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C H A P T E R  I 

INTRODUCTION 
I 

G e n e r a l  B a c k g r o u n d  

The  p r o b l e m  o f  p i l e - d r i v i n g  a n a l y s i s  has  b e e n  o f  

g r e a t  i n t e r e s t  t o  e n g i n e e r s  f o r  many y e a r s .  E v e r  

I s i n c e  t h e  f i r s t  e n g i n e e r  p r o p o s e d  a  m e t h o d  f o r  p r e -  
4 

?' 
I d i c t i n g  t h e  l o a d  c a r r y i n g  c a p a c i t y  o f  a  p i l e ,  t h e  
I 

1 w h o l e  s u b j e c t  o f  p i l e  d r i v i n g  has  become a  much d e -  

b a t e d  f i e l d  i n  e n g i n e e r i n g .  I n  o t h e r  a r e a s  new 

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

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

1 r e s u l t i n g  d i s c u s s i o n .  However ,  t h e  p r o p o s a l  o f  a  new 

p i l i n g  a n a l y s i s  i s  s u r e  t o  s t i r  much i n t e r e s t  a n d  

I o f t e n  some r a t h e r  h e a t e d  d i s c u s s i o n s .  

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

h a v e  b e e n  p r o p o s e d 1 ,  n o t  i n c l u d i n g  t h e  c o u n t l e s s  

f o r m u l a  m o d i f i c a t i o n s  w h i c h  a r e  u s e d 2 ,  many e n g i n e e r s  

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

3 l e s s  o f  t h e  d r i v i n g  c o n d i t i o n s  e n c o u n t e r e d  . A l t h o u g h  

many o f  t h e  e r r o n e o u s  a s s u m p t i o n s  made i n  t h e s e  

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

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

p r o b l e m  seems t o  h a v e  r e c e i v e d  l e s s  a t t e n t i o n .  However ,  

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

(J 



from c a s e  t o  c a s e ,  t h e  e n g i n e e r  has no means o f ,  d e t e r -  

mining how s i g n i f i c a n t  t h e  pa ramete r  may b e ,  nor  can 
1. 

he t e l l  i n  which d i r e c t i o n  o r  t o  what e x t e n t  t h e  change 

w i l l  va ry  t h e  r e s u l t s .  Thus ,  t o  o b t a i n  an a c c u r a t e  

s o l u t i o n  o b v i o u s l y  r e q u i r e s  t h a t  fewer  e r r o n e o u s  a s -  

sumpt ions  be made r e g a r d i n g  t h e  dynamic b e h a v i o r  of  

t h e  m a t e r i a l s  and equipment  used i n  p i l e  d r i v i n g ,  and 

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

a n a l y s i s .  

The f i r s t  of t h e s e  problems was s o l v e d  when i t  

was no ted  t h a t  p i l e  d r i v i n g  i s  a c t u a l l y  a  c a s e  of 

l o n g i t u d i n a l  i m p a c t ,  governed by t h e  wave e q u a t i o n  

1 r a t h e r  t h a n  by s t a t i c s  o r  r i g i d - b o d y  d y n a m i c s 6 3 7 .  

However, s i n c e  t h e  e x a c t  s i m u l a t i o n  and s o l u t i o n  of 

t h e  wave e q u a t i o n  a p p l i e d  t o  p i l i n g  a r e  e x t r e m e l y  

complex f o r  a l l  b u t  t h e  s i m p l e s t  p rob lems ,  many 

s i g n i f i c a n t  p a r a m e t e r s  s t i l l  had t o  be n e g l e c t e d .  
b 

i The second problem was l a t e r  s o l v e d  by s m i t h 8 ,  

who proposed  a  numer ica l  s o l u t i o n  t o  t h e  wave equa-  

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

i n v o l v e d  i n  p i l e - d r i v i n g  a n a l y s i s .  T h i s  method of  

a n a l y s i s  was a p p l i c a b l e  t o  t a p e r e d ,  s t e p p e d ,  and com- 

p o s i t e  p i l e s ,  t o  n o n - l i n e a r  s o i l  r e s i s t a n c e  and s o i l  

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

h e l m e t s ,  e t c .  In  o t h e r  words ,  i t  was a  c o m p l e t e l y  
3 



g e n e r a l  m e t h o d  f o r  s i m u l a t i o n  and  a n a l y s i s  o f  t h e  com- 

p l e x  p r o b l e m  o f  p i l e  d r i v i n g .  

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

w o r k  u s e d  i n  t h i s  r e p o r t  was r e p o r t e d  b y  o t h e r  i n v e s t i -  

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

number o r  name u s e d  h e r e i n  w i l l  b e  t h e  same as u s e d  

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

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

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

t h e  o r i g i n a l  p a p e r .  

O b j e c t i v e s  

The o b j e c t i v e s  o f  t h i s  r e s e a r c h  a r e :  

1 .  ' To  r e v i e w  a n d  s u m m a r i z e  S m i t h ' s  o r i g i n a l  m e t h o d  

o f  a n a l y s i s  a n d  t o  d e r i v e  a  m o r e  g e n e r a l '  s o l u t i o n .  

2 .  To d e t e r m i n e  how t h e  n u m e r i c a l  s o l u t i o n  i s  a f -  

f e c t e d  b y  t h e  e l a s t i c i t y  o f  t h e  ram. 

3. To compare  r e s u l t s  g i v e n  b y  t h e  wave e q u a t i o n  

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

f i e l d  t e s t s .  

4. To i l l u s t r a t e  t h e  s i g n i f i c a n c e  o f  t h e  p a r a -  

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

damp ing ,  ram v e l o c i t y ,  m a t e r i a l  d a m p i n g  i n  t h e  p i l e ,  

s o i l  damp ing  a n d  quake ,  and  t o  d e t e r m i n e  t h e  q u a n t i -  

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



5 .  To show how t h e  wave e q u a t i o n  c a n  b e  u s e d  t o  

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

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

6 .  To d e t e r m i n e  t h e  d y n a m i c  p r o p e r t i e s  o f  t h e  

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

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

p i l e  and  i t s  s i g n i f i c a n c e .  

L i t e r a t u r e  R e v i e w  

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

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

f o u n d a t i o n .  A c c o r d i n g  t o   hell i s 9 ,  t h e r e  a r e  f o u r  

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

1 .  E m p i r i c a l  f o r m u l a s ,  w h i c h  a r e  b a s e d  o n  s t a -  

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

2 .  S t a t i c  f o r m u l a s ,  w h i c h  a r e  b a s e d  o n  t h e  s i d e  

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

a s  d e t e r m i n e d  b y  s o i l s  i n v e s t i g a t i o n s ,  

3 .  D y n a m i c  f o r m u l a s ,  w h i c h  assume t h a t  t h e  

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

c a p a c i t y  o f  t h e  p i l e ,  a n d  

4 .  The wave e q u a t i o n ,  w h i c h  assumes o n l y  t h o s e  

p a r a m e t e r s  f o r  w h i c h  t h e  b e h a v i o r  has  n o t  y e t  b e e n  

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

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



been w i d e l y  no ted  ' O s l l  and need n o t  be r e s t a t e d  a t  t h i s  

t i m e .  
! 

I s a a c s  i s  t h o u g h t  t o  have f i r s t  no ted  t h a t  t h e  
/ 

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

@ i n g ' * .  However,  FOX'^ was p r o b a b l y  t h e  f i r s t  person  t o  

p ropose  t h a t  an e x a c t  s o l u t i o n  be used f o r  p i l e - d r i v i n g  

a n a l y s i s .  S h o r t l y  t h e r e a f t e r ,  G l a n v i l l e ,  Grime, Fox, 

and ~ a v i e s l ~  p u b 1  i s h e d  . t h e  f i r s t  c o r r e l a t i o n s  between 

e x p e r i m e n t a l  s t u d i e s  and r e s u l t s  de te rmined  by t h e  

e x a c t  s o l u t i o n  t o  t h e  wave e q u a t i o n  developed by Fox. 

S i n c e  t h i s  e x a c t  s o l u t i o n  was e x t r e m e l y  complex, t h e y  

were f o r c e d  t o  use  s i m p l i f i e d  boundary c o n d i t i o n s  

11 i n c l u d i n g  z e r o  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 p e r f e c t l y  

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

a c t i n g  o n l y  a t  t h e  t i p  of t h e  p i l e .  However, even 

u s i n g  t h e s e  s i m p l i f i e d  boundary c o n d i t i o n s ,  t h e y  o b t a i n -  

ed r e a s o n a b l y  a c c u r a t e  r e s u l t s .  

