n ,  t h e  p o r e  f l u i d  movement a t  any 

p o i n t  i s  c h a r a c t e r i z e d  by i t s  r e l a t i v e  d i s p l a c e m e n t  w i t h  r e s p e c t  t o  

t h e  s o i l  s k e l e t o n .  

Two-Phase S a t u r a t e d  S o i l  Model. A two-phase e f f e c t i v e  s t r e s s  

model i s  used f o r  t h e  s i n g l e - s l i c e  a n a l y s i s .  The s t r e s s  c o n d i t i o n  a t  

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

t e n s o r  a t r  , a t Z  , a t 0 ,  and T~~ p l u s  a  component o f  h y d r o s t a t i c  

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

f l u i d  o c c u p i e s  t h e  p o r e  s p a c e  between s o i l  g r a i n s .  When t h e  s o i l  mass 

i s  s u b j e c t e d  t o  a n  e x t e r n a l  l o a d ,  t h e  load  d i s t r i b u t i o n  between t h e  

p o r e  f l u i d  and s o i l  g r a i n s  i s  governed by t h e  c l a s s i c a l  T e r z a g h i  e f f e c -  

t i v e  s t r e s s  c o n c e p t  ( ~ e f  1 7 ) :  

where a and a '  a r e  r e s p e c t i v e l y  components of t o t a l  and e f f e c t i v e  

normal s t r e s s e s  and p  i s  t h e  f l u i d  p r e s s u r e .  

I n  accordance  w i t h  t h e  e f f e c t i v e  s t r e s s  and t h e  two-phase s o i l  

model c o n c e p t s ,  t h e  e f f e c t i v e  s t r e s s  of  t h e  ' s o i l  s k e l e t o n  i s  assumed m 
t o  be dependent  o n l y  on t h e  s t r a i n  components o f  t h e  s o i l  s k e l e t o n .  



S i m i l a r l y ,  t h e  p o r e  f l u i d  may b e  n o n l i n e a r  ( b u t  e l a s t i c ) .  The p res -  

s u r e  i s  assumed t o  b e  dependen t  on t h e  t o t a l  s p e c i f i c  volume of t h e  

p o r e  f l u i d .  The b u l k  modulus of t h e  f l u i d  c a n  a l s o  be used t o  simu- 

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

C o n s t i t u t i v e  R e l a t i o n  f o r  S o i l  S k e l e t o n  

A s  s t a t e d ,  t h e  major  g e n e r a l  r e q u i r e m e n t  p l a c e d  o n  t h e  formula- 

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

c o r r e l a t i o n  of  any obse rved  p i l e  l o a d  t e s t  d a t a .  S h e a r  d i l a t i o n  o r  

volume compac t ion  and h y s t e r e t i c  s h e a r  d e f o r m a t i o n  a r e  accommodated 

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

The s t r e s s - s t r a i n  r e l a t i o n s h i p  used i n  Program CASH i s  w r i t t e n  i n  

t h e  form of  a  m o d i f i e d  p l a s t i c i t y  model w i t h  e m p i r i c a l  p r o v i s i o n  f o r  

volume. change : 

where X is  ~ a m e ' s  c o n s t a n t ,  - 
G i s  t h e  s h e a r  modulus,  

6 i j  i s  t h e  Kronecker  symbol, 

cV i s  t h e  v o l u m e t r i c  s t r a i n ,  

@ i s  a  s c a l a r  v a r i a b l e  which c a n  be used t o  c o n t r o l  any 
v o l u m e t r i c  e f f e c t s  i n c l u d i n g  d i l a t i o n  and compact ion,  
and ,  

u t R  i s  a  s t r e s s  v e c t o r  used t o  i n t r o d u c e  s h e a r  f a i l u r e  e f -  
i j  f e c t s .  

T h e  s t r e s s - s t r a i n  m o d e l  i s  s c h e m a t i c a l l y  d e s c r i b e d  by F i g  8 .  

