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CHAPTER 23 P i l e  D r i v e a b i l i t y  Ana lys i s  

Carl W .  Fenske,  P.E., S e n i o r  Geotechn ica l  Consu l tan t  
McClelland Engineers ,  I n c  . , Houston, Texas 

T.  J .  H i r s c h ,  Ph.D., P .E. ,  P r o f e s s o r  of C i v i l  Engineer ing 
Texas A&M U n i v e r s i t y ,  C o l l e g e  S t a t i o n ,  Texas 

INTRODUCTION 

The p i l e  p e n e t r a t i o n s  r e q u i r e d  t o  s u p p o r t  t h e  d e s i g n  l o a d s  f o r  o f f s h o r e  

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

by computat ions  based on s o i l  c o n d i t i o n s  as determined by a  g e o t e c h n i c a l  

i n v e s t i g a t i o n  ( s e e  Chapter 2 1 ) .  When t h i s  p rocedure  i n d i c a t e s  l a r g e  p i l e s  

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

) such  t h a t  t h e  p i l e s  w i l l  have t o  p e n e t r a t e  dense  sand l a y e r s  o r  o t h e r  

s t r o n g  s o i l s ,  a  q u e s t i o n  can a r i s e  whether  t h e  p i l e s  can  be  i n s t a l l e d  t o  

t h e  r e q u i r e d  p e n e t r a t i o n  by d r i v i n g  o n l y .  In format ion  t o  a s s i s t  i n  answer- 

i n g  t h i s  q u e s t i o n  may be developed by a  p i l e  d r i v a b i l i t y  a n a l y s i s .  

The a n a l y s i s  of p i l e  d r i v a b i l i t y  c o n s i s t s  of t h r e e  phases  o r  s t e p s .  The 

f i r s t  s t e p  i s  t o  u s e  a n  a n a l y s i s  based on t h e  one-dimensional  wave e q u a t i o n  

t o  e s t i m a t e  t h e  r e s i s t a n c e  t h a t  can be overcome by t h e  p a r t i c u l a r  hammer- 

p i l e - s o i l  system. The second s t e p  ,is t o  e v a l u a t e  t h e  s p e c i f i c  s o i l  con- 

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

t o  t h e  f o r c e d  p e n e t r a t i o n  of t h e  p i l e .  The t h i r d  s t e p  is t o  compare t h e  

r e s i s t a n c e  t h e  hammer-pile-soil  sys tem can  overcome w i t h  t h e  r e s i s t a n c e  



6 t h a t  t h e  s o i l  can o f f e r  i n  o r d e r  t o  o b t a i n  a n  i n d i c a t i o n  whether t h e  p i l e  can 

b e  d r i v e n  t o  t h e  d e s i r e d  p e n e t r a t i o n .  Engineers  should  be aware t h a t  a 

d r i v a b i l i t y  a n a l y s i s  does  n o t  n e c e s s a r i l y  produce a d e f i n i t e  answer t o  t h e  

p i l e  d r i v a b i l i t y  q u e s t i o n .  Cons iderab le  e n g i n e e r i n g  judgement i s  r e q u i r e d  f o r  

a l l  t h r e e  s t e p s  of a  d r i v a b i l i t y  a n a l y s i s ,  and everyone making a  d r i v a b i l i t y  

a n a l y s i s  may n o t  a r r i v e  a t  e x a c t l y  t h e  same c o n c l u s i o n s .  A d r i v a b i l i t y  a n a l y s i s  

shou ld  be made f o r  each s p e c i f i c  combinat ion of hammer, p i l e  and s o i l  c o n d i t i o n s  

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

23.2 WAVE EQUATION ANALYSIS 

The impact of a  p i l e  d r i v e r  r a m  on a p i l e  can  be r e p r e s e n t e d  f o r  a n a l y t i c a l  

purposes  by t h e  c o a x i a l  impact of a s h o r t  rod and a  long rod as shown by 

F i g  2 3 . l ( a ) .  Th i s  r a m  impact r e s u l t s  i n  a s t r e s s  wave s t a r t i n g  from t h e  p i l e  

head and t r a v e l l i n g  down t o  t h e  p i l e  t i p  where i t  i s  r e f l e c t e d  upward. This  

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

energy is  d i s s i p a t e d  by p l a s t i c  s o i l  de format ion ,  s o i l  damping, i n t e r n a l  

m a t e r i a l  damping i n  t h e  p i l e ,  and o t h e r  l o s s e s .  The mot ion of t h e  stress wave 

i s  d e s c r i b e d  by t h e  one-dimensional  wave e q u a t i o n  shown on Fig  2 3 . l ( b ) .  

The i d e a  of a p p l y i n g  t h e  wave e q u a t i o n  t o  p i l e  d r i v i n g  p o s s i b l y  was f i r s t  

sugges ted  by D.  V .  I s a a c s  i n  1931"). A c l o s e d  form a n a l y t i c a l  s o l u t i o n  of 

t h e  one-d'imensional wave e q u a t i o n  f o r  a  r e a l  hammer-pile-soil  system i s  d i f f i -  

c u l t  i f  n o t  i m p o s s i b l e .  I n  1938, a  s o l u t i o n  a t t r i b u t e d  t o  E. N .  Fox w a s  

pub l i shed  , b u t  t h e  s i m p l i f y i n g  assumptions  n e c e s s a r y  t o  a c h i e v e  t h i s  

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



L '  I n  t h e  1 9 5 0 1 s ,  E. A .  L. ~ m i t h ( ~ ) ( ~ ) ( ~ )  deve loped  and proposed a  step-by- 

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

c o u l d  be  used  w i t h  t h e  high-speed d i g i t a l  computers  emerging a t  t h a t  time. 

T h i s  s o l u t i o n  and t h e  r a p i d l y  i n c r e a s i n g  a v a i l a b i l i t y  of high-speed d i g i t a l  

computers  h a s  l e d  t o  t h e  widespread  u s e  of  t h e  one-dimensional  wave e q u a t i o n  

t o  a n a l y z e  p r a c t i c a l  p i l e  d r i v i n g  problems (6 )  ( 7 )  

For a  wave e q u a t i o n  a n a l y s i s ,  t h e  p i l e  d r i v e r  ram, c u s h i o n ,  d r i v e  

c a p ,  p i l e  and s o i l  shown on t h e  l e f t  s i d e  of F i g .  23-2 a r e  modeled as shown on 

t h e  r i g h t  s i d e .  The ram is  f r e q u e n t l y  r e p r e s e n t e d  by a c o n c e n t r a t e d  mass ,  t h e  

c u s h i o n  by a  w e i g h t l e s s  s p r i n g ,  and t h e  d r - ive  cap  by a second p o i n t  mass. The 

p i l e  is  d i v i d e d  i n t o  segments ,  e a c h  r e p r e s e n t e d  by a  p o i n t  mass e q u a l  t o  t h e  

mass of t h e  segment and by a  s p r i n g  of s t i f f n e s s  e q u a l  t o  t h e  s t i f f n e s s  of t h e  

segment . 
S o i l  r e s i s t a n c e  i s  modeled by e l a s t i c - p l a s t i c  s p r i n g s  and d a s h p o t s  a c t i n g  

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

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

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

R U ,  i s  by d e f i n i t i o n  t h e  u l t i m a t e  s t a t i c  s o i l  r e s i s t a n c e  f o r c e  a c t i n g  on t h e  

p i l e  d u r i n g  d r i v i n g  o r  immedia te ly  a f t e r  d r i v i n g  i s  s topped .  T h i s  u l t i m a t e  

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

by c o n s i d e r i n g  s o i l  "set-up" a f t e r  d r i v i n g  ceases. I n  t h e  c a s e  of c o h e s i o n l e s s  

s o i l ,  l i t t l e  . i f  any se t -up  c a n  normal ly  be a n t i c i p a t e d .  I n  t h e  c a s e  of c o h e s i v e  

s o i l ,  f a c t o r s  of  2 o r  3 f o r  se t -up a re  n o t  uncommon. The se t -up f a c t o r  i s  

r e l a t e d  t o  s o i l  s e n s i t i v i t y  and d e g r e e  of remolding i n  f r i c t i o n .  



The f o l l o w i n g  paragraphs  p r e s e n t  a  b r i e f  d e s c r i p t i o n  of t h e  step-by- 

s t e p  f i n i t e  d i f f e r e n c e  s o l u t i o n  t o  t h e  one-dimensional wave e q u a t i o n  proposed 

by f o r  s i n g l e - a c t i n g  s t e a d a i r  hammers. 