In 1940 cummings15 d i s c u s s e d  s e v e r a l  e r r o r s  i n -  

h e r e n t  i n  dynamic p i l e - d r i v i n g  f o r m u l a s  and reviewed 

t h e  p r e v i o u s  work done u s i n g  t h e  wave e q u a t i o n .  How- 

e v e r ,  he a l s o  noted  t h a t  even f o r  t h e  s i m p l e s t  p rob lems ,  

" t h e  comple te  s o l u t i o n  i n c l u d e s  long  and c o m p l i c a t e d  

ma themat j ca l  e x p r e s s i o n s  s o  t h a t  i t s  u s e  f o r  a  p r a c t i c a l  

problem would i n v o l v e  l a b o r i o u s  numer ica l  c a l c u l a t i o n s . "  



8 

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

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

n o n l i n e a r  c u s h i o n  a n d  c a p b l o c k  s p r i n g s ,  and  o t h e r  
I /  1 

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

d i f f e r e n t i a l  e q u a t i o n .  H o w e v e r ,  i n  1950   mi t h 1 6  p r o p o s e d  

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

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

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

He h a s  s i n c e  c o n t i n u e d  t o  u p d a t e  h i s  m e t h o d  a n d  has  

p u b l i s h e d  v a r i o u s  o t h e r  w o r k s  17,18,19,20,21 

S m i t h ' s  m e t h o d  o f  s o l u t i o n  d i d  n o t  r e a l l y  become 

p o p u l a r  u n t i l  1 9 6 0  when h e  p u b l i s h e d  a  summary o f  h i s  

2 2  n u m e r i c a l  m e t h o d  a p p l i e d  t o  p i l e - d r i v i n g  a n a l y s i s  . 
1.n t h i s  p a p e r  he  recommended a  number  o f  m a t e r i a l  c o n -  

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

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

m a t e r i a l .  

S m i t h ' s  m e t h o d  o f  a n a l y s i s  r e c e i v e d  c o n s i d e r a b l e  

i n t e r e s t 2 3 ,  and  t w o  a p p l i c a t i o n s  o f  t h e  wave e q u a t i o n  

w e r e  s u g g e s t e d :  

1 .  The i m m e d i a t e  a p p l i c a t i o n  o f  t h e  wave e q u a t i o n ,  

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

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

2 .  To p e r f o r m  e x t e n s i v e  p a r a m e t e r  s t u d i e s  i n  

o r d e r . t o  d e t e r m i n e  t r e n d s  a n d  t o  g a i n  m o r e  i n s i g h t  i - n t o  



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

r e l a t i v e  s i g n i f i c a n c e  o f  t h e s e  pa, rameters .  

I m m e d i a t e l y  a f t e r  t h e  a p p e a r a n c e  o f  S m i t h ' s  p a p e r  
1 

i n  1960 ,  t h e  B r i d g e  D i v i s i o n  o f  t h e  T e x a s  H i g h w a y  

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

T r a n s p o r t a t i o n  I n s t i t u t e  t o  p e r f o r m  e x h a u s t i v e  s t u d i e s  

o f  t h e  b e h a v i o r  o f  p i l i n g  b y  t h e  wave e q u a t i o n .  T h e i r  

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

1 :  

Smi t h ' s  n u m e r i c a l  s o l  u t i o n Z 4 .  T h i s  p r o g r a m  was i m -  

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

2  5 s t r e s s e d  c o n c r e t e  p i l i n g  w h i c h  f a i l e d  d u r i n g  d r i v i n g  , 

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

1 
26 c a u s e  p i l e  b r e a k a g e  d u e  t o  e x c e s s i v e  d r i v i n g  s t r e s s e s  . 

I n  S e p t e m b e r ,  1 9 6 2  ~ i r s c h ' ~  p u b l i s h e d  a  m a j o r  w o r k  

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

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

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

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

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

, u s i n g  t h e  wave e q u a t i o n ,  b u t  s i n c e  c o m p l e t e  d a t a  was 

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

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

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

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

wave e q u a t i o n ,  



I n  A u g u s t ,  1 9 6 3  s e v e r a l  e x t e n s i o n s  o f  S m i t h ' s  

29 m e t h o d  w e r e  p r e s e n t e d  b y  Samson, H i r s c h ,  a n d  L o w e r y  . 
C 

Two s i - m p l e  c a s e s  f o r  w h i c h  t h e  " e x a c t "  s o l u t i o n  was 

known w e r e  c o m p a r e d  w i t h  S m i t h ' s  n u m e r i c a l  s o l u t i o n  t o  

i n d i c a t e  t h e  m e t h o d ' s  a c c u r a c y .  A t h i r d  s e c t i o n  o f  

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

s t u d y  i n d i c a t i n g  how c e r t a i n  t r e n d s  i n  p i l e  d r i v i n g  

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

o f  v a r i o u s  p a r a m e t e r s .  The  r e s u l t s  f o r  s e v e r a l  t h e o -  

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

I n  1 9 6 3  H i r s c h ,  Samson, a n d  ~ o w e r ~ ~ '  p u b l i s h e d  

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

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

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

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

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

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

p i l i n g  d u r i n g  d r i v i n g . "  T h i s  r e p o r t  was b a s e d  on a n  

e x t e n s i v e  s t u d y  b y  ~ i r s c h ~ l .  

A n o t h e r  m a j o r  i n v e s t i g a t i o n  b y  ~ i r s c h ~ '  i n v o l v e d  

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

c o n c r e t e  p i l e s  d u r i n g  d r i v i n g .  O v e r  2100 s e p a r a t e  

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

t h e  f o r m  o f , g r a p h s  f o r  u s e  b y  d e s i g n  e n g i n e e r s .  The 

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



some o f  w h i c h  w e r e  a l r e a d y  known  f r o m  y e a r s  o f  e x p e r i -  

e n c e ,  w h i l e  o t h e r s  w e r e  o r i g i n a l  a n d  h a d  n o t  p r e v i o u s l y  
6 

b e e n  r e c o g n i z e d .  

I n  a n o t h e r  p a p e r  d e a l i n g  w i t h  s t r e s s  wave  t h e o r y ,  

Samson,  B u n d y ,  a n d  ~ i r s c h ~ ~  d i s c u s s e d  v a r i o u s  p r a c t i c a l  

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

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

T e x a s  G u l f  C o a s t  s i t e s  . 
I n  s e v e r a l  i n s t a n c e s ,  H i r s c h  a n d  Samson c o m b i n e d  

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

wave  e q u a t i o n  t o  d e t e r m i n e  c o r r e c t  d r i v i n g  p r a c t i c e s  

a n d  t o  d e s i g n  p r e s t r e s s e d  c o n c r e t e  p i l e s  34 ,35  

H i r s c h ' s J 6  l a t e s t  p u b 1  i c a t i o n  d e a l s  w i t h  t h e  

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

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

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

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



C H A P T E R  I 1  

A N U M E R I C A L  M E T H O D  O F  ANALYSIS 
! 

The B a s i c  S o l u t i o n  

S i n c e  1931 i t  ha s  been r e a l i z e d  t h a t  p i l e  d r i v i n g  

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

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

was a c t u a l l y  gove rned  by t h e  wave e q u a t i o n .  However, 

t h e  a p p l i c a t i o n  o f  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  

was r e s t r i c t e d  t o  v e r y  s i m p l e  p rob l ems  b e c a u s e  t h e  

e x a c t  s o l u t i o n  was complex ,  i n v o l v e d  much l a b o r ,  and 

f o r  mos t  p r a c t i c a l  c a s e s ,  r e q u i r e d  many simp1 i f y i n g  

a s s u m p t i o n s .  

However,  i n  1950  mi t h 3 7  p r o p o s e d  an a p p r o x i m a t e  

s o l u t i o n  ba sed  on c o n c e n t r a t i n g  t h e  d i s t r i b u t e d  mass 

of t h e  p i l e  (shown i n  F i g u r e  2 . l a )  i n t o  a  s e r i e s  o f  

s m a l l  w e i g h t s ,  W(1) thru W ( M P ) ,  c o n n e c t e d  by w e i g h t l e s s  

s p r i n g s  K(1 )  thru K(MP-I) ,  w i t h  t h e  a d d i t i o n  o f  s o i l  

r e s i s t a n c e  a c t i n g  on t h e  m a s s e s ,  a s  i l l u s t r a t e d  i n  

F i g u r e  2 . l b .  Time a l s o  was d i v i d e d  i n t o  s m a l l  i n c r z -  

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

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

e q u a t i o n s ,  d e v e l o p e d  by Smi t h 3 8 :  

D ( m , t )  = D(m, t -1 )  + 1 2 ~ t V ( m , t - 1 )  Eq. 2 .1  



(A) ACTUAL PILE QB') IDEALIZED PILE 

FIGURE2.1- IDEALIZATION OF A PILE FOR 
PURPOSE OF ANAWSBS 



C ( m , t )  = D ( m , t )  - D(m+ l  , t )  E q .  2 . 2  

F ( m , t )  = C ( m , t ) K ( m )  E q .  2 . 3  
!. 