C l e a r l y ,  s t r e s s e s  u', , uI0 and p  c o u l d  be s i g n i f i c a n t l y  a f f e c t e d  

by v o l u m e t r i c  e x p a n s i o n  o r  c o n t r a c t i o n  i n  t h e  s h e a r  zone.  There- 

c o r e  ,. t h e  c o n s t i t u t i v e  model must  a l l o w  f o r  c o n s i d e r a b l e  f l e x i b i l -  

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

and e q u i l i b r i u m  must be f i n a l l y  a c h i e v e d  f o r  a l l  components of t h e  

sys tem b u t  c o n s i d e r a b l e  freedom i s  a l lowed  i n  d e s c r i b i n g  t h e  s o i l  

c h a r a c t e r i s t i c s .  As shown i n  F i g  8 ( a ) ,  t h e  v o l u m e t r i c  b e h a v i o r  

i s  c h a r a c t e r i z e d  by n o n l i n e a r  and i n e l a s t i c  s t r e s s - s t r a i n  c u r v e s .  
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F u r t h e r m o r e ,  t h e  model a l l o w s  f o r  d i f f e r e n c e s  i n  s t r e s s  h i s t o r y  be- 

tween i n i t i a l  l o a d i n g ,  u n l o a d i n g  and r e l o a d i n g  c o n d i t i o n s .  A f l e x i -  

b l e  framework f o r  shear-volume c o u p l i n g  b e h a v i o r  i s  a l s o  of pr imary 

impor tance .  Volume change due  t o  s h e a r i n g  i s  r e f l e c t e d  by t h e  t r a n s -  

l a t i o n  of t h e  v o l u m e t r i c  s t r e s s - s t r a i n  c u r v e ,  c o n t r o l l e d  by t h e  pa- 

r a m e t e r  O . T h i s  p a r a m e t e r  c a n  be moni to red  t o  r e f l e c t  monotonic be- 

h a v i o r  such a s  s h e a r  d i l a t i o n  and compac t ion  a s  w e l l  a s  volume change 

from c y c l i c  l o a d i n g ,  i n c l u d i n g  g r a i n  c r u s h i n g .  

As shown i n  F i g  8 ( b ) ,  t h e  s h e a r  b e h a v i o r  o f  t h e  proposed model 

i s  c h a r a c t e r i z e d  by a  n o n l i n e a r  s t r e s s - s t r a i n  c u r v e  t h a t  i s  c a p a b l e  of  

s i m u l a t i n g  h y s t e r e t i c  and f a i l u r e  c h a r a c t e r i s t i c s  of  t h e  s o i l .  The 

proposed s o i l  model a l s o  a l l o w s  f o r  v a r y i n g  s t i f f n e s s  and u l t i m a t e  

f a i l u r e  l e v e l s  f o r  d i f f e r e n t  conf inements  a s  shown i n  F i g  8 ( c ) .  

I n  Program CASH, a l l  v a r i a b l e s  X , 0 and G , a s  w e l l  a s  most  

f a i l u r e  c r i t e r i a ,  c a n  b e  d e s c r i b e d  by t h e  u s e r .  The program u s e s  a n  

i t e r a t i v e  approach t o  e n s u r e  t h a t  t h e  c l o s u r e  e r r o r  i s  t o l e r a b l e ,  

e v e n  f o r  a  l a r g e  l o a d i n g  inc rement .  Most e f f e c t  ive-s  t r e s s  s o i l  models 

c a n  be i n c o r p o r a t e d  a s  c o n n e c t i n g  s u b r o u t i n e s  i n t o  Program CASH. 

C o n s t i t u t i v e  R e l a t i o n  f o r  P o r e  F l u i d .  A b u l k  modulus K f  i s  

used  t o  r e l a t e  p o r e  f l u i d  p r e s s u r e  t o  volume. The c o n v e n t i o n a l  equa- 

t i o n  of  s t a t e  of  t h e  f l u i d  i s  used:  

where A p i s  change i n  p o r e  f l u i d  p r e s s u r e  and Y f and A Y f  a r e  t h e  

c u r r e n t  d e n s i t y  o f  t h e  f l u i d  and t h e  change of d e n s i t y ,  r e s p e c t i v e l y .  

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

by k e e p i n g  t r a c k  of t h e  change i n  t o t a l  volume a s  w e l l  a s  t h e  change 

i n  p o r o s i t y  ( a v a i l a b l e  p o r e  s p a c e  i n  t h e  s o i l  s k e l e t o n )  : 

where i s  t h e  s p e c i f i c  volume change of t h e  p o r e  f l u i d ,  



. . 

