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H .S .  L A C Y  A sso cia t e , M u eser , Rut led g e, Jo h n st o n  &  D eSim o n e , N ew  Yo rk  City, U SA

S Y N O P S I S  A  p r o c e d u r e  o f  r e d r i v i n g  0. 36m s q u a r e  p r e s t r e s s e d  c o n c r e t e  p i l e s  u p  t o  8 2 m  l o n g  w a s

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

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

o f  t w i c e  t h e  8 8 9 k N  ( 1 0 0 - t o n )  d e s i g n  l o a d .  D y n a m i c  i n s t r u m e n t a t i o n  d u r i n g  d r i v i n g  w a s  u s e d  t o  l o c a t e  

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

t h e  p i l e s .

I N T R O D U C T I O N

P i l e s  d r i v e n  t h r o u g h  6 2  t o  7 7 m  o f  l o w  s t r e n g t h  

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

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

r e s i s t a n c e s  a t  t h e  M e t r o p o l i t a n  S y r a c u s e  W a t e r  

P o l l u t i o n  C o n t r o l  P l a n t .  P i l e s  m e t  r e f u s a l  a f ­

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

s h o r t  d i s t a n c e  a w a y  p e n e t r a t e d  u p  t o  2 3 m  w i t h  

l i t t l e  i n c r e a s e  i n  d r i v i n g  r e s i s t a n c e .  D r i v i n g  

a l l  4 2 0 0  p i l e s  t o  t h e  r e q u i r e d  r e s i s t a n c e  i n  t h e  

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

l a r g e  i n c r e a s e  i n  t h e  p l a n n e d  3 2 8 k m  o f  p i l i n g  

a n d  e x c e s s i v e  w a s t e  d u e  t o  u n p r e d i c t a b l e  p i l e  

t i p  l e v e l s .  P i e z o m e t e r s  l o c a t e d  i n  t h e  s a n d  1 . 5 m  

o r  l e s s  f r o m  p i l e s  r e c o r d e d  t e m p o r a r y  e x c e s s  

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

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

p i l e s  t o  l o w  f i n a l  r e s i s t a n c e  ( L a c y ,  1 9 7 9 ) .  L o a d  

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

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

1 9 7 9 ) -  A d d i t i o n a l  b o r i n g s  w e r e  m a d e  t o  m o r e  

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

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

V e r y  l o w  f i n a l  d r i v i n g  r e s i s t a n c e s  r a i s e d  q u e s ­

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

p e r i e n c e d  n o  h a r d  d r i v i n g .

S O I L  P R O F I L E

T h e  S y r a c u s e ,  N e w  Y o r k  s i t e  a t  t h e  s o u t h e a s t  e n d  

o f  O n o n d o g a  L a k e  i s  u n d e r l a i n  b y  1 . 5  t o  4 . 5 m  o f  

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

o v e r  l o o s e  s i l t y  f i n e  s a n d .  D e e p  d e p o s i t s  o f  

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

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

s a n d .  C o m p r e s s i o n  o f  t h e s e  d e e p  d e p o s i t s  u n d e r  

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

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

o v e r  t h e  l a s t  2 0  y e a r s .  B e a r i n g  s t r a t a  u n d e r l y ­

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

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

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

v a r v e d  w i t h  h a r d  c l a y .  A  l o w e r  v e r y  c o m p a c t  

s i l t y  f i n e  t o  m e d i u m  s a n d  e x t e n d s  a t  l e a s t  18m 

b e l o w  t h e  s i l t  l a y e r .  T h e  s a n d  s t r a t a  c o n t a i n s

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

a n d  g r a v e l .  I n  s o m e  a r e a s ,  t h e  u p p e r  s a n d  l a y e r  

b e c o m e s  v e r y  t h i n  o r  i s  n o t  p r e s e n t  i n  t h e  2 9 0  

b y  4 2 0 m  s i t e .  S o i l  p r o p e r t i e s  h a v e  b e e n  d e s c r i b ­

e d  p r e v i o u s l y  ( L a c y ,  1 9 7 9 ) .