R ( m , t )  = [ D ( m y t ) - Q _ l l m ~ l  

K ' ( m ) [ l + J ( m ) V ( m , t - l ) ]  E q .  2 . 4  

g a t / W ( m )  ~ q .  2 . 5  

w h e r e  - m i s  t h e  mass n u m b e r ;  - t d e n o t e s  t h e  t i m e  i n t e r v a l  

number ;  - a t  i s  t h e  s i z e  o f  t h e  t i m e  i n t e r v a l  ( s e c ) ;  

D ( m , t )  i s  t h e  t o t a l  d i s p l a c e m e n t  o f  mass number  m 
d u r i n g  t i m e  i n t e r v a l  number  - t ( i n . ) ;  V ( m , t )  i s  t h e  

v e l o c i t y  o f  mass - m d u r i n g  t i m e  i n t e r v a l  - t ( f t / s e c ) ;  

C ( m , t )  i s  t h e  c o m p r e s s i o n  o f  s p r i n g  - m d u r i n g  t i m e  

1 i n t e r v a l  - t ( i n . ) ;  F ( m , t )  i s  t h e  f o r c e  e x e r t e d  b y  s p r i n g  

number  - m b e t w e e n  s e g m e n t  numbers  (m)  a n d  ( m + t )  d u r i n g  

t i m e  i n t e r v a l  - t ( 1 b ) ;  a n d  K(m)  i s  t h e  s p r i n g  r a t e  o f  

mass m ( l b / i n . ) .  N o t e  t h a t  s i n c e  c e r t a i n  p a r a m e t e r s  do 

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

s c r i p t .  

The  q u a n t i t y  R ( m , t )  i s  t h e  t o t a l  s o i l  r e s i s t a n c e  

a c t i n g  o n  s e g m e n t  - m ( l b / i n . ) ;  K 1 ( m )  i s  t h e  s p r i n g  r a t e  

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

f o r c e  o n  mass - m ( l b / i n . ) ;  D ( m , t )  i s  t h e  t o t a l  i n e l c a ; i c  

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

m ( i n . ) ;  J ( m )  i s  a  d a m p i n g  c o n s t a n t  f o r  t h e  s o i l  a c t i n g  - 

o n  s e g m e n t  number  ( m ) ( s e c / f t ) ;  - g  i s  t h e  g r a v i t a t i o n a l  



a c c e l e r a t i o n  ( f t / s e c 2 ) ;  a n d  W(m) i s  t h e  w e i g h t  o f  s e g m e n t  

number  rn(1 b )  . - 
!, 

T h e  s o l u t i o n  i s  b e g u n  by i n i t i a l i z i n g  t h e  t i m e -  

d e p e n d e n t  p a r a m e t e r s  t o  z e r o  a n d  b y  g i v i n g  t h e  ran: a n  

i n i t i a l  v e l o c i t y .  T h e n  a n  i n c r e m e n t a l  a m o u n t  o f  t i ~ e  

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

g i v e n  by E q u a t i o n  2 . 1 .  T h e  d i s p l a c e m e n t s  D ( m , I )  o f  t h e  

o t h e r  masses  a r e  c o m p u t e d  i n  t h e  same m a n n e r .  

E q u a t i o n  2 . 2  i s  t h e n  u s e d  t o  d e t e r m i n e  t h e  c o i r p r e s -  

s i o n s  C ( m , I ) ,  a f t e r  w h i c h  t h e  i n t e r n a l  s p r i n g  f o r c e s  

a c t i n g  b e t w e e n  t h e  m a s s e s  a r e  f o u n d  f r o m  E q u a t i o n  2 . 3  

a n d  t h e  e x t e r n a l  s o i l  f o r c e s  R ( m , I )  a r e  c o m p u t e d  f r o m  

E q u a t i o n  2 . 4 .  

F i n a l l y ,  a  new v e l o c i t y  V ( m , I )  i s  d e t e r m i n e d  f o r  

e a c h  mass u s i n g  E q u a t i o n  2 . 5 ,  a f t e r  w h i c h  a n o t h e r  t i m e  

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

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

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

s o l u t i o n  i s  o b t a i n e d .  s m i t h 3 '  a n d  0 t h e r s ~ O 3 ~ l  , g i v e  

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

t h e  c o m p u t e r  p r o g r a m m i n g  r e q u i r e d .  T h e  d y n a m i c  b e -  

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

S m i t h  w o u l d  h a v e  p r o b a b l y  c a u s e d  1  i t t l e  i n t e r e s t  

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

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



/ 

model ,  e a s i l y  v i s u a l i z e d ,  u s i n g  pa ramete r s  which a r e  

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

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

f o r  much of t h e  wave e q u a t i o n ' s  i n c r e a s i n g  p o p u l a r i t y  

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

M o d i f i c a t i o n s  of t h e  O r i g i n a l  S o l u t i o n  

A 1  though t h e  o r i g i n a l  method of a n a l y s i s  proposea  

by Smith can be used t o  s o l v e  many of t h e  problems 

g i v e n  i n  t h i s  r e p o r t ,  i t  has  been g r e a t l y  ex tended  to 

' i n c l u d e  o t h e r  i d e a l i z a t i o n s .  The major  a d d i t i o n s  and 

changes  a r e  summarized h e r e  f o r  r e f e r e n c e  o n l y ,  and 

a r e  f u l l y  d i s c u s s e d  i n  l a t e r  c h a p t e r s .  
1 

1 .  The r e l a t i o n s h i p  between s o i l  r e s i s t a n c e  t o  

p e n e t r a t i o n  of t h e  p i l e  was o r i g i n a l l y  l i m i t e d  t o  a  

s e r i e s  of s t r a i g h t  l i n e s .  The r e v i s e d  program a l l o w s  

t h e  u s e  of any shape  f o r  t h i s  c u r v e ,  a s  noted  i n  

C h a p t e r  V I .  

2 .  The e l a s t i c  s o i l  d e f o r m a t i o n  " Q "  and t h e  s o i l  

damping c o n s t a n t  " J "  were each l i m i t e d  t o  one v a l u e  

a t  t h e  p o i n t  of t h e  p i l e  and a second v a l u e  f o r  s i d e  

r e s i s t a n c e .  These p a r a m e t e r s  have been g e n e r a l i z e d  t o  

i n c l u d e  d i f f e r e n t  v a l u e s  a t  each p i l e  segment .  

3 .  A new method by which i n t e r n a l  damping i n  t h e  

p i l e  can  be accoun ted  f o r  i s  now i n c l u d e d .  T h i s  method 

3 i s  e x p l a i n e d  i n  Chap te r  V .  



4 .  A second method i s  i n c l u d e d  t o  a.ccount f o r  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  capb lock  o r  c u s h i o n -  
{. 

b l o c k .  

5 .  For  c o r r e l a t i o n  wi th  e x p e r i m e n t a l  d a t a ,  i t  i s  

now p o s s i b l e  t o  p l a c e  f o r c e s  d i r e c t l y  on t h e  h e a d  of t h e  

p i l e  r a t h e r  t h a n  having  t o  c a l c u l a t e  them from t h e  

hammer-cushion-anvi l  p r o p e r t i e s .  T h i s  method was used 

e x t e n s i v e l y  where t h e  f o r c e  vs t ime  c u r v e  a t  t h e  h e a d  

of t h e  p i l e  was known; s i n c e  then  t h e  hammer, c u s h i o n ,  

and a n v i l  p r o p e r t i e s  d i d  no t  i n f l u e n c e  t h e  s o l u t i o c .  

6 .  The l i n e a r  f o r c e  vs compress ion  c u r v e  f o r  

v a r i o u s  c u s h i o n  m a t e r i a l s  used p r e v i o u s l y  has been 

g e n e r a l i z e d  a s  noted  i n  Chap te r  IV. 

7 .  The e f f e c t  of  g r a v i t y  on t h e  s o l u t i o n  can now 

be accoun ted  f o r .  

8 .  A s p e c i a l  " p a r a m e t e r  s t u d y "  sub-program was 

w r i t t e n  which was i n c l u d e d  i n  t h e  g e n e r a l  program. 

T h i s  f , e a t u r e  was used t o  va ry  s p e c i f i c  p a r a m e t e r s  o r  

groups  of p a r a m e t e r s  between s p e c i f i e d  l i m i t s  i n  o r d e r  

t o  s t u d y  t h e i r  i n f l u e n c e  on t h e  s o l u t i o n ,  and t o  s e e  

i f  t r e n d s  cou ld  be found .  

9 .  For p o s s i b l e  l a t e r  Gse, s e v e r a l  p i l e - d r i v i n g  

fo rmulas  were i n c l u d e d  i n  t h e  computer  program. 