A v a l u e  f o r  t h e  t o t a l  s o i l  r e s i s t a n c e ,  RU, i s  s e l e c t e d  and t h i s  r e s i s t -  

a n c e  is  d i s t r i b u t e d  on t h e  s i d e  and t i p  of t h e  embedded p o r t i o n  of t h e  p i l e .  

C a l c u l a t i o n s  b e g i n  when t h e  ram c o n t a c t s  t h e  hammer cush ion .  The r a m  i s  

a s s i g n e d  a n  in i t i a l  impact v e l o c i t y  which i s  based on t h e  r a t e d  energy f o r  t h e  

hammer, t h e  weight  of t h e  r a m  and h a m m e r  e f f i c i e n c y ;  a l l  o t h e r  masses a r e  

u s u a l l y  a s s i g n e d  a n  i n i t i a l  v e l o c i t y  of z e r o .  A t i m e  i n t e r v a l  f o r  i t e r a t i v e  

c a l c u l a t i o n s  i s  s e l e c t e d .  C a l c u l a t i o n s  d e s c r i b i n g  t h e  mot ions  of t h e  masses 

and t h e  compress ions  of t h e  s p r i n g s  a r e  performed a t  t imes  cor responding  t o  

t h e  s e l e c t e d  t i m e  i n t e r v a l s  d u r i n g  t h e  ram impact even t .  The i n t e r v a l  t o  be  

used  must be  small r e l a t i v e  t o  t h e  s h o r t e s t  n a t u r a l  p e r i o d  of o s c i l l a t i o n  of 

a d j a c e n t  spring-mass combinat ions  w i t h i n  t h e  sys tem i n  o r d e r  t h a t  t h e  movements 

of t h e  segments can  be p r e d i c t e d  a c c u r a t e l y  and that t h e  c a l c u l a t i o n s  remain 

m a t h e m a t i c a l l y  s t a b l e ;  f o r  s t e e l  p i l e s  t h e  t i m e  i n t e r v a l  is  f r e q u e n t l y  on t h e  

o r d e r  of 1/5000 s e c  f o r  a p i l e  segment l e n g t h  of 8 t o  10 f t .  

For o n e  t i m e  i n t e r v a l ,  a set of c a l c u l a t i o n s  i s  performed f o r  each mass 

o r  segment, s t a r t i n g  w i t h  t h e  ram and proceed ing  t o  t h e  p i l e  t i p .  The c a l -  

c u l a t i o n s  f o r  each mass a r e  a s  f o l l o w s :  

1. C a l c u l a t e  t h e  new p o s i t i o n  of t h e  mass by adding t h e  i n i t i a l  

p o s i t i o n  a t  t h e  beg inn ins  of t h e  t i n e  i n t e r v a l  t o  t h e  change i n  

p o s i t i o n  which i s  t h e  mass v e l o c i t y  m u l t i p l i e d  by t h e  time i n t e r -  

v 2 l  . 



2 .  C a l c u l a t e  t h e  compression and f o r c e s  i n  a l l  a d j a c e n t  p i l e  s p r i n g s ,  

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

damping c o e f f i c i e n t s  . 
3 .  C a l c u l a t e  t h e  n e t  f o r c e  on t h e  mass. 

4 .  C a l c u l a t e  t h e  a c c e l e r a t i o n  of t h e  mass a s  t h e  f o r c e  d i v i d e d  by 

t h e  mass. 

5. C a l c u l a t e  t h e  new v e l o c i t y  f o r  t h e  mass by add ing  t h e  p roduc t  of 

t h e  a c c e l e r a t i o n  and time i n t e r v a l  t o  t h e  l a s t  v e l o c i t y  d e t e r -  

mined. 

The c a l c u l a t i o n  p roceeds  s e q u e n t i a l l y  w i t h  t h e  c a l c u l a t e d  mot ions  and 

f o r c e s  f o r  t h e  end of one t i m e  i n t e r v a l  becoming t h e  s t a r t i n g  p o i n t  f o r  t h e  

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

computed p i l e  t i p  d e f l e c t i o n  r e a c h e s  a  maximum and b e g i n s  t o  d e c r e a s e ,  a t  

which t ime  t h e  wave e q u a t i o n  a n a l y s i s  f o r  t h e  assumed v a l u e  of t o t a l  s o i l  

r e s i s t a n c e ,  RU, i s  u s u a l l y  c o n s i d e r e d  complete .  Net p i l e  p e n e t r a t i o n  is 

u s u a l l y  c a l c u l a t e d  as t h e  maximum g r o s s  movement of t h e  p i l e  t i p  less t h e  

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

permanent set of t h e  p i l e  f o r  t h e  s i n g l e  blow. The i n v e r s e  of t h e  set p e r  

blow is  t h e  p e n e t r a t i o n  r a t e ,  u s u a l l y  expressed  i n  blows p e r  i n c h ,  o r  

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

r e s i s t a n c e ,  R . I n  normal p r a c t i c e ,  t h e  above c a l c u l a t i o n s  a r e  r e p e a t e d  
u  

f o r  s e v e r a l  v a l u e s  of R and t h e  r e s u l t s  a r e  summarized on a p l o t  of R 
u y  u  

v e r s u s  P e n e t r a t i o n  R a t e  (Blows Per  F o o t ) ,  c a l l e d  a bear ing  g raph ,  a s  shown 

i n  F i g .  23-3. F ig .  23-3 shows t h a t  t h e  maximum s o i l  r e s i s t a n c e  t h a t  can be 

overcome by t h i s  hammer-pile-soil  sys tem i s  about  2900 k i p s  and depends t o  



some e x t e n t  on t h e  p i l e  p e n e t r a t i o n .  Because of t h e  complex i n t e r r e l a t i o n  

between paramete rs ,  i t  g e n e r a l l y  i s  n o t  w i s e  t o  a t t e m p t  t o  e x t r a p o l a t e  t h e  

e f f e c t s  of v a r i a t i o n  i n  a  parameter  from one  hammer-pile-soil sys tem t o  

a n o t h e r .  Consequent ly ,  a  wave e q u a t i o n  a n a l y s i s  should  be performed f o r  a  

s p e c i f i c  hammer-pile-soil sys tem u s i n g  s p e c i f i c  v a l u e s  f o r  a s  many of t h e  

pa ramete rs  a s  p o s s i b l e .  Knowledge o f  t h e  pa ramete rs  f o r  t h e  wave e q u a t i o n  

a n a l y s i s  i s  impor tan t  whether one is  going t o  make t h e  a n a l y s i s  o r  o n l y  

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

The i n p u t  pa ramete rs  f o r  a wave e q u a t i o n  a n a l y s i s  can be d i v i d e d  i n t o  

t h r e e  groups  cor responding  t o  t h e  t h r e e  p a r t s  of t h e  hammer-pile-soil 

system. The f o l l o w i n g  d i s c u s s i o n  of t h e  p r i n c i p a l  pa ramete rs  is  d i r e c t e d  

p r i m a r i l y  toward t h e  sys tem used predominante ly  i n  o f f s h o r e  c o n s t r u c t i o n ,  

namely steam hammers and s t e e l  p i p e  p i l e s .  