P I L E  T E S T  P R O G R A M

T h e o r e t i c a l  a n a l y s i s  o f  s t a t i c  p i l e  c a p a c i t y  i n ­

d i c a t e d  a d e q u a t e  c a p a c i t y  w i t h  l e s s  t h a n  3 m  p e n e ­

t r a t i o n  i n t o  t h e  b e a r i n g  s t r a t u m .  T h i s  w a s  c o n ­

f i r m e d  b y  l o a d  t e s t .  T h e  p i l e s  w e r e  p r e s t r e s s e d  

u s i n g  s e v e n  o r  e i g h t  s t r a n d s  o f  1 . 27c m  r e i n f o r c e ­

m e n t  t o  6 . 0  a n d  6 . 5 " P a  ( 8 8 0  a n d  9 4  0  p s i ) .  M o ­

m e n t  r e s i s t a n c e  s p l i c e s  w e r e  s p a c e d  g e n e r a l l y  a t  

2 6 m  i n t e r v a l s .  T h e  p i l e s  w e r e  d r i v e n  w i t h  a  L i n k  

B e l t  m o d e l  6 6 0  d i e s e l  h a m m e r  w i t h  a  r a t e d  e n e r g y  

o f  6 l k N - m  ( 4 5 , 0 0 0  f t - l b ) .  W h e n  l o w  d r i v i n g  r e ­

s i s t a n c e  w a s  e x p e r i e n c e d ,  t h e  h a m m e r  e n e r g y  w a s  

r e d u c e d  t o  3 7 k N - m  ( 2 7 , 0 0 0  f t - l b )  t o  p r e v e n t  d a m ­

a g e  f r o m  r e f l e c t e d  t e n s i o n  w a v e s .  O r i g i n a l  d r i v ­

i n g  r e q u i r e m e n t s  w e r e  a  m i n i m u m  o f  5 0  b l o w s  p e r  

0 . 3 1 m  a t  f u l l  e n e r g y  f o r  3 m  w i t h i n  t h e  b e a r i n g  

s t r a t u m  a n d  6  b l o w s  p e r  2 . 5 c m  f o r  t h e  l a s t  1 0 c m .

D r i v e  T e s t  P i l e s

I n i t i a l l y - d r i v e n  p i l e s  a t  w i d e  s p a c i n g  i d e n t i f i e d  

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

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

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

i n t e r r u p t i o n  i n  d r i v i n g  o f  1 0  t o  1 2 0  m i n u t e s  

w h i l e  o n l y  3 m  i n t o  t h e  b e a r i n g  s t r a t u m  r e s u l t e d  

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

a s  3 0  t i m e s .  T h e  d e c r e a s e  I n  t e m p o r a r y  e x c e s s  

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

i n g  p i l e  d r i v i n g  c o r r e s p o n d e d  w e l l  w i t h  t h e  i n ­

c r e a s e  i n  d r i v i n g  r e s i s t a n c e .

D Y N A M I C  I N S T R U M E N T A T I O N

U n c e r t a i n t i e s  c o n c e r n i n g  t h e  i n t e g r i t y  o f  a  n u m ­

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

o n  136 p r e v i o u s l y  d r i v e n  p i l e s  ( G o b l e  & A s s o c i ­

a t e s ,  1 9 7 6  u n p u b l i s h e d  r e p o r t )  t o  d e t e r m i n e  t h e  

l o c a t i o n  a n d  e x t e n t  o f  p i l e  d a m a g e  o r  t o  d e m o n ­

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

f o r m e d  s e v e r a l  w e e k s  a f t e r  t h e  p i l e s  w e r e  i n i t i ­

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

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

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

o p p o s i t e  s i d e s  n e a r  t h e  t o p  o f  t h e  p i l e .  T h e s e  