' 10 .  The s o i l  r e s i s t a n c e  on t h e  p o i n t  segment  n o w  

u s e s  two s p r i n g s ,  one f o r  t h e  s i d e  f r i c t i o n  a c t i n g  o n  



t h e ' s i d e  o f  t h e  p i l e  a n d  a s e c o n d  s p r i n g  f o r  p o i n t  

b e a r i n g .  
!. 



C H A P T E R  I 1 1  

P I L E  D R I V I N G  W A M M E R S  
, 

Ram I d e a l i z a t i o n  

smi th4 '  s u g g e s t s  t h a t  s i n c e  t h e  ram i s  usua l !y  

s h o r t  i n  l e n g t h ,  i n  many c a s e s  i t  can a c c u r a t e l y  b e  

r e p r e s e n t e d  by a  s i n g l e  h e i g h t  having  i n f i n i t e  s t - i  , ' f -  

n e s s .  The example i l l u s t r a t e d  i n  F i g u r e  2.1 makes 

t h i s  a s sumpt ion  s i n c e  K ( l )  r e p r e s e n t s  t h e  s p r i n g  c o n -  

s t a n t  of o n l y  t h e  cap  b l o c k ,  t h e  e l a s t i c i t y  o f  t h e  

ram having been n e g l e c t e d .  He a l s o  n o t e s  t h a t  where 

g r e a t e r  a c c u r a c y  i s  d e s i r e d ,  o r  when t h e  ram i s  1o:ig 

and s l e n d e r ,  i t  can a l s o  be d i v i d e d  i n t o  a  s e r i e s  of 

we igh t s  and s p r i n g s .  However, no work has been done 

t o  d e t e r m i n e  how long  t h e  ram can be b e f o r e  i t s  

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

t h e r e f o r e  s h o u l d  a l s o  be d i v i d e d  i n t o  s e v e r a l  s e g ~ i e n t ~ .  

The most common hammers i n  t h e  above c l a s s  i n c l u d e  

d r o p ,  a i r ,  and s team hammers. F i g u r e s  3 .1  and 3 . 2  s h ~ ) : ~  

how t h e  ram may be i d e a l i z e d .  

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

of d i v i d i n g  t h e  ram i n t o  a  number of segment s ,  severs: 
ram l e n g t h s  r a n g i n g  from 2 t o  10 f e e t  were assumed,  

d r i v i n g  a 100 f t  p i l e  wi th  p o i n t  r e s i s t a n c e  o n l y .  'or 

t h i s  pa ramete r  s t u d y  t h e  t o t a l  we igh t  of t h e  p i l e  $ ~ a r i e d  
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from 1 , 5 0 0  1b t o  10 ,000  l b ,  w h i l e  t h e  u l t i m a t e  s o i l  

r e s i s t a n c e  ranged from z e r o  t o  '10,000 l b .  The cush ion  
I 

was assumed t o  have a  s t i f f n e s s  of 2 ,000 k i p l i n .  

, T a b l e  3 .1  l i s t s  t h e  r e s u l t s  found f o r  a  t y p i c a l  

problem s o l v e d  i n  t h i s  s e r i e s ,  t h e  probler,: c o n s i s t i n g  

of a  10 f t  ram t r a v e l i n g  a t  20 f t l s e c ,  s t r < k i n g  a  

c u s h i o n  having  a  s t i f f n e s s  of 2 ,000 k i p / i n .  The p i l e  

used was a  100 f t  12H53 s t e e l  p i l e ,  d r i v e n  by a  5 ,000 

l b  ram w i t h  an i n i t i a l  v e l o c i t y  of 1 2 . 4  f t l s e c .  No p i l e  

cap was i n c l u d e d  i n  t h e  s o l u t i o n ,  t h e  cush ion  be ing  

p l a c e d  d i r e c t l y  between t h e  hammer and t h e  head o f  t h e  

p i l e .  S i n c e  t h e  ram was d i v i d e d  i n t o  ve ry  s h o r t  l e n g t h s ,  

1 t h e  p i l e  was a l s o  d i v i d e d  i n t o  s h o r t  s egment s .  

As shown i n  T a b l e  3 . 1 ,  t h e  s o l u t i o n  i s  n o t  changed 

t o  any e x t e n t ,  r e g a r d l e s s  of whether  t h e  ram i s  d i v i d e d  

i n t o  1 ,  2 ,  o r  10 segment s .  The t ime  i n t e r v a l  a t  was 

h e l d  c o n s t a n t  i n  each c a s e .  

T h i s  i s  f u r t h e r  ev idenc2d  by n o t i n g  T a b l e  3 . i ,  

which g i v e s  t h e  e f f e c t s  of d i v i d i n g  t h e  p i l e  i n t o  s e g -  

ments s h o r t e r  than  t h e  normal t e n  f t  l e n g t h s .  When t n e  

p i l e  segment  l e n g t h  changes  from 10 f t  t o  1 . 2 5  f t  ,he 

t e n s i  1  e  s t r e s s  changes almosz 25  p e r c e n t  whereas chang - 

i n g  t h e  number of  ram segments  a f f e c t s  t h e  so lu t io i - i  l e s s  . . 

t h a n  one p e r c e n t .  However, t h e  use o f  a  d r i v i n g  cap i s  

common p r a c t i c e  and i t s  a d d i t i o n  i n t o  t h e  sys tem u s u a l l y  





I 

r e d u c e s  t h e s e  p e r c e n t a g e s .  I t  has p r e v i o u s l y  been shown 

t h a t  t h e  l e n g t h s  of t h e  p i l e  segments  no rmal ly  have 2 t -  
I 

4 1 t l e  e f f e c t  o n  t h e  s o l u t i o n  . 

In c e r t a i n  hammers such a s  a d i e s e l  hammer, i,i-12 

ram s t r i k e s  d i r e c t l y  on a  s t e e l  a n v i l  r a t h e r  t h a n  cn a 

c u s h i o n .  T h i s  makes t h e  c h o i c e  of a  s p r i n g  r z t e  between 

t h e  ram and a n v i l  d i f f i c u l t  because  t h e  impact  o c c u r s  
- ~ 

between two s t e e l  e l e m e n t s .  One p o s s i b l e  s o l  ution___.is 

t o  p1 a c e  .the s p r i  ng_-cans t a n t -  at t h e e n - t i  r e  ram 2_et\k!ge;; 

t h e  w e i g h t s  r e p r e s e n t i n g  t h e  r a m  and a n v i l .  A l s o ,  
-. - --- - - -- -. -- - . - 

t h e  ram can be broken i n t o  a  s e r i e s  of w e i g h t s  and 

s p r i n g s  a s  i s  t h e  p i l e .  

1 To d e t e r m i n e  when t h e  ram i n  t h i s  c a s e  s h o u l d  be 

d i v i d e d ,  a  pa ramete r  s t u d y  was run i n  which t h e  ram 

l e n g t h  v a r i e d  between 6 and 10 f t  and t h e  a n v i l  we igh t  

from 1 ,000  t o  2,000 I b .  In each c a s e  t h e  ram d i a m e t e r  

was he ld  c o n s t a n t  and t h e  ram was d i v i d e d  e q u a l l y  i n t o  

segment  l e n g t h s  a s  no ted  i n  T e b l e  3 . 2 .  These  v a r i a b l e s  

$ were p icked  because  of t h e i r  p o s s i b l e  i n f l u e n c e  on t h e  

s o l u t i o n .  

The p i l e  used was a g a i n  a  12H53 p o i n t  b e a r i n g  ? i ; e  

wi th  a  cush ion  of 2 ,000 k i p / i n .  s p r i n g  c o n s t a n t  p l aced  

be.tween t h e ' a n v i l  and head of  t h e  p i l e .  The s o i l  

p a r a m e t e r s  used were R U t o t a l  = 500 k i p ,  Q = 0 . 1  i n . ,  



TABLE 3 . 2  EFFECT OF BREAKING R A M  INTO SEGMENTS WHEN R A M  STRIKES A STEEL 
A N V I L  

L e n g t h  
Number  o f  o f  Eac 

A n v i  1  Ram Ram Ram 
W e i g h t  L e n g t h  D i v i s i o n s  Segmen 

I b  f t f t  

Maximum C o m p r e s s i  v e  
h F o r c e  on  P i l e  

A t  A t  A t  
t 

- 
Head  - 

k i p  K I  p  ki p  

Maximum 
P o i n t  

D i s p l a c e -  
C e n t e r  T i p  

, . . . m e n t  



and J = 0 . 1 5  s e c / f t .  T h c s e  f a c t o r s  were  h e l d  c c : ! s t a c t  

f o r  a l l  p rob l ems  l i s t e d  j n ,  T a b l e  3 . 2 .  
< 

- The mos t  o b v i o u s  r e s u l t  shown by ; a b l e  - ' 3 . 2  i s  

t h a t  when t h e  s t e e l  r a n  i m p a c t s  d i r e c t l y  O R  a s t c : :  

a n v i l  d i v i d i n g  t h e  ram i n t o  s egmen t s  has  a  marked 
5,- ,,A,+ 

e f f e c t  on t h e  s o l u t i o n .  _-* <,F-~ radg/// /b>>~ 3 1 

A n  u n e x p e c t e d  r e s u l t  o f  t h i s  stuciy i s  thaXc'ei::n 
/ 
/ 

a  s h o r t  ram s h o u l d  be b roken  i n t o  s e g m e n t s .  As s e e n  

i n  T a b l e  3 . 2 ,  r e g a r d l e s s  of  t h e  t o t a l  ram l e n g t h ,  .the 

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

c h a n g e  u n t i l  a  ram segmen t  l e n g t h  of 2 f t  f o r  t h e  

2 , 0 0 0  I b  a n v i l ,  and a  s egmen t  l e n g t h  o f  1 S t  f o r  t h e  

1 , 0 0 0  1  b a n v i l  was r e a c h e d .  