Hammer Paramete rs .  The p i l e  d r i v i n g  hammer is  d e s c r i b e d  by (1) t h e  

r a t e d  hammer energy,  (2 )  t h e  weight  of t h e  r a m  o r  s t r i k i n g  p a r t s ,  ( 3 )  t h e  

e f f i c i e n c y  of t h e  hammer, ( 4 )  t h e  weight  of t h e  d r ivehead  o r  p i l e  c a p ,  (5) 

t h e  capb lock  s p r i n g  c o n s t a n t ,  and (6 )  t h e  c o e f f i c i e n t s  of r e s t i t u t i o n  f o r  

t h e  r a m  h i t t i n g  t h e  capb lock  and f o r  t h e  p i l e  c a p - p i l e  c o n t a c t .  The r a t e d  

energy and t h e  ram weight  are e s t a b l i s h e d  by t h e  make and model of t h e  

hammer and may be  o b t a i n e d  from m a n u f a c t u r e r ' s  l i t e r a t u r e .  In format ion  f o r  

some hammers used f o r  o f f s h o r e  p i l e  d r i v i n g  is  g i v e n  i n  Table  23-1. The 

hammer e f f i c i e n c y ,  which r e l a t e s  t h e  a c t u a l  energy t o  t h e  r a t e d  energy f o r  t h e  

hammer, depends on t h e  c o n d i t i o n  of t h e  hammer and t h e  o p e r a t i n g  p rocedure  a t  

t h e  t ime  of p i l e  driv-ing . Hammer e f f i c i e n c y  can  v a r y  over  a  wide r a n g e  and 
. . 

c o n s i d e r a b l e  e x p e r i e n c e  o r  exper imenta l  d a t a  i s  needed t o  e s t i m a t e  it. S p e c i f i c  



L ' i n f o r m a t i o n  on hammer e f f i c i e n c y  u s u a l l y  i s  n o t  a v a i l a b l e  when a  wave e q u a t i o n  

a n a l y s i s  i s  made but  i t  can be o b t a i n e d  from measurements made i n  t h e  f i e l d .  

d u r i n g  d r i v i n g  ( s e e  Chapter  25) .  For hammers w i t h  a  f i x e d  ram s t r o k e ,  t h e  

e f f i c i e n c y  probably  i s  n o t  g r e a t e r  t h a n  abou t  90 p e r c e n t  even when i n  e x c e l l e n t  

c o n d i t i o n  and o p e r a t e d  p r o p e r l y  and can be 30 p e r c e n t  o r  l e s s  i f  t h e  hammer is  

i n  poor c o n d i t i o n  o r  n o t  o p e r a t e d  p r o p e r l y  because  of i n s u f f i c i e n t  s team , 

p r e s s u r e  a t  t h e  hammer. E f f i c i e n c i e s  o v e r  100 p e r c e n t  have been measured f o r  

hammers having a v a r i a b l e  s t r o k e  o p e r a t e d  a t  less t h a n  maximum s t r o k e .  This  

c a n  be a t t r i b u t e d  f o r  t h i s  t y p e  of hammer t o  o v e r s t r o k e  when o p e r a t e d  a t  a 

lower s t r o k e  s e t t i n g .  The h a m m e r  e f f i c i e n c y  e n t e r s  t h e  wave e q u a t i o n  a n a l y s i s  

i n  t h e  c a l c u l a t i o n  of t h e  v e l o c i t y  of impact of t h e  ram on t h e  p i l e :  

- 

C where h  = e f f e c t i v e  ram s t r o k e  ( f o r  double  a c t i n g  o r  d i e s e l  

hammers t h e  a c t u a 1 , p h y s i c a l  s t r o k e  is  n o t  t h e  

e f f e c t i v e  s t r o k e ) ,  L  

e = hammer e f f i c i e n c y  

g  = a c c e l e r a t i o n  due t o  g r a v i t y ,  L T - ~  

S i n c e  t h e  v e l o c i t y  of impact f o r  t h e  ram i s  a  f u n c t i o n  of t h e  s q u a r e  r o o t  of 

t h e  'hammer e f f i c i e n c y ,  i t  i s  n o t  s e n s i t i v e  t o  small changes  i n  e f f i c i e n c y .  

Most wave e q u a t i o n  a n a l y s e s  a r e  made u s i n g  hammer e f f i c i e n c i e s  of 60 t o  70 

p e r c e n t  u n l e s s  t h e r e  i s  s p e c i f i c  knowledge of a  more r e a l i s t i c  v a l u e  f o r  a 

p a r t i c u l a r  hammer. 

The d r i v e  cap  used w i t h  any t y p e  o r  model hammer can v a r y  depending on 

t h e  t y p e  and s i z e  of p i l e  t o  be d r i v e n  and on c o n t r a c t o r  p r e f e r e n c e s  . Con- 

s e q u e n t l y ,  i t  i s  p r e f e r a b l e  t h a t  a  wave e q u a t i o n  a n a l y s i s  be made u s i n g  s p e c i f i c  



c 1  i n f o r m a t i o n  f o r  t h e  p a r t i c u l a r  d r i v e  cap  t h a t  is t o  be used t o  i n s t a l l  t h e  

p i l e s .  The cush ion  used w i t h  a  g iven  hammer a l s o  is  v a r i a b l e .  The area and 

t h i c k n e s s  of t h e  cush ion  and t h e  cush ion  m a t e r i a l  used i s  a f u n c t i o n  t o  some 

e x t e n t  of t h e  d r i v e  cap  used but  a l s o  may depend on c o n t r a c t o r  p r e f e r e n c e s .  

The pr imary purpose  of t h e  cush ion ing  material i n  t h e  d r i v e  cap  i s  t o  

l i m i t  impact s t r e s s e s  i n  t h e  p i l e  and i n  t h e  hammer. I n  doing t h i s ,  however, 

a c e r t a i n  amount of t h e  impact energy is  absorbed in n o n l i n e a r  de format ion  of 

t h e  cush ion  material. I n  t h e  i d e a l i z a t i o n  of t h e  cush ion  material, t h e  load-  

de format ion  behav ior  can  be r e p r e s e n t e d  by two s t r a i g h t  l i n e s  w i t h  d i f f e r e n t  

s l o p e s  a s  shown i n  F i g .  23-4. The s l o p e  of t h e  l o a d i n g  l i n e  i s  c a l l e d  t h e  

s p r i n g  c o n s t a n t  of t h e  capb lock  which can  be c a l c u l a t e d  by: 

f where -1 
k = s p r i n g  c o n s t a n t  of c u s h i o n ,  FL 

A = c r o s s - s e c t i o n a l  a r e a  of c u s h i o n ,  L 
2 

t = t h i c k n e s s  of cush ion ,  L 

-2 
E = dynamic modulus of e l a s t i c i t y  of cush ion  material, FL 

The s l o p e  of t h e  un load ing  l i n e  i s  e q u a l  t o  t h e  s p r i n g  c o n s t a n t  d i v i d e d  by t h e  

s q u a r e  of t h e  c o e f f i c i e n t  of r e s t i t u t i o n .  I f  t h e  cush ion  i n  t h e  d r i v e  cap 

c o n s i s t s  of more t h a n  one m a t e r i a l ,  t h e n  t h e  s p r i n g  c o n s t a n t  of t h e  cush ion  

i s  o b t a i n e d  by : 

where n  = t h e  number of cush ion ing  m a t e r i a l s  in  t h e  capblock.  



The v a l u e s  of k e t c .  a r e  computed u s i n g  t h e  dynamic modulus of e l a s t i c i t y ,  
1 ' 

E ,  and t h e  t h i c k n e s s ,  t ,  f o r  each of t h e  m a t e r i a l s  i n  t h e  cush ion .  As f o r . t h e  

d r i v e  cap  weigh t ,  i t  i s  p r e f e r a b l e  t h a t  a  wave e q u a t i o n  a n a l y s i s  be  made u s i n g  

i n f o r m a t i o n  f o r  t h e  s p e c i f i c  cush ion  t h a t  w i l l  be used .  The s p e c i f i c  i n f o r m a t i o n  

r e q u i r e d  i s  t h e  a r e a  and t h i c k n e s s  of t h e  cush ion  and t h e  dynamic modulus of 

e l a s t i c i t y  and c o e f f i c i e n t  of r e s t i t u t i o n  f o r  t h e  cush ion ing  m a t e r i a l .  Dynamic 

modulus of e l a s t i c i t y  and c o e f f i c i e n t  of r e s t i t u t i o n  v a l u e s  f o r  some t y p i c a l  

c u s h i o n  m a t e r i a l s  a r e  g iven  in Table  23.2; a d d i t i o n a l  i n f o r m a t i o n  on t h e s e  

c u s h i o n  paramete rs  i s  g i v e n  i n  Chapter 25. For most o f f s h o r e  p i l e s ,  t h e  d r i v e  

cap  r e s t s  d i r e c t l y  on t h e  t o p  of t h e  p i l e .  Because n e i t h e r  t h e  d r i v e  cap 

n o r  t h e  p i l e  t o p  a r e  p e r f e c t l y  smooth, because  t h e  d r i v e  cap  may n o t  s i t  

s q u a r e l y  on t h e  p i l e  t o p  and because  of t h e  d i s c o n t i n u i t y ,  t h e r e  w i l l  be 

some energy l o s s e s  a t  t h i s  p o i n t  d u r i n g  d r i v i n g  t h a t  can be approximated by 

u s i n g  a  c o e f f i c i e n t  of r e s t i t u t i o n  of about  0.9.  