A & , i s  t h e  s p e c i f i c  volume change of t h e  s o i l  s k e l e t o n ,  and n 
n  i s  t h e  p o r o s i t y .  u, 

Governing E q u a t i o n s .  - T h e r e  a r e  t h r e e  g o v e r n i n g  e q u a t i o n s  f o r  t h e  

s i n g l e - s l i c e  s o i l  model.  They a r i s e  from c o n s i d e r a t i o n s  o f :  

( 1 )  s t a t i c  e q u i l i b r i u m  i n  t h e  r a d i a l  d i r e c t i o n ,  

( 2 )  s t a t i c  e q u i l i b r i u m  i n  t h e  a x i a l  d i r e c t i o n ,  

and ( 3 )  ~ a r c ~ ' s  Law f o r  f l o w  of  p o r e  f l u i d  i n  t h e  r a d i a l  
d i r e c t  i o n  

The t h r e e  e q u a t i o n s  a r e  w r i t t e n  a t  each i n t e r i o r  noda l  p o i n t  o f  

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

neous  e q u a t i o n s  t h a t  a r e  s o l v e d  i m p l i c i t l y  and i t e r a t i v e l y  a t  each 

l o a d i n g  s t e p .  The e q u a t i o n s  a r e  e x p r e s s e d  i n  t e rms  o f  t h e  t h r e e  com- 

p o n e n t s  of  d i s p l a c e m e n t  ( t h r e e  d e g r e e s  o f  f reedom) a t  each of t h e  noda l  

p o i n t s .  These  d i s p l a c e m e n t s  a r e  r e l a t e d  t o  t h e  s t r e s s  components and 

p o r e  p r e s s u r e  th rough  t h e  d i s p l a c e m e n t - s t r a i n  and t h e  s t r e s s - s t r a i n  

( c o n s t i t u t i v e )  r e l a t i o n s h i p s ,  a s  d e s c r i b e d  above.  

Example Using t h e  CASH Program 

An example problem i s  used  a s  a  v e r y  p r e l i m i n a r y  d e m o n s t r a t i o n  of  

t h e  c a p a b i l i t y  of t h e  d e s c r i b e d  a n a l y t i c a l  p r o c e d u r e .  A p i p e  p i l e ,  30 

i n c h e s  i n  d i a m e t e r  w i t h  a  w a l l  t h i c k n e s s  o f  1 . 2  i n c h e s ,  i s  assumed t o  

be  d r i v e n  w i t h  a n  open end.  The s o i l  i s  assumed t o  be  s i l t y  c l a y .  



Although t h e  CASH program i s  s t r u c t u r e d  f o r  v e r s a t i l i t y  i n  han- 

d l i n g  of  s t r e s s - s t r a i n  b e h a v i o r ,  a  v e r y  s i m p l e  s o i l  d e s c r i p t i o n  i s  

used  f o r  t h e  f o l l o w i n g  example.  The v o l u m e t r i c  b e h a v i o r  i s  assumed t o  

b e  l i n e a r l y  e l a s t i c  and - t h e  s h e a r i n g  b e h a v i o r  i s  e l a s t o - p l a s t i c .  The 

i n p u t  p a r a m e t e r s  f o r  t h e  example problem a r e  summarized below: 

S h e a r  modulus,  G = 6400 p s i  

P o i s s o n ' s  r a t i o ,  v = 0 . 3  

Cohesion,  c  = 1 . 0  p s i  

F r i c t i o n  a n g l e ,  d = . 30 d e g r e e s  

V e r t i c a l  e f f e c t i v e  s t r e s s ,  a ' = 30 p s i  
V 

E a r t h  c o e f f i c i e n t  a t  r e s t ,  ko = 0 . 5  

U n i t  w e i g h t  o f  p o r e  f l u i d ,  Y f = 0.036 p c i  

P e r m e a b i l i t y ,  k  = 1 . 0  x  1 0 ' ~  i n / s e c  

I n i t i a l  v o i d  r a t i o ,  eo  = 0 .5  

P o r e  f l u i d  b u l k  modulus,  Kf = 3 .0  x  lo5  p s i  

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

s e l e c t e d  t o  s i m u l a t e  ( 1 )  p i l e  i n s e r t i o n ,  ( 2 )  l o c a l  c o n s o l i d a t i o n  and 