Energy  O u t p u t  o f  F 

One o f  t h e  mos t  s i g n i f i c a n t  p a r a m e t e r s  ? n v a l v ~ d  

i n  p i l e  d r i v i n g  i s  t h e  v e i o c i t y  o f  t h e  ram i m m e d i z t e l y  

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

d e t e r m i n e  t h e  maximum k i n e t i c  e n e r g y  o f  t h e  hammer a n d  

i t i  e n e r g y  o u t p u t  r a t i n g ,  and n u s t  a l s o  be known o -  

assumed b e f o r e  t h e  wave e q u a t i o n  can  be a p p l i e d .  

A l though  mos t  m a n u f ~ c t u ~ e r s  o f  t h e  p i l e - d r i v < . n g  

e q c i p m e n t  s p e c i f y  t h e  o u t p u t  e n e r g i e s  of  t h e i r  hacT-.: ,.,,..e r s  

t h e s e  a r e  u s u a l l y  downgraded by f o u n d a t i o n  e x p e r t s  

. . b e c a u s e 4 0 f  t h e  l a c k  of a  z o n s i s t e n t  method o f  d e i e - l 1 7 n i  n s  



I 
\ 

t h e  o u t p u t  and because  o f  t h e  d i f f i c u l t y  encoun te red  

i n  v e r i f y i n g  t h e  recommended v a l u e s .  A number of p o s s i b l e  

" a c t o r s  such a s  poor hammer c o n d i t i o n ,  l a c k  of l u b r i c a -  

t i o n ,  and wear a r e  a l s o  known t o  s e r i o u s l y  r educe  t h e  

ene rgy  o u t p u t  of a  hammer. However, t o  d e t e r m i n e  how 

much t h e  r a t e d  ene rgy  of any g iven  hammer shou ld  b e  

reduced i s  no t  a  s i m p l e  t a s k .  

 hell i s 4 3  d i s c u s s e s  s e v e r a l  r e a s o n s  f o r  t h i s  

energy  r e d u c t i o n  and recommends a  number of p o s s i b l e  e f -  

f i c i e n c y f a c t o r s  f o r  t h e  commonly used hammers, based 

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

The Michigan Study of P i l e  Dr iv ing  Hamme~s 

In 1965 t h e  Michigan S t a t e  Highway Commission 44 

completed an e x h a u s t i v e  r e s e a r c h  program d e s i g n e d  t o  

o b t a i n  a  b e t t e r  u n d e r s t a n d i n g  of t h e  complex problem 

of p i l e  d r i v i n g ,  and thaugh a number o f  s p e c i f i c  

o b j e c t i v e s  were g i v e n ,  ~ n e  a b j e c t i v e  wcs of primany 

i m p o r t a n c e .  As noted  by 1-1ouse145, 'Hammer energy  

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

m a n u f a c t u r e r ' s  r a t e d  e n e r g y ,  was t h e  f o c a i  p ~ i n - t  o ?  a 

major  p o r t i o n  of t h i ' s  i ' n v e s t i g a t i o n  of p i l e - d r i y i n s  

hammers." In o t h e r  words,  t h e y  hoped t o  d e t e r m i n e  Gore 

a c c u r a t e  e n e r g y  r a t i n g s  f o r  t h e  hammers t e s t e d ,  and t o  

compare t h e s e  v a l u e s  w i t h  t h e  m a n u f a c t u r e r ' s  r a t i n g s .  



The ene rgy  t r a n s m i t t e d  t o  t h e  p i l e  was termed 

"ENTHRU" by t h e  a u t h o r s  and was de te rmined  by t h e  
!' 

sunimation 

E N T H R U  = Z F A S  

where F ,  t h e  f o r c e  on t h e  t o p  of t h e  p i l e ,  was measured 

by a s p e c i a l l y  d e s i g n e d  load  c e l l ,  and 6 ,  t h e  r e s ~ l  t -  

i n g  movement of t h e  head of tEe p i l e ,  was founa  u s i n g  

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

However, s i n c e  s o  many pa ramete r s  i n f l u e n c e  

t h e  problem, and s i n c e  t h e s e  pa ramete r s  a r e  c o n t i n u a l i y  

changing  d u r i n g  t h e  p i l e  d r i v i n g  o p e r a t i o n  ( e . g .  

c o n d i t i o n  of t h e  c u s h i o n ,  l e n g t h  of t h e  p i l e ,  s o i l  
\ 

1 
) r e s i s t a n c e ,  e t c . ) ,  i t  seems u n l i k e l y  ' t h a t  a  s i n g l e  

e f f i c i e n c y  f a c t o r  cou ld  be found f o r  any g i v e n  hammer. 

More l i k e l y  a  r ange  of  e f f i c i e n c i e s  w i l l  r e s u l t .  

As noted  i n  t h e  Michigan r e p o r t 4 6 :  'Hammer t y p e  

and t h e  o p e r a t i o n ;  s o i l  c o n d i t i o n s ;  p i l e  t y p e ,  mass ,  

r i g i d i t y ,  and l e n g t h ;  and t h e  t y p e  and c o n d i t i o n  of 

cap  b l o c k s  were a l l  f a c t o r s  t h a t  a f f e c t e d  E N T H R U ,  b u t  

dhen ,  how, and how much cou ld  n o t  be a s d e r t a i n e d  w i t h  

i i n j  d e g r e e  of c e r t a i n t y . "  However, s i n c e  t h e  wave 

? q u a t i o n  i s  a b l e  t o  a c c o u n t  f o r  t h e s e  f a c t o r s ,  t h e i ?  

e f f e c t s  can be d e t e r m i n e d .  

Befo re  a n a l y z i n g  any of t h e  Michigan c a s e s ,  f u r t h ? ~ .  

e x p l a n a t i o n  of  t h e  r e p o r t e d  d a t a  i s  r e q u i r e d .  



As no ted  i n  t h e  Michigan r e p o r t ,  E N T H R U  was n o t  
h '  6 

a c t u a l l y  b d i r e c t  measure of t h e  hammer's e f f i c i e n c y  o r  

ene rgy  oufpu t  s i n c e  t h e  f o r c e s  and d i s p l a c e m e n t s  were 

measured bdlow t h e  c a p b l o c k ,  a s  shown i n  F i g u r e  3 . 3 .  

Thus ENTHRU';was d e f i n e d  a s  t h e  amount of work done on 

t h e  l o a d  c e l l .  

The maximum d i s p l a c e m e n t  of t h e  head of t h e  p i l e  

was a l s o  r e p o r t e d  and was d e s i g n a t e d  LIMSET. O s c i l -  

l o g r a p h i c  r e c o r d s  of f o r c e  vs t ime  measured i n  t h e  

load  c e l l  were a l s o  r e p o r t e d .  S i n c e  f o r c e  a c c e l e r a t i o n  

was measured o n l y  a t  t h e s e  p o i n t s ,  t h e  maximum observed  

v a l u e s  w i l l  be c a l l e d  FMAX and A M A X ,  r e s p e c t i v e l y .  

1 .  Problem I n f o r m a t i o n  

In  s e l e c t i n g  which of t h e  Michigan p i l e  problems 

t o  s o l v e  by t h e  wave e q u a t i o n ,  i t  was d e c i d e d  t o  run 

a t  l e a s t  two problems f o r  each hammer used a t  each of 

t h e  t h r e e  t e s t i n g  s i t e s .  As shown i n  T a b l e  3 . 3 ,  c d s e s  

s e l e c t e d  from t h e  B e l l e v i l l e  s i t e  i n c l u d e  two p i l e  

l e n g t h s  f o r  each  of f o u r  d i f f e r e n t  hammers. S i m i l h r l y ,  

t h e  D e t r o i t  and Muskegon s i t e  problems a r e  summarized 

i n  T a b l e s  3 . 4  and 3 . 5 .  F i g u r e s  3 . 4  and 3 . 5  i l l u s t r a t e  

how t h e s e  problems were i d e a l i z e d  f o r  pu rposes  of 

a n a l y s i s .  