P i l e  Paramete rs .  The f o l l o w i n g  i n £  ormat ion i s  r e q u i r e d  t o  d e f i n e  a p i p e  

p i l e  i n  a  wave e q u a t i o n  a n a l y s i s :  (1) p i l e  d i a m e t e r ;  ( 2 )  s c h e d u l e  of w a l l  

t h i c k n e s s  v a r i a t i o n  and l e n g t h  of each w a l l  t h i c k n e s s ;  ( 3 )  modulus of e l a s t i c i t y  

and u n i t  weight  of t h e  p i l e ' m a t e r i a l ;  and ( 4 )  l e n g t h s  of t h e  i n i t i a l  p i l e  

s e c t i o n  and each add-on. For t h e  i d e a l i z e d  p i l e  as shown on F ig .  23-2, t h e  

p i l e  is d i v i d e d  i n t o  segments which should be  approximately  t h e  s a m e  l e n g t h .  

The segment l e n g t h  should be on t h e  o r d e r  of 8 t o  10  f t  f o r  a s t e e l  p i l e .  

Th i s  means t h a t  t h e  number of p i l e  s e c t i o n s  i s  p r o p o r t i o n a l  t o  t h e  p i l e  l e n g t h .  

The step-by-step f i n i t e  d i f f e r e n c e  s o l u t i o n  of t h e  wave e q u a t i o n  may become 

u n s t a b l e  i f  t h e  segment l e n g t h  i s  made t o o  l o n g ,  w h i l e  a  s h o r t e r  segment 

l e n g t h  j u s t  adds t o  t h e  number of segments and t h e r e b y  t o  t h e  computing t ime.  



0 An o f f s h o r e  p i l e  u s u a l l y  h a s  a c o n s i d e r a b l e  l e n g t h  above t h e  s o i l  s u r f a c e .  

The p o s i t i o n  of t h e  s o i l  s u r f a c e  shou ld  be t a k e n  i n t o  account  i n  d i v i d i n g  t h e  

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

s e c t i o n s ,  o r  add-ons, as i t  i s  be ing  d r i v e n .  The p i l e  f o r  a  wave e q u a t i o n  

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

p e n e t r a t i o n .  The weight  of t h e  p i l e  and t h e  d i s t r i b u t i o n  of w a l l  t h i c k n e s s e s  

c a n  have  a v e r y  s i g n i f i c a n t  e f f e c t  in t h e  maximum r e s i s t a n c e  t h a t  can  be  

overcome by a  g i v e n  hammer-pile-soil sys tem as determined by a  wave e q u a t i o n  

a n a l y s i s .  Consequently,  i t  i s  impor tan t  f o r  a  d r i v a b i l i t y  a n a l y s i s  t h a t  t h e  

p i l e  used i n  t h e  wave e q u a t i o n  a n a l y s i s  i s  s i m i l a r  i n  make-up t o  t h e  a c t u a l  

p i l e  that w i l l  be  d r i v e n .  

S o i l  Pa ramete rs .  The paramete rs  in a wave e q u a t i o n  a n a l y s i s  t h a t  a r e  

r e l a t e d  t o  t h e  s o i l  i n c l u d e  t h e  f o l l o w i n g :  (1)  t h e  e l a s t i c  ground compress ion,  

commonly r e f e r r e d  t o  as quake,  on t h e  s i d e s  and a t  t h e  t i p  of t h e  p i l e ;  (2)  t h e  

damping c o n s t a n t  on t h e  s i d e  and a t  t h e  t i p  of t h e  p i l e ;  (3)  t h e  t o t a l  s t a t i c  s o i l  

r e s i s t a n c e  t o  d r i v i n g  f o r  t h e  p i l e ;  and ( 4 )  t h e  d i s t r i b u t i o n  of t h e  t o t a l  s t a t i c  

s o i l  r e s i s t a n c e  t o  d r i v i n g  between t h e  s i d e  and t h e  t i p  of t h e  p i l e .  For t h e  

i d e a l i z e d  p i l e  shown on F ig .  23-2, t h e  f i r s t  two paramete rs  a r e  r e p r e s e n t e d  by 

t h e  s p r i n g  and dashpot  shown on t h e  s i d e  of each  element below ground l i n e  and a t  

t h e  p i l e  t i p .  The load-deformat ion c h a r a c t e r i s t i c s  of t h e  i d e a l i z e d  s o i l  s p r i n g  

i s  i l l u s t r a t e d  i n  F ig .  23-5(a).  The s p r i n g  can deform e l a s t i c a l l y  t o  a  maximum 

deformat ion ,  0 ,  a f t e r  which t h e r e  i s  no a d d i t i o n a l  r e s i s t a n c e  from con t inued  

deformat ion .  The v a l u e  of Q i s  t h e  quake which is  t h e  f i r s t  s o i l  parameter  

g i v e n  above.  The maximum s t a t i c  r e s i s t a n c e  f o r  t h e  s i d e  of each p i l e  element and 



f i  a t  t h e  p i l e  t i p  i s  o b t a i n e d  from t h e  las t  two s o i l  pa ramete rs  l i s t e d  above.  

With t h e  maximum s t a t i c  r e s i s t a n c e  e s t a b l i s h e d ,  t h e  s p r i n g  c o n s t a n t  f o r  t h e  . 

s o i l  s p r i n g  a t  t h e  s i d e  of each p i l e  e lement  and a t  t h e  t i p  i s  g i v e n  by: 

where k = s o i l  s p r i n g  c o n s t a n t ,  FL-I 

R = maximum s t a t i c  s o i l  r e s i s t a n c e  a t  s i d e  of 

p i l e  element o r  p i l e  t i p ,  F 

Q = s o i l  quake, L 

The dashpot  i n  p a r a l l e l  w i t h  t h e  s p r i n g  a t  t h e  s i d e  of each element and a t  t h e  

p i l e  t i p  is  inc luded  t o  account  f o r  t h e  dynamic, o r  v e l o c i t y - r e l a t e d ,  e f f e c t s  

on  t h e  s o i l  c h a r a c t e r i s t i c s .  The t o t a l  r e s i s t a n c e  of t h e  s o i l  s p r i n g  and 

I dashpot  under  dynamic l o a d  i s  i l l u s t r a t e d  on F ig .  2 1 - 5 ( b )  The r e s i s t a n c e  of 

t h e  dashpot  i s  assumed t o  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  of t h e  

a s s o c i a t e d  segment d u r i n g  t h e  d i sp lacement .  Because of t h e  d i r e c t  p r o p o r t i o n a l i t y  

t o  v e l o c i t y ,  t h i s  r e s i s t a n c e  w i l l  be  r e f  e r r e d  t o  h e r e  as l i n e a r  v i s c o u s  damping. 

The r e l a t i o n  between t h e  dynamic s o i l  r e s i s t a n c e  a t  t h e  s i d e  of a p i l e  element 

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

where Rd = dynamic s o i l  r e s i s t a n c e ,  F 

Rs = s t a t i c  s o i l  r e s i s t a n c e ,  F  

-1 
J = s o i l  damping c o n s t a n t ,  TL 

- 1 
V = v e l o c i t y  of t h e  p i l e  e lement ,  LT 



I n f o r m a t i o n  on t h e  v a r i a t i o n  of v a l u e s  f o r  s o i l  quake,  Q ,  and t h e  s o i l  

damping, J ,  f o r  v a r i o u s  s o i l  t y p e s  and c o n d i t i o n s  i s  n o t  e x t e n s i v e  and is  . 

s t i l l  t h e  s u b j e c t  of much s t u d y .  Th is  i n f o r m a t i o n  i s  g e n e r a l l y  o b t a i n e d  by 

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

by o r  e x t r a p o l a t e d  from t h e  load  t e s t  r e s u l t s .  Wave e q u a t i o n  a n a l y s e s  a r e  

made w i t h  v a r y i n g  v a l u e s  f o r  quake and damping t o  de te rmine  t h o s e  v a l u e s  

which g i v e  t h e  b e s t  agreement w i t h  t h e  measured r e s i s t a n c e  t o  d r i v i n g  and 

t h e  observed r a t e  of p e n e t r a t i o n  f o r  t h e  p i l e .  A h i s t o r i c a l  summary of 

quake and damping v a l u e s  is  g iven  i n  Tab le  23-3 ( 5 ) ( 8 ) ( 9 ) ( 1 0 ) ( 1 1 ) ( 1 2 ) .  Values 

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

above. Care must be used i n  s e l e c t i n g  v a l u e s  of quake and damping from 

s o u r c e s  such  a s  t h o s e  used f o r  Table  23.3.  The quake and damping v a l u e s  

from a  g i v e n  s o u r c e  should be  used t o g e t h e r  because  b o t h  v a l u e s  p robab ly  

were  used i n  t h e i r  development from f i e l d  tests. The v a l u e s  of quake and 

damping f o r  each s o u r c e  on Tab le  23.3 depend t o  some e x t e n t  on t h e  s o i l  

and p i l e  c o n d i t i o n  f o r  which t h e y  were developed.  For example, t h e  v a l u e s  

of quake and damping developed by Roussel  ( I 2 )  were from a n a l y s e s  of 

d r i v i n g  d a t a  f o r  l a r g e ,  h igh-capac i ty  o f f s h o r e  p i p e  p i l e s  i n  t h e  Gulf of 

Mexico. Because t h e  t i p  r e s i s t a n c e  f o r  t h e s e  p i l e s  i s  small r e l a t i v e  t o  

t h e  s i d e  r e s i s t a n c e ,  h a l v i n g  o r  doubl ing  of t h e  r e p o r t e d  damping v a l u e s  a t  

t h e  t i p  p robab ly  would n o t  have s i g n i f i c a n t l y  a f f e c t e d  t h e  c o r r e l a t i o n .  