( 3 )  s o i l  r e s p o n s e  u n d e r  a x i a l  s h e a r i n g  b o t h  d u r i n g  and n e a r  t h e  end o f  

c o n s o l i d a t i o n .  The s e l e c t e d  i n p u t  d i sp lacement - t ime  f u n c t i o n s  a r e  

shown i n  F i g s  9  and 1 0 .  The e x p a n s i o n  of t h e  c a v i t y  was completed i n  

3  seconds  a t  a  r a t e  o f  0.4 i n c h  p e r  second .  T h r e e  seconds  a f t e r  f u l l  

e x p a n s i o n ,  one-half  c y c l e  o f  a x i a l  s h e a r i n g  w i t h  d i s p l a c e m e n t  ampli-  

t u d e  of  2 .0  i n c h e s  and p e r i o d  of  8 s e c o n d s ,  was a p p l i e d  t o  s t u d y  t h e  

s o i l  r e s p o n s e  immedia te ly  a f t e r  p i l e  i n s t a l l a t i o n .  A t  some i n t e r -  

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

was a p p l i e d  t o  compare t h e  e f f e c t s  a f t e r  e x c e s s  p o r e  w a t e r  had n e a r l y  

d i s s i p a t e d .  The r e s u l t s  o f  t h e  a n a l y s i s  a r e  summarized i n  t h e  fo l low- 

i n g  p a r a g r a p h s .  

P o r e  P r e s s u r e  and E f f e c t i v e  R a d i a l  S t r e s s  D i s t r i b u t i o n .  The pore  

p r e s s u r e  and e f f e c t i v e  r a d i a l  s t r e s s  d i s t r i b u t i o n  a r e  shown respec-  

t i v e l y  i n  F i g s  9  and 10.  A s  shown i n  F i g  9 ,  t h e  e x c e s s  pore  p r e s s u r e  

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

p i l e  w a l l  d u r i n g  a x i a l  s h e a r i n g .  The r a d i a l  e f f e c t i v e  s t r e s s  d i s t r i -  

b u t i o n  shown i n  F i g  10 i n d i c a t e s  a  g r a d u a l  i n c r e a s e  d u r i n g  c o n s o l i d a -  

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







c o n s o l i d a t i o n .  Dur ing  i n e l a s t i c  a x i a l  s h e a r i n g ,  t h e  r a d i a l  e f f e c t i v e  

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

T h e  maximum e x c e s s  p o r e  p r e s s u r e  i s  a b o u t  64  p s i ,  w h i c h  i s  

e q u i v a l e n t  t o  a b o u t  two t i m e s  t h e  i n i t i a l  e f f e c t i v e  v e r t i c a l  s t r e s s .  

F i g u r e  9 a l s o  r e v e a l s  a  v e r y  f a s t  r a t e  of  d i s s i p a t i o n  d u r i n g  t h e  e a r l y  

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

g r a d i e n t  a t  t h e  p i l e  w a l l .  I t  s h o u l d  b e  n o t e d  t h a t  d u r i n g  a x i a l  

s h e a r i n g ,  some amount of p o r e  p r e s s u r e  i n c r e a s e  was g e n e r a t e d  v e r y  

c l o s e  t o  t h e  p i l e  w a l l  due  t o  . t h e  i n e l a s t i c  s o i l  r e s p o n s e .  The r a d i a l  

e f f e c t i v e  s t r e s s  ( ~ i g  1 0 )  changes  o n l y  s l i g h t l y  from t h e  i n i t i a l  con- 

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

p r o c e s s ;  most  of  t h e  a p p l i e d  l o a d  i s  r e s i s t e d  by t h e  r e l a t i v e l y  im- 

c o m p r e s s i b l e  p o r e  f l u l d .  

.The s o l u t i o n  of  s h e a r  t r a n s f e r  v e r s u s  a x i a l  d i s p l a c e m e n t  a t  t h e  

p i l e  w a l l  i s  p r e s e n t e d  i n  F i g  11. I t  c a n  be s e e n  t h a t  t h e  s i d e - f r i c -  

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

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

c a n  be o b t a i n e d  from s e p a r a t e  s i n g l e - s l i c e  a n a l y s e s  and be  used a s  

i n p u t  t o  t h e  DRIVE a n a l y s i s .  