Even though t h e  Michigan s t u d y  i s  one of  t h e  most 
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TABLE 3 . 3  SUMMARY OF BELLEVILLE'CASES SOLVED BY W A V E  
EQUATION 

P I L E  I N F O R M A T I O N  
TOTAL ~ M B E - ~  

P I L E  LENGTH LENGTH 
I . D .  CASE HAMMER* CUSHION TYPE ( f t )  ( f t )  

Oak 12H53 3 2 . 5  1 0 . 0  
7 2 . 5  5 7 . 9  

BLTP-4 - 2 5 . 0  L B - 3 1 2  M i c a r t a  12  i n .  4 0 . 7  1 5 . 0  
. 6 6 . 4  P i ~ e  8 1 . 3  5 6 . 4  

0 . 2 5  
i n .  

w a l l  

BRP-4 20 .0  M-DE30 Oak 12H53 4 0 . 0  20 .0  
5 0 . 0  60 .0  50 .0  

BLTP-5 1 5 . 0  D - D l 2  German 1 2  i n .  4 0 . 0  5 . 0  
6 0 . 0  Oak P i p e  8 0 . 0  5 0 . 0  

0 . 1 7 9  
i n .  

w a l l  

* Hammer d e s i g n . a t i o n s  a r e  as f o l l o w :  

V-1 = V u l c a n  1  
V-50C = V u l c a n  50C 
V-80C = V u l c a n  80C 
L B - 3 1 2  = L i n k  Be1 t 312  
LB-520  = L i n k  Be1 t 520 
M-DE30 = M c K i e r n e n - T e r r y  DE-30 
M-DE40 = M c K i e r n e n - T e r r y  DE-40 
D - D l 2  = De lmag D-12 
D-D22 = De lmag D=22 



TABLE 3 . 4  SUMMARY OF DETROIT CASES SOLVED BY WAVE 
EQUATION 

P I L E  INFORMATION 
TCTAL EMBEDDED 

P l L E  LENGTH LENGTH 
I. D .  CASE HAMMER CUSHION TYPE ( f t )  (f t . L  

Oak 12H53 8 0 . 1  4 1 . 5  
9 7 . 0  8 0 . 2  

DTP-5 20 .0  V-50C M i c a r t a  1 2  i n .  4 0 . 0  20 .0  n-3 P i p e  8 4 . 0  79 .0  
0 . 1 7 9  

i n .  
w a l l  

DRP-3 40 .0  L B - 3 1 2  M i c a r t a  12H53 8 0 . 0  4 0 . 0  
6 0 . 0  8 0 . 0  6 0 . 0  

DTP-13 4 0 . 0  M-DE30 Oak 1 2  i n .  4 5 . 0  4 0 . 0  
7x7 P i p e  9 0 . 7  8 0 . 7  

0 . 1 7 9  
i n .  

w a l l  

DTP-15 2 0 . 0  D - D l 2  German 12H53 4 6 . 1  2 0 . 0  
8 0 . 5  Oak 86 .1  8 0 . 5  



TABLE 3 . 5  SUMMARY OF M U S K E G O N  CASES SOLVED B Y  WAVE 
EQUATION 

P I L E  INFORMATION 
TOTAL EMBEDDED 

P I L E  LENGTH LENGTH 
I . D .  CASE HAMMER CUSHION TYPE ( f t )  ( f t )  

Oak 1 2  i n .  4 5 . 0  2 0 . 0  
P i p e  FXT 

0 . 2 5 0  
i n .  
w a l l  

MLTP-9 7 2 . 0  V-80C M i c a r t a  1 2  i n ,  8 0 . 0  7 2 . 0  
l-2X-5 P i p e  134.0 127.0 

i n .  
w a l l  

MTP-12 3 0 . 5  LB-520  M i c a r t a  1 2  i n .  4 0 . 0  3 0 . 5  
7 0 . 8  P i ~ e  8 0 . 0  7 0 . 8  

0 . 2 5 0  
i n .  
w a l l  

MTP-11 6 9 . 5  M-DE40 Oak 1 2  i n .  8 0 . 0  6 9 . 5  
1 5 0 . 0  a n d  P i p e  . 1 6 0 . 0  1 5 0 . 0  

P l y w o o d  0 . 2 5 0  
i n .  
w a l l  

.MLTP-8 31 .0  D-D22 German 1 2  i n .  4 0 . 0  31  . O  
178.0 Oak P i p e  185.0 178.0 

0 . 2 5 0  
i n .  
w a l l  
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- - 
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., } , W(l) = RAM WEIGHT. 

K(l) = SPRING RATE g- THE RAM. 

&l W (2) = ANVIL WEIGHT. 

K(2) = SPRING RATE OF 
CUSHION. 

W ( 3 ) =  WEIGHT OF 
DRIVING CAP + 
1/2 LOAD CELL. 

K (3) SPRING RAYE OF 
THE LOAD CELL. 

SPRING RATE OF SOIL 
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W ( 4 )  8 WEIGHT OF l/2 THE 
LOAD CELL, UIN IVEBSAL 
CAP + PIPE ADAPTER 
(WHEN USED). 

G- K(4) = SPRING RATE OF 
FIRST PlLE SEGMENT. 

W(5) = WEIGHT OF PlLE 
SEGMENT. 

] *(RIP-1) * WEIGHT Q PILE 
SEGMENT. 

K(,W-I) 8 SPRING RAYE OF 
PILE SEGMENT. 
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PILIE Sf GMENT. 
P 

SPRING RATE OF 
SOIL IN BEAR!&@ 

SEGMENT 

FIGURE 3.5 - IDEALIZATION OF A DIESEL HAMMER 



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

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

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

o r d e r  t o  a p p l y  t h e  wave e q u a t i o n .  T h i s  o m i s s i o n  . . was n o t  t h e  r e s u l t  o f  a n y  f a i l u r e  i n  r e p o r t i n g  t h e  

da ' ta ,  b u t  r a t h e r  s t e m s  f r o m  t h e  f a c t  t h a t  t h e  m e t h o d s  

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

h a v e  u t i l i z e d  t h e  d a t a ,  a n d  t h e y  w e r e  t h e r e f o r e  n o t  

o b t a i n e d .  P r o b a b l y  t h e  b e s t  e x a m p l e  i s  t h e  l a c k  o f  

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

and  how t h e  s t i f f n e s s  v a r i e d  d u r i n g  d r i v i n g .  P r e f e r -  

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

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

d a t a  w e r e  r e p o r t e d .  

P r e l i m i n a r y  S t u d i e s  and  C o n c l u s i o n s  

S i n c e  c u s h i o n - b l o c k  i n f o r m a t i o n  was n o t  g i v e n ,  

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

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

f i r s t  c a s e  m e n t i o n e d  i n  T a b l e  3 . 3 .  I n  t h i s  s t u d y  t h e  

c u s h i o n  s t i f f n e s s  was v a r i e d  b y  a  f a c t o r  o f  50,  f r o m  

540 k i p / i n  up  t o  27 ,000 k i p / i n .  A l s o  s t u d i e s  was t h e  

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

u s i n g  r e s i s t a n c e s  o f  30 ,  90,  and  1 5 0  k i p  a n d  r a m  

v e l o c i t i e s  o f  8, 12 ,  a n d  1 6  f t / s e c .  



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

a  p o w e r f u l  t o o l  t h e  wave e q u a t i o n  i s ,  and how h e l p f u l  
! 