Consequently,  t h e  v a l u e s  f o r  quake and damping proposed by Roussel  may 

n o t  be  s u i t a b l e  f o r  s m a l l e r ,  s h o r t e r  p i l e s ,  p a r t i c u l a r l y  where t h e  r e s i s -  

t a n c e  i s  p r i m a r i l y  i n  end b e a r i n g .  

Researchers  a r e  p u b l i s h i n g  l a b o r a t o r y  t e s t  r e s u l t s  ( I 3 )  p r e s e n t i n g  s o i l  

damping v a l u e s  based on n o n l i n e a r  damping n o t  d i r e c t l y  p r o p o r t i o n a l  t o  



C t o  v e l o c i t y .  Care should be t a k e n  i n  u s i n g  t h e s e  v a l u e s  because  most 

computer programs would need m o d i f i c a t i o n  t o  h a n d l e  them p r o p e r l y .  I n  

a d d i t i o n ,  most of t h e s e  n o n l i n e a r  v i s c o u s  damping v a l u e s  have n o t  been 

c o r r e l a t e d  w i t h  l o a d  t e s t  r e s u l t s .  Eng ineer ing  j u d g m e n t  should b e  used t o  

s e l e c t  v a l u e s  f o r  quake and damping t h a t  a r e  most a p p r o p r i a t e  f o r  t h e  p i l e  

and s o i l  c o n d i t i o n s  be ing  ana lyzed  and t h e  wave equa t ion  a n a l y s i s  computer 

program being used.  

23.3 RESISTANCE TO DRIVING OFFERED BY SOIL 

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

s o i l  w i l l  overcome when a  p i l e  i s  f o r c e d  i n t o  t h e  ground by blows from t h e  

d r i v i n g  hammer. The s t a r t i n g  p o i n t  f o r  t h e  e s t i m a t i o n  can be  an  u l t i m a t e  

p i l e  c a p a c i t y  c u r v e  developed from a  g e o t e c h n i c a l  i n v e s t i g a t i o n .  Proce- 

d u r e s  f o r  computing u l t i m a t e  p i l e  c a p a c i t y ( 1 4 ) ( 1 5 )  ( a l s o  s e e  Chap. 21) a r e  

semi-empi r ica l  i n  n a t u r e  and are based on c o r r e l a t i o n s  w i t h  r e s u l t s  from 

p i l e  l o a d  t e s t s  made s e v e r a l  days  a f t e r  t h e  p i l e s  were i n s t a l l e d .  For many 

s o i l s ,  p a r t i c u l a r l y  c o h e s i v e  s o i l s ,  t h e  u l t i m a t e  p i l e  c a p a c i t y  s e v e r a l  days  

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

d u r i n g  d r i v i n g  and immediately a f t e r  d r i v i n g  s t o p s .  Th is  i s  i l l u s t r a t e d  by 

t h e  l o a d  t e s t  r e s u l t s  (16) shown on F i g .  23-6 which show measured i n c r e a s e s  i n  

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

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

o b t a i n e d  u n t i l  a  month o r  more a f t e r  d r i v i n g .  There a r e  o t h e r  s o i l s ,  g e n e r a l l y  

c o h e s i o n l e s s  s o i l s ,  t h a t  e x h i b i t  r e l a t i v e l y  l i t t l e  change i n  u l t i m a t e  

c a p a c i t y  w i t h  t ime  a f t e r  d r i v i n g .  One method t o  e s t i m a t e  t h e  r e s i s t a n c e  

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

some t i m e  a f t e r  d r i v i n g  i s  t o  e v a l u a t e  t h e  e f f e c t s  of d r i v i n g  on t h e  com- 

ponents  of t h e  s t a t i c  p i l e  c a p a c i t y  which a r e  t h e  f r i c t i o n a l  r e s i s t a n c e  on t h e  s i d e  

and t h e  end b e a r i n g  on t h e  t i p  of t h e  p i l e .  



L ' S i d e  F r i c t i o n .  The p i l e - s o i l  s t a t i c  f r i c t i o n a l  r e s i s t a n c e  can  change 

d u r i n g  d r i v i n g  and a f t e r  d r i v i n g  h a s  c e a s e d .  The magnitude of t h i s  change . 

depends t o  some e x t e n t  on t h e  t y p e  of t h e  s o i l .  For p i l e s  i n  sand ,  t h e  

s t a t i c  r e s i s t a n c e  d u r i n g  d r i v i n g  u s u a l l y  i s  assumed t o  be  e q u a l  t o  t h e  

s t a t i c  r e s i s t a n c e  s e v e r a l  weeks a f t e r  d r i v i n g .  There i s  some f i e l d  e v i -  

dence  of t h i s  because  when t h e r e  i s  a  s i g n i f i c a n t  d e l a y  i n  d r i v i n g  a  p i l e  i n  

sand ,  t h e  r a t e  of p e n e t r a t i o n  f o r  t h e  p i l e  f r e q u e n t l y  i s  about  t h e  same a f t e r  

t h e  d e l a y  as i t  was j u s t  b e f o r e  t h e  d e l a y .  

For many c l a y s ,  t h e  s t a t i c  f r i c t i o n  r e s i s t a n c e  dur ing  d r i v i n g  may be  

s i g n i f i c a n t l y  less t h a n  t h e  s t a t i c  f r i c t i o n  r e s i s t a n c e  a  few weeks o r  some- 

t i m e s  even hours ,  a f t e r  d r i v i n g .  To i l l u s t r a t e  t h i s ,  c o n s i d e r  F ig .  23-7 

which shows t y p i c a l  i n  s i t u  and remolded s t r e n g t h  p r o f i l e s  f o r  a  normally- 

[ '  
c o n s o l i d a t e d  c l a y .  During d r i v i n g  of a  l o n g  o f f s h o r e  p i l e ,  t h e  c l a y  can b e  

remolded a lmos t  comple te ly  d u r i n g  c o n t i n u o u s  d r i v i n g .  The r e d u c t  i o n  i n  

f r i c t i o n a l  r e s i s t a n c e  a t  a  g iven  d e p t h  p robab ly  is a  f u n c t i o n  of t h e  l e n g t h  

of p i l e  that h a s  passed that d e p t h  a s  sugges ted  by t h e  " f r i c t i o n  f a t i g u e "  

t h e o r y  proposed by ~eerema' ' ') .  However, u n t i l  t h e r e  a r e  methods t o  

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

i n  c l a y s  c a n  b e  e s t i m a t e d  by assuming t h e  c l a y s  t o  b e  comple te ly  remolded. 

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

i n c r e a s e s  u n t i l  i t  approaches ,  a f t e r  a  few weeks, t h e  s t a t i c  r e s i s t a n c e  a s  

e s t i m a t e d  by one of t h e  computa t iona l  p rocedures  f o r  u l t i m a t e  p i l e  c a p a c i t y .  