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

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

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

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

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

i n g  i m p a c t  w i t h  a  p i l e  h a m m e r  p l u s  r e t u r n i n g  

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

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

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

w a v e s  p a s s  t h r o u g h  c o n c r e t e  a t  a  c o n s t a n t  k n o w n  

s p e e d .  C o m p l e t e l y  b r o k e n  p i l e s  r e f l e c t  d o w n w a r d  

v e l o c i t y  w a v e s  i n  a  m u c h  s h o r t e r  t i m e  t h a n  a  

l o n g e r  u n b r o k e n  p i l e .  A  b r o k e n  p i l e  w i t h i n  t h e  

c l a y  l a y e r  r e f l e c t s  a  m a r k e d l y  r e d u c e d  r e t u r n  

f o r c e  w a v e  o r  e v e n  a  t e n s i o n  w a v e  a s  t h e r e  i s  

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

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

( R a u s c h e ,  1 9 7 9 ) •  F i g -  1  s h o w s  a  p i l e  b r o k e n  a t  

2 2 m  b a s e d  o n  m e a s u r e m e n t s  o f  t h e  d i s t a n c e  b e ­

t w e e n  p o s i t i v e  p e a k s  a n d  a  f o r c e  w a v e  t h a t  d r o p s  

t o  z e r o .

F i g .  1  R e c o r d  f r o m  C o m p l e t e l y  B r o k e n  P i l e

F i g .  2 i l l u s t r a t e s  a n  u n b r o k e n  6 3 m  p i l e  w i t h  

g o o d  b e a r i n g  r e s i s t a n c e  i n  t h e  c o m p a c t  s a n d .

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

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

c o m p r e s s i v e  a t  t h e  p i l e  t o p .

F i g .  ?  R e c o r d  o f  a n  U n b r o k e n  P i l e  S h o w i n g  L o c a ­

t i o n  W h e r e  T o t a l  R e s i s t a n c e  i s  M a x im u m

A s  r e d r i v i n g  o f  i n s t r u m e n t e d  p i l e s  w a s  s e v e r a l  

w e e k s  a f t e r  i n s t a l l a t i o n ,  p i l e  d e f l e c t i o n  w a s  

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

r o u n d i n g  c l a y s .  B r o k e n  a n d  d a m a g e d  p i l e s  s o m e ­

t i m e s  e x p e r i e n c e d  h i g h  r e d r i v e  r e s i s t a n c e .  I t  

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

s t r e s s  w a v e s  t o  p e n e t r a t e  t o  t h e  b e a r i n g  s t r a t a  

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

d a m a g e  t o  t h e  p i l e  t o p .

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

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

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

d i f f e r e n c e  b e t w e e n  t h e  r e f l e c t e d  f o r c e  a n d  v e l o c ­

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

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

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

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

R e s u l t s  o f  T e s t s

W h i l e  m o s t  p i l e s  w e r e  d r i v e n  s e v e r a l  w e e k s  b e f o r e  

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

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

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

d a m a g e d  a n d  b r o k e  d u r i n g  s i x  h a m m e r  b l o w s  w h i l e  

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

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

s i s t a n c e .  T h e  p i l e  b r o k e  a t  a  d e p t h  o f  2 3 m  o r  

3 m  b e l o w  t h e  u p p e r  s p l i c e .  T h e  d a t a  i n d i c a t e s  

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

s p l i c e .  T h e  s e c o n d  p i l e  w a s  m o n i t o r e d  a s  I t  w a s  

d r i v e n  w i t h o u t  d a m a g e  t h r o u g h  c o m p a c t  s a n d  i n t o  

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

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

F i g .  3 .