Time H i s t o r y  S o l u t i o n s .  T h e  c o m p l e t e  t i m e  h i s t o r i e s  o f  p o r e  

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

w a l l  a r e  f u r t h e r  summarized i n  F i g  1 2 .  The s o i l  b e h a v i o r  i s  e l a s t i c  

f o r  t h e  i n i t i a l  0 . 4  i n c h  ( 1 . 0  s e c )  o f  r a d i a l  expans ion .  It i s  char-  

a c t e r i z e d  by a n  i n c r e a s e  i n  r a d i a l  e f f e c t i v e  s t r e s s ,  b u t  a  d e c r e a s e  

i n  c i r c u m f e r e n t i a l  e f f e c t i v e  s t r e s s .  S i n c e  t h e  s h e a r  r e s i s t a n c e  i s  

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

( b e f o r e  p o r e  p r e s s u r e  d i s s i p a t i o n  and c o n s o l i d a t i o n ) ,  a d d i t i o n a l  f o r c e s  

from r a d i a l  e x p a n s i o n  beyond t h e  e l a s t i c  r ange  a r e  t r a n s f e r r e d  t o  t h e  

p o r e  w a t e r .  T h i s  t r a n s f e r  r e s u l t s  i n  a n  i n c r e a s e  i n  p o r e  p r e s s u r e ,  b u t  

s m a l l  changes  i n  e f f e c t i v e  r a d i a l  and c i r c u m f e r e n t i a l  s t r e s s e s  a r e  

shown from p o i n t s  0  t o  A i n  F i g  12.  

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

was a p p l i e d  from 4  t o  10 seconds  a s  shown i n  F i g  1 2 .  During s h e a r i n g  

( p o i n t s  A t o  B), some permanent i n e l a s t i c  s h e a r  y i e l d i n g  o c c u r s ,  re-  

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

b u t  a  d e c r e a s e  i n  r a d i a l  s t r e s s .  
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Throughout  t h e  c a v i t y  e x p a n s i o n  and a x i a l  s h e a r i n g  ( z e r o  t o  10  

s e c .  1, c o n s o l i d a t i o n  o f  t h e  s o i l  mass i s  o c c u r r i n g  c o n t i n u o u s l y .  How- 

e v e r ,  t h e  c o n s o l i d a t i o n  e f f e c t  i s  no t  s i g n i f i c a n t  i n i t i a l l y  due t o  

t h e  s h o r t  t ime  d u r a t i o n .  - T h e  c o n s o l i d a t i o n  e f f e c t  i s  more pronounced 

between p o i n t s  C and D i n  F i g  1 2 ,  which shows a  50 p e r c e n t  r e d u c t i o n  

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

and c i r c u m f e r e n t i a l  e f f e c t i v e  s t r e s s e s .  

As shown from p o i n t s  E t o  F i n  F i g  1 2 ,  a  second c y c l e  o f  a x i a l  

s h e a r i n g  was a p p l i e d  a t  some i n t e r m e d i a t e  s t a g e  of  c o n s o l i d a t i o n .  The 

g e n e r a l  b e h a v i o r  f o r  t h i s  c y c l e  of s h e a r i n g  i s  q u i t e  s i m i l a r  t o  t h e  

f i r s t  c y c l e  b u t  magni tudes  a r e  d i f f e r e n t .  A t  t h e  end of  t h e  second 

c y c l e  of s h e a r i n g ,  some c o n s o l i d a t i o n  c o n t i n u e d  a s  shown by p o i n t s  E 

t o  G i n  F i g  12.  

T h e  e f f e c t s  o f  a x i a l  s h e a r i n g  c a n  a g a i n  b e  o b s e r v e d  f r o m  t h e  

s h e a r  t r a n s f e r - d i s p l a c e m e n t  r e l a t i o n s h i p  shown i n  F i g  11. T h i s  in- 

c r e a s e  i n  s h e a r  r e s i s t a n c e  a s  shown by p o i n t s  E t o  F  and p o i n t s  A t o  B 

i s  a  r e s u l t  of  c o n s o l i d a t i o n  e f f e c t s .  Al though  t h e  example problem 

d i d  no t  a d d r e s s  n o r  d e m o n s t r a t e  t h e  e f f e c t s  of  c y c l i c  l o a d i n g ,  Program 

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

and d e g r a d a t i o n  p a r a m e t e r s  f o r  such  l o a d i n g .  