Th i s  can produce t h e  d i f f e r e n t  p i l e  c a p a c i t i e s  shown on F i g .  23-8. The 

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

. . 
s o i l  "set-up." I n f o r m a t i o n  from a  l i m i t e d  number of t e s t s  on f u l l - s c a l e  



C , -  ) p i l e s  d r i v e n  i n  c l a y  i n d i c a t e s  t h a t  t h e  magnitude of t h e  "set-up" may be 

on t h e  o r d e r  of t h e  r a t i o  of t h e  u n d i s t u r b e d  t o  t h e  remolded s o i l  s h e a r  

s t r e n g t h ,  r e f  e r r e d  t o  a s  t h e  s e n s i t i v i t y  of t h e  c l a y .  Th is  l e n d s  some 

c r e d e n c e  t o  t h e  u s e  of t h e  remolded s h e a r  s t r e n g t h  of c l a y s  t o  e s t i m a t e  t h e  

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

End Bear ing .  End b e a r i n g  r e s i s t a n c e  t o  d r i v i n g  of a  p i l e  probably  i s  

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

r e s i s t a n c e  can be  computed on t h i s  assumption.  The primary v a r i a b l e  i n  t h e  

end b e a r i n g  r e s i s t a n c e  i s  t h e  e f f e c t i v e  end a r e a .  For p i l e s  w i t h  s o l i d  

c r o s s - s e c t i o n s  o r  w i t h  end c l o s u r e s ,  t h e  e f f e c t i v e  end a r e a  is  t h e  g r o s s  

end a r e a .  Most o f f s h o r e  p i l e s ,  however, a r e  s t e e l  p i p e s  d r i v e n  w i t h  open 

ends .  I n  t h e  i n i t i a l  d r i v i n g ,  t h i s  p i l e  t y p e  u s u a l l y  w i l l  "core" t h e  s o i l  

so  t h a t  t h e  s o i l  s u r f a c e  i n s i d e  and o u t s i d e  t h e  p i l e  a r e  a t  about  t h e  same 

l e v e l .  The end b e a r i n g  i n  t h i s  c a s e  is o n l y  on t h e  c r o s s - s e c t i o n a l  end 

a r e a  of t h e  p i p e  walls. When t h e  p i l e  i s  d r i v e n  t o  g r e a t e r  p e n e t r a t i o n s  o r  

p o s s i b l y  when i t  e n c o u n t e r s  a  s t r o n g e r  m a t e r i a l  such  a s  sand o r  hard  c l a y ,  

t h e  p i l e  may "plug" so  t h a t  t h e  s o i l  i n s i d e  t h e  p i l e  moves w i t h  t h e  p i l e  a s  

i t  moves downward. With t h e  p r e s e n t  s t a t e  of t h e  a r t ,  i t  i s  d i f f i c u l t  t o  

p r e d i c t  when a  p i l e  w i l l  p l u g ,  bu t  i t  probab ly  i s  t r u e  t h a t  a  deep- 

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

p l u g s .  During c o n t i n u o u s  d r i v i n g  i n  c l a y ,  l a r g e  d iamete r  p i p e  p i l e s  a r e  

n o t  l i k e l y  t o  plug.  I f  d r i v i n g  c e a s e s  f o r  s e v e r a l  hours  o r  days ,  however, 

a  p lug  can f o r m  due  t o  s o i l  se t -up.  

It can  be  s e e n  from t h e  above d i s c u s s i o n  t h a t  t h e r e  i s  no un ique  

r e s i s t a n c e  d u r i n g  d r i v i n g  f o r  a  p i l e .  We c a n ,  however, t a k e  t h e  s o i l  



L ' i n f o r m a t i o n  and develop e s t i m a t e d  r e s i s t a n c e  d u r i n g  d r i v i n g  f o r  s e v e r a l  

c o n d i t i o n s  that could  develop d u r i n g  t h e  i n s t a l l a t i o n .  Curve 1 on F ig .  

23-9 i s  t h e  e s t i m a t e d  r e s i s t a n c e  d u r i n g  con t inuous  d r i v i n g .  Th is  c u r v e  i s  

o b t a i n e d  by computing s i d e  f r i c t i o n  in c l a y s  u s i n g  remolded s h e a r  s t r e n g t h s ,  

s i d e  f r i c t i o n  i n  sands  u s i n g  t h e  s t a t i c  s i d e  f r i c t i o n ,  and t h e  end b e a r i n g  

on  t h e  p i l e  w a l l  end a r e a  (no p l u g ) .  There i s  no r e l i a b l e  way t o  d i s t i n g u i s h  

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

column i n s i d e  t h e  p i l e .  The p rocedure  f o r  e s t i m a t i n g  s i d e  f r i c t i o n  g i v e n  

above u s i n g  t h e  o u t s i d e  s u r f a c e  a r e a  of t h e  p i l e  i s  cons idered  t o  r e p r e s e n t  

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

d r i v i n g .  Curve 2  on F i g .  23-9 i s  t h e  e s t i m a t e d  r e s i s t a n c e  d u r i n g  d r i v i n g  

i f  t h e  p i l e  p l u g s  so  t h a t  t h e  s o i l  i n s i d e  t h e  p i l e  moves downward w i t h  t h e  

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

a s  f o r  Curve 1 but  w i t h  end b e a r i n g  on t h e  g r o s s  end a r e a  of t h e  p i l e .  

Curve 3 on F i g .  23-9 i s  t h e  computed u l t i m a t e  compress ive  c a p a c i t y  f o r  t h e  

p i l e  and is  a n  e s t i m a t e  of t h e  r e s i s t a n c e  t o  d r i v i n g  a f t e r  a  long  d e l a y  i n  t h e  

d r i v i n g .  Curves 1 and 3  on F i g .  23-9, t h e r e f o r e ,  r e p r e s e n t  t h e  r a n g e  of 

e s t i m a t e d  r e s i s t a n c e  t o  d r iv2ng  t h a t  might  b e  encountered i n  t h e  i n s t a l -  

l a t i o n  of a  p i l e  by d r i v i n g .  

INTERPRETATION OF DRIVABILITY 

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

c a n  be overcome by a  g iven  hammer-soil-pile sys tem t o  t h e  r e s i s t a n c e  t h a t  

t h e  s o i l  w i l l  o f f e r  t o  p i l e  p e n e t r a t i o n .  One method t o  i n t e r p r e t  d r i v a b i l i t y  

i s  i l l u s t r a t e d  on F i g .  23-9. Curves 1 ,  2  and 3  r e p r e s e n t  t h e  e s t i m a t e d  

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



d? and c i rcumstances  t h a t  might be encountered d u r i n g  t h e  p i l e  i n s t a l l a t i o n .  

I n f o r m a t i o n  on t h e  r e s i s t a n c e  that can  be  overcome by t h e  hammer-pile-soil . 

system i s  p r e s e n t e d  on F i g .  23-3. Because of damage t o  t h e  p i l e - d r i v i n g  

hammer and o t h e r  equipment w i t h  ha rd  d r i v i n g ,  most hammer m a n u f a c t u r e r s  and 

consequen t ly  p i l e  i n s t a l l a t i o n  c o n t r a c t o r s  w i l l  p l a c e  a  l i m i t  t o  t h e  number 

of blows p e r  f o o t  of p i l e  p e n e t r a t i o n  a t  which t h e y  w i l l  c o n t i n u e  t o  o p e r a t e  

hammers f o r  any g r e a t  p e r i o d  of t ime.  I f  t h e  assumption i s  made t h a t  t h i s  

l i m i t  i s  200 blows p e r  f o o t ,  v a l u e s  f o r  t h e  g r e a t e s t  r e s i s t a n c e  t h a t  c a n  be  

overcome by t h e  p a r t i c u l a r  hammer-pile-soil sys tem a t  d i f f e r e n t  d e p t h s  can  

b e  o b t a i n e d  by t h e  i n t e r s e c t i o n  of t h e  l i n e  f o r  200 blows p e r  f o o t  w i t h  t h e  

c u r v e s  on F i g .  23-3. These v a l u e s  a r e  p l o t t e d  a t  t h e  r e s p e c t i v e  d e p t h s  on 

F ig .  23-9 and a r e  used t o  c o n s t r u c t  t h e  dashed l i n e  r e p r e s e n t i n g  t h e  t r e n d  

C 
w i t h  p i l e  p e n e t r a t i o n  f o r  t h e  r e s i s t a n c e  t h a t  can  be overcome by t h e  

hammer-pile-soil  sys tem used f o r  t h e  wave e q u a t i o n  a n a l y s i s .  This  t r e n d  

l i n e  i n t e r s e c t s  Curve 3 a t  a  p e n e t r a t i o n  of abou t  210 f t  and Curve 1 a t  a  

p e n e t r a t i o n  of about  330 f t .  Th i s  immediately i n d i c a t e s  two f a c t o r s  concern ing  

p i l e  d r i v a b i l i t y .  The f i r s t  i s  t h a t  t h e r e  should be  no problem f o r  t h i s  

hammer t o  d r i v e  t h i s  p i l e  a t  ' t h i s  l o c a t i o n  t o  a  p e n e t r a t i o n  of abou t  210 

f t .  The second f a c t  i s  t h a t  even under  t h e  b e s t  c i rcumstances  i t  may n o t  

be p o s s i b l e  t o  d r i v e  t h i s  p i l e  w i t h  t h i s  hammer t o  a  p e n e r r a t i o n  more t h a n  

abou t  330 f t .  For p i l e  p e n e t r a t i o n s  between 210 and 330 f t ,  p i l e  d r i v a b i l i t y  

i s  l e s s  d e f i n i t e  because  t h e  p e n e t r a t i o n  t o  which t h e  p i l e  can  be  d r i v e n  

n a y  depend on f a c t o r s  t h a t  a r e  n o t  e a s i l y  p r e d i c t a b l e .  