COMPRESSIVE LOAD IN PILE IN MN

PILE 

DRIVING 

RESISTANCE 

BLOWS/2 ,5cm 

2 .2

F i g . 3  R e s i s t a n c e  D i s t r i b u t i o n  f o r  P i l e  3 3 3 A  

T e s t e d  D u r i n g  D r i v i n g

M o s t  o f  t h e  p i l e s  t e s t e d  w e r e  p r e v i o u s l y  s u s p e c t ­

e d  o f  b e i n g  b r o k e n .  S e v e r a l  p i l e s  t h a t  i n i t i a l ­

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

c o n t r o l s .  T h e  t e s t  p r o g r a m  s h o w e d  t h a t  o n l y  5 0  

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

d a m a g e d  o r  b r o k e n .  S t u d i e s  t o  e v a l u a t e  t h e  

NUMBER OF SEVERELY DAMAGED PILES 

T0p --------------------H!-------------------20—

,2 0 -

J40-

Q60.

, 7 0 -

3 “

3

Fig. H Damage Frequency Versus Depth
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c a u s e  o f  d a m a g e  s h o w e d  t h e  p r e d o m i n a t e  l o c a t i o n  

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

t r a t e d  i n  F i g .  4 .  W h e r e  d r i v i n g  r e s i s t a n c e  i s  

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

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

s i o n  w a v e  t r a v e l l i n g  d o w n  t h e  p i l e .  B y  t h e  t i m e  

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

t h i s  s e c t i o n  o f  t h e  p i l e  i s  i n  t e n s i o n .  A  c o m ­

p u t e r  a n a l y s i s  m e t h o d  ( R a u s c h e ,  1979) w a s  u s e d  

t o  e s t i m a t e  t e n s i o n  s t r e s s e s  d u r i n g  d r i v i n g .

This wave equation analysis uses an iterative 

procedure of comparing computed response based 

on assumed soil properties with measured re­

sponse. Fig. 5 illustrates estimated tensile 

stresses in pile concrete as a pile approaches 

and penetrates the bearing stratum.

PILE CONCRETE TENSILE :.-TP,r.SS

500

------------- 1
PILE T IP  ABOVE UPPER 

SAND

0,00 p s i  

MPa

PILE T IP  HAD JUST 

STARTED TO PUNCH 

THROUGH THE BOTTOM 

OF UPPER SAND

PILE T IP  HAD JUST 

PUNCHED THROUGH THE 

BOTTOM OF UPPER SAND

PILE T IP  AT FINAL 

ELEVATION

PENETRATION

59m

&7m

68m

70m

Fig. 5 Pile Tension Versus Depth for Pile 333A

Tension is maximum in the upper part of the pile 

and increases near the upper splice as the pile 

tip passes from compact sand into compact silt. 

Each depth is also shown in Fig. 3 for the same 

pile along with the soil stratification. This 

pile was driven successfully to good bearing.

Estimates of Pile Support

Using measured reflected waves, and estimated 

static and dynamic soil parameters, analyses 

were made of the distribution of load during 

driving. Soil parameters were adjusted until 

the match of computed and measured forces is 

close, yielding the stress distribution illus­

trated on Fig. 3- A low pile compressive load 

was distributed uniformly before the pile tip 

reached the bearing stratum. A much higher pile 

force resulted when the pile tip was in the mid­

dle of the upper sand layer with most of the 

load carried in end bearing. As the pile start­

ed to punch through the upper sand layer at a 

depth of 67m, end bearing decreased markedly.

The pile load reduced substantially as the pile 

penetrated the silt layer at a depth of 68m and 
increased gradually to the final depth of 70m.
The pile was redriven after one hour, with an in­

crease in end bearing resistance with very little 

change in side friction. Pile driving resistance 

is shown for the depths analyzed. Unit adhesion 

for the clays above the bearing stratum estimat­

ed from these analyses of dynamic loading aver­

aged over the pile length from 16.8 to 19.2kPa

C350 to 400 psf) and in one case as high as 43.1 

kPa (900 psf). Mobilized unit adhesion under 

static loading was somewhat higher for similar 

times after driving. Analysis of the load dis­

tribution along several other undamaged piles 

redriven several weeks after installation pro­

duced somewhat similar results:

(i) Piles founded in the middle of the upper 

sand layer had high end bearing and high 

side friction in the sand with low m o b i ­

lized dynamic shear resistance in the clay.