E x t e n s i o n  o f  t h e  S i n g l e - S l i c e  Model t o  C y c l i c  Degrada t ion .  The 

framework o f  Program CASH h a s  been f o r m u l a t e d  t o  i n v e s t i g a t e  t h e  s o i l  

b e h a v i o r  d u r i n g  p i l e  i n s  t a l l a t i o n ,  c o n s o l i d a t  i o n  and a x i a l  l o a d i n g .  

A s  d i s c u s s e d  e a r l i e r ,  t h e  u l t i m a t e  o b j e c t i v e  i s  t o  u s e  t h e  program t o  

u n d e r s t a n d  t h e  s h e a r  b e h a v i o r  s o  a s  t o  p r o v i d e  improved p r o c e d u r e  t o  

f o r m u l a t e  s o i l  s u p p o r t  ( t - z )  c u r v e s  f o r  a  comple te  s o i l - p i l e  i n t e r a c -  

t i o n  model such a s  t h e  one used i n  t h e  DRIVE program. 

As r e p o r t e d  by Bogard and Mat lock (Ref I ) ,  S c h o f i e l d  and Wroth 

(Ref 14)  and T a y l o r  (Ref 161 ,  t h e  induced  s h e a r  s t r e s s  d u r i n g  a x i a l  

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

s m a l l  d i s t a n c e  away from t h e  p i l e  w a l l .  The p o s t - f a i l u r e  d e f o r m a t i o n  

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

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

s h e a r  r e s i s t a n c e  of  t h e  s o i l .  Mat lock ,  Bogard and Cheang (Ref 1 1 )  a l s o  

moni to red  t h e  pore  p r e s s u r e  v a r i a t i o n  a t  t h e  p i l e  w a l l  d u r i n g  c y c l i c  

l o a d i n g .  Both i n c r e a s e s  and d e c r e a s e s  of p o r e  w a t e r  were  r e c o r d e d  a t  



t h a t  l o c a t i o n .  I n t e r p r e t a t i o n s  s u g g e s t e d  t h e  p o s s i b l e  impor tance  of n 
m o i s t u r e  m i g r a t i o n s  i n t o  and o u t  of  t h e  t h i n  s h e a r  zone d u r i n g  d i l a -  

t i o n  and compact ion of  t h e  s h e a r e d  s o i l .  

As d i s c u s s e d  e a r l i e r  and p r e s e n t e d  i n  F i g  8,  v a r i o u s  s t a t i c  ' o r  

c y c l i c  volume changes  such  a s  compact ion,  d i l a t i o n  and g r a i n  c r u s h i n g  

a s  w e l l  a s  f l u i d  movement c a n  be s t u d i e d  i n  Program CASH. Through 

p r o p e r  gu idance  and c o r r e l a t i o n  w i t h  v a l i d  p i l e  l o a d  t e s t  d a t a ,  i t  i s  

e x p e c t e d  t h a t  t h e  shea r -zone  b e h a v i o r  i n c l u d i n g  c y c l i c  d e g r a d a t i o n  c a n  

be  i n t e r p r e t e d  more accura te ly . .  

To advance t h e  s o l u t i o n  of t h e  a x i a l  p i l e  problem,  a  coordin-  

a t e d ,  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s e a r c h  program h a s  been i n i t i a t e d  

and i s  c u r r e n t l y  underway. The t h e o r e t i c a l  development i n v o l v e s  t h e  

f o r m u l a t i o n  of  a n  a n a l y t i c a l  p r o c e d u r e  t o  s t u d y  p i l e - s o i l  i n t e r a c t i o n  

d u r i n g  i n s t a l l a t i o n ,  l a t e r a l  c o n s o l i d a t i o n  and subsequen t  a x i a l  load- 

i n g .  S p e c i a l  emphasis  is  p l a c e d  o n  m o d e l l i n g  t h e  s o i l  b e h a v i o r  c l o s e  

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

A computer program CASH was f o r m u l a t e d  f o r  t h i s  s t u d y .  The s imul-  

t a n e o u s  t r e a t m e n t  of  p o r e  f l u i d  and s o i l  s k e l e t o n  i n  t h e  two-phase s o i l  

model h a s  proved t o  b e  s u c c e s s f u l .  The a d d i t i o n  of  s i m u l t a n e o u s  a x i a l  

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

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

t i c s  such  a s  t h e  s t a t e  of  s t r e s s  n e a r  t h e  p i l e  w a l l  and c y c l i c  degrada-  

t i o n  e f f e c t s .  
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