One f a c t o r  t h a t  i s  n o t  e a s i l y  p r e d i c t a b l e  i s  plugging of t h e  p i l e .  

There  is  v e r y  l i t t l e  i n f o r m a t i o n  a v a i l a b l e  a t  t h i s  t ime  t o  p r e d i c t  w i t h  any 



I ' c e r t a i n t y  i f  a  p i l e  w i l l  p lug  d u r i n g  d r i v i n g  o r  t h e  d e p t h  a t  which it 

might  p l u g .  The t r e n d  l i n e  i n t e r s e c t s  Curve 2  a t  a p e n e t r a t i o n  of abou t  

305 f  t which i n d i c a t e s  t h a t  i t  may n o t  be  p o s s i b l e  t o  d r i v e  a  p i l e  below 

t h i s  p e n e t r a t i o n  i f  t h e  p i l e  should  p l u g .  While t h e  e f f e c t  of t h e  p i l e  

p lugg ing  on t h e  p e n e t r a t i o n  t o  which t h e  p i l e  can be d r i v e n  i s  r e l a t i v e l y  

minor f o r  t h e  hammer-pile-soil  sys tem of F ig .  23-9, t h e  e f f e c t  i s  more 

s i g n i f i c a n t  f o r  t h e  sys tem shown on F i g .  23-10. The i n f o r m a t i o n  on F ig .  

23-10 would i n d i c a t e  that t h e  p i l e  would r e a c h  r e f u s a l  a lmos t  immediately 

i f  i t  p l u g s  a f t e r  t h e  t i p  e n t e r s  t h e  sand l a y e r  found a t  a  p e n e t r a t i o n  of 

abou t  240 f t .  

A second f a c t o r  t h a t  may n o t  be p r e d i c t a b l e  is  t h e  number and l e n g t h  

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

d r i v i n g ,  p a r t i c u l a r l y  i f  t h e  p i l e  i s  be ing  d r i v e n  i n  predominate ly  c l a y  a s  

t h e  c a s e  f o r  F i g .  23-9, t h e  r e s i s t a n c e  of t h e  s o i l  t o  t h e  p i l e  p e n e t r a t i o n  

w i l l  t end  t o  i n c r e a s e  from t h a t  i n d i c a t e d  by Curve 1 towards t h e  r e s i s t a n c e  

i n d i c a t e d  by Curve 3 .  A s  t h e  p e n e t r a t i o n  f o r  t h e  t r e n d  l i n e  f o r  t h e  g r e a t e s t  

r e s i s t a n c e  that can be overcome by t h e  hammer-pile-soil  sys tem i n c r e a s e s  

below t h e  i n t e r s e c t i o n  of t h e  t r e n d  l i n e  and Curve 3 towards  Curve 1,  t h e  

p e n e t r a t i o n  t o  which t h e  p i l e  can be d r i v e n  becomes more s u s c e p t i b l e  t o  t h e  

l e n g t h  of any d e l a y  d u r i n g  d r i v i n g .  Long o f f s h o r e  p i l e s  a r e  d r i v e n  i n  

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

welded on to  t h e  d r i v e n  p o r t i o n  of t h e  p i l e .  These d e l a y s  a r e  n e c e s s a r y  and 

w h i l e  t h e  number i s  known, t h e  l e n g t h s  a r e  n o t .  The i n f o r m a t i o n  such  as t h a t  

p r e s e n t e d  on F i g .  23-9 and 23-10 may be  used t o  p l a n  t h e  l o c a t i o n s  of t h e  

p i l e  add-ons t o  minimize t h e  e f f e c t s  of t h e  n e c e s s a r y  d e l a y s .  This  i n f o r -  

mat ion a l s o  c a n  be  used t o  make a n  e v a l u a t i o n  of t h e  p o s s i b l e  e f f e c t s  of 



' unforeseen  d e l a y s  due  t o  wea ther ,  equipment breakdowns and o t h e r  c a u s e s .  

A second method t o  i n t e r p r e t  d r i v a b i l i t y  i s  i l l u s t r a t e d  on F ig .  23-11 

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

p e n e t r a t i o n  v e r s u s  p i l e  p e n e t r a t i o n .  These c u r v e s  were o b t a i n e d  from t h e  

e s t i m a t e d  r e s i s t a n c e  t o  d r i v i n g  o f f e r e d  by t h e  s o i l  g iven  i n  F ig .  23-9 

and t h e  r e s i s t a n c e  t h a t  can be overcome by t h e  hammer-pile-soil system 

g i v e n  i n  F i g .  23-3. The lower c u r v e  on F i g .  23-11 w a s  developed by o b t a i n -  

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

p e n e t r a t i o n s  from Curve 1 on F ig .  23-9 and u s i n g  t h e s e  v a l u e s  t o  o b t a i n  

e s t i m a t e d  d r i v i n g  r a t e s  a t  t h e  p e n e t r a t i o n s  from t h e  c u r v e s  on F ig .  23-3. 

The o t h e r  two c u r v e s  on F i g .  23-11 were  developed i n  a  similar manner u s i n g  

Curves 2  and 3  on F ig .  23-9. 

The i n t e r p r e t a t i o n  of d r i v a b i l i t y  u s i n g  i n f o r m a t i o n  a s  p r e s e n t e d  on 

F i g .  23-11 i s  s i m i l a r  t o  t h e  i n t e r p r e t a t i o n  u s i n g  i n f o r m a t i o n  a s  p r e s e n t e d  

on F i g .  23-9. Assuming t h a t  a  d r i v i n g  r a t e  of 200 blows p e r  f o o t  r e p r e -  

s e n t s  t h e  d r i v i n g  l i m i t ,  i t  may be seen  on F i g .  23-11 t h a t  t h e r e  should be 

no problem t o  d r i v e  t h e  p i l e  t o  a  p e n e t r a t i o n  of about  210 f t .  It a l s o  can 

be  seen t h a t  i t  may be  d i f f i c u l t ,  even under  t h e  b e s t  c o n d i t i o n s ,  t o  d r i v e  

t h e  p i l e  t o  a  p e n e t r a t i o n  much g r e a t e r  t h a n  abou t  330 f t .  I n  between t h e s e  

two d e p t h s ,  t h e  p e n e t r a t i o n  t o  which t h e  p i l e  can be d r i v e n  w i l l  depend on 

whether t h e  p i l e  p l u g s ,  on t h e  d u r a t i o n  of any d e l a y s  d u r i n g  d r i v i n g  and 

t h e  p e n e t r a t i o n  a t  which t h e y  o c c u r ,  and on o t h e r  f a c t o r s  that a r e  n o t  

e n t i r e l y  p r e d i c t a b l e .  