(ii) Piles founded in the varved silt layer had 

low end bearing, low side friction in the 

sand layer above and slightly higher m o ­

bilized shear resistance in the lower 

part of the thick upper clay layer, but 

adequate total capacity which was less 

than (i).

(iii) Piles extending into the lower sand re­

ceived primary support on restrike

from the upper sand and low total mobiliz­

ed resistance from the varved silt and 

end bearing in the lower sand. These 

piles had the highest total resistance and 

considerable reserve capacity is indicat­

ed in the lower sand layer.

DEVELOPMENT OF REDRIVE PROCEDURE

While dynamic instrumentation was used initially 

to d e t e m i n e  whether previously driven piles 

were unsatisfactory, a method was needed for the 

large majority of piles remaining to be install­

ed to establish the integrity of piles whenever 

driving was terminated at low resistance.

Correlation with Driving Record and Instrumenta­

tion

Instrumented dynamic testing has demonstrated 

that some of the piles driven to low final re­

sistance were broken. Review of the driving 

records revealed certain correlations with the 

results of the instrumented testing:

(i) Most of the damaged or broken piles had 

been driven to a final resistance of less 

than one blow per 2.5cm.

(ii) Significantly out-of-plumb piles were 

commonly broken.

(iii) Piles experiencing a very rapid and large 

drop in driving resistance as the pile tip 

passed from the upper compact sand into 

the compact varved silt were frequently 

b r o k e n .

(iv) Files that experienced a marked drop in 

driving resistance when the pile tip was 

at other levels and the decrease in resis­

tance differed from the performance of ad­

jacent piles were usually broken.

(v) Piles that had been redriven, within a day 

after initial driving, to resistances 

above six blows per 2.5cm were unbroken 

and founded in adequate bearing soil.

(vi) Piles redriven several days or weeks after 

initially driven were sometimes damaged

or broken even though redriving resistances
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w e r e  g r e a t e r  t h a n  s i x  b l o w s  p e r  2 . 5 c m .

R a p i d  A d h e s i o n  o f  C l a y s  A b o v e  B e a r i n g  S t r a t u m

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

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

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

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

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

5 2 m  d e p t h  s i x  t o  2 1 m  a b o v e  t h e  b e a r i n g  s t r a t u m .  

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

w h i l e  a d j a c e n t  p i l e s  w e r e  d r i v e n .  T h e  p i l e s  h a d  

i n i t i a l l y  p e n e t r a t e d  t h e  c l a y  a t  3  t o  6 m  p e r  b l o w  

i n c r e a s i n g  t o  5  t o  1 0  b l o w s  p e r  0 . 31m  a t  t h e  5 2 m  

d e p t h .  W h e n  d r i v i n g  r e s u m e d ,  m u c h  h i g h e r  r e s i s ­

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

0 . 3 1  t o  0 . 9 2 m .  D r i v i n g  r e s i s t a n c e s  w e r e  p l o t t e d  

v e r s u s  t h e  t i m e  p e r i o d  o v e r  w h i c h  d r i v i n g  w a s  i n ­

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

l e v e l  a s  s h o w n  o n  F i g .  6 .

PILE DRIVING RESISTANCE BL0WS/0.35m

APPROXIMATE RANGE FOR 

FIRST 0 .31  m AFTER 

EDRIVE COMMENCES 

1

150 BLOWS 

MINIMUM 

MINIMUM REDRIVE 

RESISTANCE

50 BLOWS MINIMUM 
H----- 1

PILE TIPS ARE ALL AT 51m DEPTH 
7 TO 21m ABOVE BEARING STRATA

DRIVING RESISTANCE PRIOR TO INTERRUPTION 

F i g .  6  R e d r i v e  R e s i s t a n c e  V e r s u s  T i m e  W i t h  P i l e  