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

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

f r o m  ENTHRU, F M A X ,  and  LIMSET r e s u l t i n g  f r o m  a  c h a n g e  

i n  t h e  c u s h i o n  s t i f f n e s s ,  s o i l  r e s i s t a n c e ,  and ram 

v e l o c i t i e s  a r e  g i v e n  i n  T a b l e s  3.6,  3 . 7 ,  and  3 . 8  
11 

r e s p e c t i v e l y .  Whereas b e f o r e  i t  c o u l d  n o t  b e  d e t e r m i n e d  

"when,  how, o r  how much, "  t h i s  s t u d y  i n d i c a t e s  t h a t  f o r  

t h i s  p a r t i c u l a r  p r o b l e m ,  1 )  ENTHRU i s  n e a r l y  i n d e p e n d e n t  

o f  t h e  c u s h i o n  b l o c k  u s e d ,  s i n c e  t h e  c u s h i o n  s t i f f n e s s  

" was i n c r e a s e d  b y  a  f a c t o r  o f  50 w h i l e  i n f l u e n c i n g  

E N T H R U  o n l y  s l i g h t l y ,  2 )  ENTHRU h a s  a  s l i g h t  t e n d e n c y  

t o  i n c r e a s e  a s  t h e  d r i v i n g  r e s i s t a n c e  i n c r e a s e s ,  3 )  F M A X  

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

4 )  F M A X  i s  a l m o s t  l i n e a r l y  r e l a t e d  t o  t h e  hammer v e l o c i t y ,  

5 )  FMAX c o n s i s t $ n t l y  i n c r e a s e s  as t h e  c u s h i o n  s t i f f n e s s  

i n c r e a s e s ,  a n d  6 )  LIMSET i s  o n l y  s l i g h t l y  c h a n g e d  r e g a r d -  

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

T h u s  f o r  t h e  f i r s t  t i m e ,  a number  o f  t r e n d s  may b e  

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

u s i n g  t h e  wave equation, 

D e t e r m i n a t i o n  o f  Hammer E f f i c i e n c y  
, 

. I n  o r d e r  t o  a n a l y z e  t h e  a b o v e  p r o b l e m ,  c e r t a i n  d a t a  



TABLE 3 . 6  EFFECT OF CUSHION STIFFNESS ON ENTHRU FOR 
BLTP-6 ;  1 0 . 0  

ENTHRU ( k i p  f t )  

Ram C u s h i o n  S t i f f n e s s  ( k i p / i n )  
V e 1 ' ~ c i  t y  RUT 
( f t / s e c )  ( k i p )  540 1080  2700  2 7 , 0 0 0  



TABLE 3 . 7  EFFECT OF CUSHION STIFFNESS ON FMAX FOR 
BLTP-6;  1 0 . 0  

FMAX ( k i p )  
- 

Ram C u s h i o n  S t i f f n e s s  ( k i p / i n )  
V e l o c i  t RUT 
( f t / s e c  ( k i p )  540 1 0 8 0  2700 27,000 

30 1 3 2  1 8 5  2 6 1  779 



TABLE 3.8 EFFECT OF CUSHION STIFFNESS ON LIMSET FOR 
BLTP-6 ;  1 0 . 0  

I 

LIMSET ( i n )  

I 

R a m  C u s h i o n  S t i f f n e s s  ( k i p / i n )  
V e l o c i t y  RUT 
( f t / s e c )  ( k i p )  540  1080  2700  27 ,000 



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

e x a m p l e  t h e  e x p e r i m e n t a l  v a l u e s  f o r  ENTHRU, FMAXy and  
6 

LIMSET. The  i n f o r m a t i o n  r e p o r t e d  f o r  e a c h  p r o b l e m  

s o l v e d  i s  l i s t e d  i n  T a b l e  3 . 9 .  

F i g u r e  3 .6  shows t h e  r e l a t i o n s h i p  b e t w e e n  t h e  r a m ' s  

k i n e t i c  e n e r g y  a t  t h e  i n s t a n t  o f  i m p a c t ,  t e r m e d  EINPUT, 

a n d  t h e  e n e r g y  m e a s u r e d  a t  t h e  l o a d  c e l l ,  ENTHRU, f o r  

c a s e  BLTP-6; 1 0 . 0 .  The  f i r s t  s o l u t i o n  was b a s e d  o n  a  

s o i l  r e s i s t a n c e  o f  30  k i p  a n d  a  c u s h i o n  s t i f f n e s s  o f  

1 0 8 0  k i p / i n .  As shown e a r l i e r ,  ENTHRU i s  n o t  p a r t i c u l a r l y  

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

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

As shown i n  T a b l e  3 .9 ,  t h e  M i c h i g a n  s t u d y  f o u n d  

ENTHRU f o r  t h i s  c a s e  t o  b e  6 ,380 f t / l b .  T h e r e f o r e ,  a s  

i l l u s t r a t e d  i n  F i g u r e  3 . 6 ,  t h i s  known v a l u e  o f  ENTHRU 

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

t h e  hammer. I n  t h i s  c a s e ,  EINPUT i s  11,000 f t  l b ,  

i n d i c a t i n g  t h a t  t h e  hammer e i t h e r  l o s t  4 ,000 f t  l b  o f  

i t s  r a t e d  15 ,000  f t  l b  b e c a u s e  o f  f r i c t i o n  a n d  o t h e r  

c a u s e s  o r  t h e  hammer i s  o v e r - r a t e d .  A l s o ,  a n o t h e r  

4,620 f t  I b  ( 1 1 , 0 0 0  f t  1 b  - 6,380 f t  l b )  was l o s t  i n  

t h e  c u s h i o n  a n d  h e l m e t  a s s e m b l y ,  s i n c e  o n l y  6,380 f t  l b  

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

Thus ,  b a s e d  o n  a r a t e d  e n e r g y  o u t p u t  o f  15 ,000 

f t  I b ,  t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  hammer d u r i n g  



TABLE 3.9 DATA REPORTED I N  THE M I C H I G A N   STUDY^^ 

E s t i m a t e d  
Ra ted  Permanen t  S t a t i c  S o i  1  

D r i  v i  ng P i l e  Ene rgy  ENTHRU LIMSET S e t  R e s i s t a n c e  
L o c a t i o n  I . D .  Case ( f t  l b )  ( f t  I b )  ( i n >  ( i n )  ( k i p )  

B e l l e v i l l e  

D e t r o i  



- .  

T A B L E  3 . 9  ( C o n t i n u e d )  - .  ---. 

E s t i m a t e d  
R a t e d  Permanen t  S t a t i c  S o i l  

D r i  v i  ng P i l e  Ene rgy  ENTHRU L I M S E T  S e t  R e s i s t a n c e  
L o c a t i o n  I . D .  Case ( f t  l b )  ( f t  l b )  ( i n )  ( i n )  ( k i p )  

Mus kegon  



E N T H R U -  ( k i p  f t )  

FIGURE 3.6 - EINPUT v s  ENTHRU 



'lsooO loo o r  a b o u t  73  p e r c e n t  w h i l e  t h i s  b l o w  was 15,000 

t h e  e f f i c i e n c y  o f  t h e  c u s h i o n - h e l m e t - l o a d  c e l l  a s s e m b l y ;  
I. 

b a s e d  on  i t s  a b i l i t y  t o  t r a n s m i t  t h e  11 ,000  f t  1  b  

d e l i v e r e d  t o  i t ,  was 69380  loo o r  a b o u t  58  p e r c e n t .  
11 ,000 

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

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

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

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

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

I t  i s  now a  s i m p l e  m a t t e r  t o  d e t e r m i n e  t h e  r a m ' s  

v e l o c i t y  a t  i m p a c t  b y  

vy= \ ( E I N P u T ) ( b 4 . 4 )  = y 1 1  , 0 0 0 ) ( 6 4 . 4 )  
Ram W e i g h t  5,000 = 1 1 . 9  f t / s e c  

S i n c e  S m i t h ' s  n u m e r i c a l  m e t h o d  g i v e s  t h e  d i s p l a c e -  

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

m e n t  o f  t h e  b o t t o m  o f  t h e  l o a d  c e l l  ( L IMSET)  i s  known.  

F i g u F e  3.7 shows how LIMSET i s  r e l a t e d  t o  t h e  ram 

v e l o c i t y  f o r  v a r i o u s  s o i l  r e s i s t a n c e s .  T a b l e  3 . 9  g i v e s  

an  e x p e r i m e n t a l  v a l u e  o f  LIMSET e q u a l  t o  0 . 7 5  i n .  As 

shown i n  F i g u r e  3 .7 ,  l i n e s  p r o j e c t i n g  f r o m  LIMSET = 0 . 7 5  

i n .  a n d  V = ' 1 1 . 9  f t / s e c  i n t e r s e c t  a t  a  p o i n t  w h i c h  

i n d i c a t e s  a  d r i v i n g  r e s i s t a n c e  o f  a b o u t  9 0  k i p .  S i n c e  

t h i s  i s  c o n s i d e r a b l y  g r e a t e r  t h a n  RUT = 3 0  k i p ,  t h e  

p r o b l e m  was s o l v e d  a g a i n  u s i n g  RUT = 9 0  k i p .  T h i s  r e -  



R A M  VELOCITY ( f t  / s e c )  



s u l t s  i n  t h e  l o w e r  c u r v e  o f  F i g u r e  3 .6 ,  and  t h e  new v a l u e  

o f  EINPUT i s  f o u n d  t o  b e  10 ,100 I t  l b ,  w h i c h  c o r r e s p o n d s .  . .  

f ' 
. . 

t o  a n  i n i t i a l  v e l o c i t y  o f  1 1  . 4  f t / s e c .  When t h i s  

v e l o c i t y  i s  s u b s t i t u t e d  i n t o  F i g u r e  3 . 7 ,  t h e  r e s u l t i n g  

5 >, v a l u e  o f  RUT a g r e e s  c l o s e l y  w i t h  t h e  assumed v a l u e  o f  
. 8 

9 0  k i p .  T h u s ,  s i n c e  t h e  hammer o u t p u t  i s  4,900 f t  1b  . , , , 
-7 1 .< , 
j , '  l e s s  t h a n  i t s  r a t e d  15 ,000 f t  I b ,  a n d  t h e  c u s h i o n - h e l m e t  

a s s e m b l y  l o s t  a n o t h e r  3,720 f t  I b ,  t h e  hammer w o u l d  b e  

loo = 67 p e r c e n t  e f f i c i e n t ,  w h i l e  t h e  c u s h i o n  
15,000 

e f f i c i e n c y  i s  6,380 loo = 63  p e r c e n t .  I t  s h o u l d  b e  ' 
10 ,100  

n o t e d  t h a t  e v e n  t h o u g h  RUT was o f f  b y  a  f a c t o r  o f  3, 

i t  made l i t t l e  d i f f e r e n c e  i n  t h e s e  e f f i c i e n c i e s .  