It should be e v i d e n t  from t h e  i n f o r m a t i o n  p r e s e n t e d  h e r e  t h a t  a  

d r i v a b i l i t y  a n a l y s i s  does  n o t  n e c e s s a r i l y  produce a  s i n g l e  o r  un ique  answer 



C) t o  t h e  ques t ion  about t h e  a b i l i t y  of a  given hammer t o  i n s t a l l  a  p a r t i c u l a r  

p i l e  t o  a s p e c i f i c  pene t r a t ion  a t  a  l o c a t i o n .  It should be recognized t h a t  

p r e c i s e ,  s ingu la r  r e s u l t s  a r e  no t  obtained from e i t h e r  t h e  wave equat ion 

a n a l y s i s  t o  o b t a i n  t h e  r e s i s t a n c e  t h a t  can be overcome by t h e  hammer-pile- 

s o i l  system o r  t h e  a n a l y s i s  t o  e s t ima te  t h e  r e s i s t a n c e  t h a t  t h e  s o i l  w i l l  

o f f e r  t o  d r i v i n g .  Because of t h i s ,  cons ide rab le  engineering judgment must 

be used wi th  t h e s e  r e s u l t s  t o  o b t a i n  an  eva lua t ion  of p i l e  d r i v a b i l i t y .  It 

u s u a l l y  i s  p o s s i b l e  t o  s e l e c t  a  pene t r a t ion  where it i s  almost c e r t a i n  a  

p i l e  can be d r iven  and a l s o  t o  s e l e c t  a  p e n e t r a t i o n  beyond which a p i l e  

probably cannot be d r iven .  This  l eaves  a  range  of p e n e t r a t i o n ,  which may 

be s i g n i f i c a n t l y  l a r g e ,  where t h e  a c t u a l  p e n e t r a t i o n  t o  which t h e  p i l e  can 

be d r iven  may depend on f a c t o r s  t h a t  cannot be predetermined. However, t h e  

r e s u l t s  of t h e  d r i v a b i l i t y  a n a l y s i s  used wi th  engineering judgment w i l l  

permit a  b e t t e r  eva lua t ion  of t h e  p r o b a b i l i t y  of i n s t a l l i n g  a  p i l e  t o  a  

given pene t r a t ion  wi th  a p a r t i c u l a r  hammer than  wi th  no information a t  a l l .  

This  information a l s o  has been found t o  be u s e f u l  t o  eva lua t e  t h e  e f f e c t s  

of unforseen events  occurr ing  during p i l e  d r i v i n g  in a r r i v i n g  a t  dec i s ions  

t h a t  have t o  be made dur ing  pi le i n s t a l l a t i o n .  
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TABLE 23.1  PROPERTIES OF SOME H A t R S  

H a m e r  

Vulcan 6300 

HBM 4000 

Nenck 12500 

HBM 3000A 

Menck 8000 

Vulcan 5150 

Elenck 7000 

HBM 3000 

Vulcan 5100 

Menck 4600 

HBM 1500 

Menck 3000 

Vulcan 3100 

Vulcan 560 

Kobe K-150 

Delmag D80-12 

Vulcan 540 

Menck 1800 

Vulcan 360 

MKT OS-60 

Delmag D62-02 

M i t s u b i s h i  MB 70 

Vulcan 530 

MKT OS-40 

Vulcan 340 

Delmag D55 

Kobe K-60 

Vulcan 400C 

Delmag D46-02 

Kobe K-45 

Menck 850  

Vulcan 030 

Delmag D44 

Delmag D36-02 

Kobe K-42 

HBM 500 

D e l m g  D30-02 

Vulcan 020 

S T  OS-20 

Rated Energy 
f t - l b  

Weight  
Ram 
1 b 

300,000 

205,000 

275,580 

152 ,000  

176 ,370  

150 ,000  

154 ,000  

1 3 8 , 8 9 0  

1 0 0 , 0 0 0  

101 ,410  

55,000 

66,140 

100 ,000  

62.500 

33 ,100  

19 ,500  

40.000 

38 ,580  

60,000 

60,000 

1 4 , 0 0 0  

1 5 , 8 4 0  

30 ,000  

40,000 

40 ,000  

12 ,100  

1 3 , 2 0 0  

40 ,000  

10 ,120  

9 ,900  

18 ,960  

30 ,000  

9 ,500  

7 ,900  

9,200 

9 ,480  

6 ,600  

20.000 

20,000 

Weight 
Impact  Block  

1 b 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

% e i g h t  
D r i v e  Cap 

3 ~ x p l o s i v e  
Force  

l b  

' ~ n f o r m a t i o n  t a k e n  from m a n u f a c t u r e r ' s  p u b l i s h e d  data. 
7 
' o f f s h o r e  d r i v e  c a p  o b t a i n e d  f rom m a n u f a c t u r e r  when a v a i l a b l e ;  o t h e r  d r i v e  c a p s  may be u s e d .  

3Xaximum e x p l o s i v e  f o r c e  on  p i l e .  



0 TABLE 2 3 . 2  - TYPICAL PROPERTIES FOR COMMONLY-USED CAPBLOCK CUSHION MATERIALS 

Material 

Aluminum P l a t e s  

Dynamic Modulus 

of E l a s t i c i t y  1 

2 C o e f f i c i e n t  of 
k i p s /  in. R e s t i t u t i o n  

Asbes tos  150 0.5 

Conbest 

Hardwood ( l o a d  
p a r a l l e l  t o  g r a i n )  

Micar ta  450 0.8 

S t  e e l  P l a t e s  

I 
Values f o r  well-compressed,  used m a t e r i a l  and t h e  s h e a r  l e v e l s  of 
o f f  s h o r e  p i l e  d r i v i n g .  

2  
When t h e s e  metal p l a t e s  a r e  used i n  combinat ion w i t h  a n o t h e r  
cush ion  m a t e r i a l  t h e  c o e f f i c i e n t  of r e s t i t u t i o n  of t h e  o t h e r  
m a t e r i a l  should  be used.  



u N 
Pl b 

- 4  

X 
0 fa, 

m ?  1 
0 0 



F i g .  23-1 

F i g .  23-2 

F i g .  23-3 

F i g .  23-4 

F i g .  23-5 

F i g .  23-6 

F i g .  23-7 

F i g .  23-8 

F i g .  23-9 

F i g .  23-10 

F i g .  23-11 

Chapter  22 I l l u s t r a t i o n  Cap t ions  

One d i m e n s i o n a l  wave e q u a t i o n  

Hammer-pile-soil sys tem r e p r e s e n t a t i o n  

Bear ing  g r a p h s  f rom wave e q u a t i o n  a n a l y s e s  

Force-deformat ion p r o p e r t i e s  of  c a p b l o c k  

S o i l  load-def ormat i o n  c h a r a c t e r i s t i c s  

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

S t r e n g t h  l o s s  by remold ing  f o r  normal ly -conso l ida ted  c l a y s  

P i l e  c a p a c i t y  g a i n  w i t h  se t -up .  

I n t e r p r e t a t i o n  of p i l e  d r i v e a b i l i t y  - r e s i s t a n c e  t o  d r i v i n g  
p rocedure ,  Example 1 

I n t e r p r e t a t i o n  of p i l e  d r i v e a b i l i t y  - r e s i s t a n c e  t o  d r i v i n g  
p r o c e d u r e ,  Example 2  

I n t e r p r e t a t i o n  of p i l e  d r i v e a b i l i t y  - ra te  of p e n e t r a t i o n  
p r o c e d u r e  



Pile 

Disturbance 

C 
Material Properties --nr 

- 
Resistance 

E = Modulus of Elasticity 
p = Mass Density 

C = d E / p  = Stress Wave Velocity 

x 



idealized Pile 



3000 ---- 
I 

0 

Vulcan 3100 Hammer 
I 

48in.-Diameter Pipe Pile 
I 

500--Symbol %at  Tip. Pen., f t  Max. Camp.-Stress, ksi - 
--0-- 10.5 21 0 20.9 --- 10.5 321 21.3 

10.5 366 21.7 
0 1 I I I I 

0 50 100 150 200 250 300 

Rate of Penetration, Blows Per Foot 



Force 

Deformation 



Load 

FQ+ 

. (a) Static 

(b) Dynamic 

(A+- f fw54, 1.j 70) 





Shear Strength of Soil, ~ i ~ s / ~ t  

Typical In Situ Soil 
Shear 'Strength for 
Normally Consolidated Clay 



Ultimate Pile Capacity, Kips 



1. Estimated Resistance to Driving, Ru , based on 
remolded side friction in clay, static side friction 
in sand and end bearing on pile wall end area. 

2. Estimated Resistance to Driving, Ru , based on 
remolded side friction in clay, static side friction 
in sand and end bearing - on pile gross end area. 

3. 'computed Ultimate Compressive -- Pile Capacity, Q, 
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1. Estimated Resistance to Driving, R, , based on 
remolded side friction in clay, static side friction 
in sand and end bearing on pile wall end area. 

2. Estimated Resistance to Driving, Ru , based on 
remolded side friction in clay, static side friction 
in sand and end bearing on pile gross end area. 

3. Computed Ultimate Compressive Pile Capacity, Q, 