T i p  i n  C l a y

E v e n  a  d e l a y  o f  1 5  m i n u t e s  t o  a n  h o u r  w h i l e  

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

c r e a s e  i n  d r i v i n g  r e s i s t a n c e  f o r  t h e  f i r s t  0 . 3 1 m  

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

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

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

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

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

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

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

C r i t e r i a  w e r e  d e v e l o p e d  t o  p e r m i t  a c c e p t a n c e  o f  

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

t a n c e s  l e s s  s i x  b l o w s  p e r  2 . 5 c m .  T h e s e  r e q u i r e ­

m e n t s  a r e  s h o w n  o n  F i g .  6 .  R e d r i v e n  p i l e s  h a d  

t o  o b t a i n  a t  l e a s t  t e n  b l o w s  p e r  2 . 5 c m  b e t w e e n  

t w o  a n d  1 8  h o u r s .  A  m i n i m u m  t o t a l  o f  5 0  b l o w s  

w a s  r e q u i r e d  f o r  r e d r i v i n g  b e t w e e n  t w o  a n d  s i x  

h o u r s  w h i l e  a  m i n i m u m  o f  1 5 0  b l o w s  w a s  r e q u i r e d  

f o r  r e d r i v i n g  b e t w e e n  s i x  a n d  1 8  h o u r s .  T h e  

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

a  r a t e  o f  t e n  b l o w s  p e r  2 . 5 c m  t o  b e  d r i v e n  m o r e  

t h a n  0 . 3 1 m .  P r o l o n g e d  r e d r i v i n g  o f t e n  r e s u l t e d  

I n  p i l e  b r e a k a g e .

P r o d u c t i o n  P i l e  D r i v i n g

P i l e  d r i v i n g  c o n t i n u e d  d u r i n g  t e s t i n g ,  e v a l u a ­

t i o n  a n d  s e v e r a l  m o d i f i c a t i o n s  i n  d r i v e  a n d  r e -  

d r i v e  r e q u i r e m e n t s  u s i n g  t h r e e  t o  f i v e  r i g s .

T h e  s i t e  w a s  d i v i d e d  i n t o  t h r e e  a r e a s  o f  s i m i l a r  

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

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

C O N C L U S I O N S

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

h a s :

( i )  p e r m i t t e d  t h e  u s e  o f  p i l e s  d r i v e n  t o  l o w  

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

s h o w ,  p r i m a r i l y ,  t h a t  t h e  p i l e s  w e r e  n o t  

d a m a g e d  o r  b r o k e n ;

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

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

i n g  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 s  f r o m  

p i l e  d r i v i n g  a n d  t o  d e t e r m i n e  p i l e  i n t e g  

r i t y  ,  m u s t  b e  b a s e d  o n  r a t i o n a l  c r i t e r i a  

r e s u l t i n g  f r o m  t e s t s  a n d  a n a l y s e s ;

( i l l )  s h o w n  a t  t h i s  s i t e  t h a t  t h e  d e e p  d e p o s i t s  

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

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

t a n c e  ;

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

m e n t e d  d y n a m i c  t e s t i n g  i n  u n d e r s t a n d i n g  

p i l e  d r i v i n g  a n d  r e d r i v i n g  r e c o r d s .  T h i s  

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

r e d r i v e  p r o c e d u r e ;

( v )  p r o v i d e d  a n  e x a m p l e  o f  h i g h l y  v a r i a b l e  

p i l e  d r i v i n g  r e s i s t a n c e  i n  c o m p a c t  s o i l s .  

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

s t a l l i n g  r e l i a b l e  f o u n d a t i o n s  r e q u i r e d  

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

o w n e r  a n d  e n g i n e e r s  p e r m i t t i n g  t h e  p r o j e c t  

t o  b e  c o m p l e t e d  e c o n o m i c a l l y  w i t h  m i n i m u m  

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

n i f i c a n t  d e l a y .

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

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

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

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

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

s e t t l e m e n t .
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