C o r r e l a t i o n  o f - E x p e r i m e n t a l  a n d  T h e o r e t i c a l  R e s u l t s  

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

t h o s e  b y  t h e  wave e q u a t i o n  f o r  t h i s  c a s e  a r e  shown 

i n  F i g u r e s  3 .8  t h r u  3 .11 .  T h e s e  f i g u r e s  show t h e  

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

c e l  e r a t i o n s ,  d i s p l a c e m e n t s ,  a n d  w o r k  vs  t i m e ,  m e a s u r e d  

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

a c c u r a t e ,  e x p e c i a l l y  d u r i n g  t h e  f i r s t  0 .01  s e c .  A i -  

t h o u g h  t h e  r e f l e c t e d  c o m p r e s s i v e  wave seems t o  b e  o v e r -  

e s t i m a t e d ,  a s  shown i n  F i g u r e  3 . 8  a t  0 . 0 1 4  s e c .  t h i s  

d i d  n o t  g r e a t l y  a f f e c t  e i t h e r  t h e  ENTHRU o r  d i s p l a c e -  
I L 

m e n t  c u r v e s ,  a l t h o u g h  i t  may h a v e  c a u s e d  t h e  r a t h e r  
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TABLE 3 . 1 3  EFFECT ON ENTHRU RESULTING FROR REMOVING 
THE LOAD C E L i  ASSEMBLY 

ENTtIRU 
( f t  l b )  

W i t h  W i t h o u t  I n c r e a s e  
D r i v i  n g  P i l e  L o a d  L o a d  i n 

L o c a t i o n  I . D .  C a s e  C e l l  C e l l  ENTHRU -- % 

Be1 1  e v i  1 1  e 

D e t r o i t  4 1  . 5  5 7 6 0  6 9 0 0  2 1  
D L T P - 8  8 0 . 2  4 5 4 0  5 4 0 0  1 9  

- - 

3 1  . O  2 5 5 0 0  31  C O O  2  2 
M L T P - 8  1 7 8 . 0  2 2 0 5 0  2 6 6 0 0  2  1  



when t h e  l o a d  c e l l  assenlbly i s  removed f o r  eacih o f  t h e  

problems s o l  ved .  
! 

As mentioned e a r l i e r ,  a comple te  parameter  s t u d y  

would be g r e a t l y  b e n e f i c i a l  t o  t h e  e n g i n e e r ,  b u t  on ly  

i f  t h e  c o r r e c t  b e h a v i o r  of t h e  numerous pa ramete r s  were 

k n o w n .  More a c c u r a t e  i n f o r m a t i o n  c o n c e r n i n g  wave 

p r o p a g a t i o n  must t h e r e f o r e  be de te rmined  w h i l e  l o o k i n g  

f o r  new t e s t s  and methods t o  d e t e r m i n e  t h e  behav io r  o f  

t h e  many p a r a m e t e r s  which i n f l u e n c e  t h e  problem. 

E f f e c t s  of E x p l o s i v e  P r e s s u r e  

As no ted  e a r l i e r ,  t h e  d i e s e l  e x p l o s i v e  p r e s s u r e  

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

e x p l o s i v e  f o r c e  i s  u s u a l l y  much s m a l l e r  - than t h e  im- 

p a c t  f o r c e s  and 'have l i t t l e  e f f e c t  on t h e  d r i v i n g  

s t r e s s e s 4 ' .  However, t h e  ram v e l o c i t y  r e q u i r e d  t o  p r e -  

d i c t  E N T H R U  i s  o f t e n  h i g h e r  t h a n  t h a t  c a l c u l a t e d  from 

t h e  f r e e  f a l l  o f  t h e  ram, even assuming 100 p e r c e n t  

e f f i c i e n c y .  As noted  i n  T a b l e  3 . 1 0 ,  s e v e r a l  ram 

v e l o c i t i e s  exceed  20 f t / s e c .  A l s o ,  t h e  d i e s e l  hammer 

e f f i c i e n c i e s  found a r e  h i g h e r  t h a n  i n d i c a t e d  by 

p r a c t i c a l  e x p e r i e n c e .  T h e r e f o r e ,  t h e  d i e s e l  hammer 

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

s u r e  i n  t h e  hammer. 

As recommended by ~ r n i t h ~ ~ ,  t h e  f o r c e  on t h e  a n v i l  



i s  assumed t o  r each  solile maxii;lum d u e  -to t h e  r a m ' s  

i m p a c t ,  and then  d e c r e a s e .  The d i e s e l  e x p l o s i v e  

p r e s s u r e  then  m a i n t a i n s  a  g iven  minimum f o r c e  between 

t h e  ram and a n v i l  f o r  0 .01  s e c o n d s ,  a f t e r  which t h e  

f o r c e  t a p e r s  t o  z e r o  a t  3 .0125  seconds  a s  shown i n  

F i g u r e  3 . 1 4 .  The exp ' lo s ive  Forces  assumed t o  be 

a c t i n g  w i t h i n  t h e  d i e s e l  hammers a r e  l i s t e d  j n  

T a b l e  3 .14 .  

In p r e v i o u s  s o l u t i o n s ,  i t  was an e a s y  m a t t e r  t o  

s o l v e  f o r  t h e  t o t a l  ene rgy  of  t h e  ram a t  impact  s i n c e  

o n l y  i t s  k i n e t i c  ene rgy  ( E I N P U T )  was i n v o l v e d .  S i n c e  

e x p l o s i v e  p r e s s u r e  i s  i n c l u d e d ,  t h e  t o t a l  ene rgy  o u t -  

p u t  i s  changed.  

T h i s  t o t a l  ene rgy  o u t p u t ,  ENTOTL, i s  used i n  two 

ways: t o  t r a n s m i t  ene rgy  t o  t h e  a n v i l  and p i l e ,  and 

t o  r a i s e  t h e  ram f o r  t h e  n e x t  blow. The e n e r g y  t r a n s -  

m i t t e d  t o  t h e  a n v i l  ( E N T H R U  I )  i s  c a l c u l a t e d  by t h e  

same method a s  was used f o r  E N T H R U  a t  t h e  l o a d  c e l l ,  

and t h e  k i n e t i c  ene rgy  of t h e  ram a f t e r  impact  i s  

equal  t o  w v 2 / 6 4 . 4 ,  where W i s  t h e  we igh t  of  t h e  ram 

and V i s  t h e  rebound v e l o c i t y  of t h e  ram a f t e r  i m p a c t .  

A number of r u n s  were f i r s t  made t o  b r a c k e t  t h e  

r e s u l t s  g iven  i n  t h e  Michigan r e p o r t ,  and a l s o  t o  

d e t e r m i n e  t h e  i n f l u e n c e  of c e r t a i n  v a r i a b l e s  such a s  

ram v e l o c i t y  and u l t i m a t e  s o i l  r e s i s t a n c e . .  The e f -  
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f i c i e n c i e s  and ram v e l o c i t i e s  n o t e d  -ir! T ~ b l e  3 . 1 4  were 

found by p l o t t i n g  E N T H R U  and i :NTOTL vs t h e  i n i t i a l  r a m  

v e l o c i t y  a s  shown i n  F i g u r e  3 . 1 5 .  By p l o t t i n g  t h e  

v a l u z s  of LIMSET f o r  vary-ing s o i l  r e s i s t a n c e  9 s  rjm 

ve :oc i ty  as  i n  F i g u r e  3 . 1 6 , ,  -Lhe t o t a l  s o i l  res-is. t .aec , d b e  

p r e d i c t e d  by t h e  wave e q u a t f o n  was then   determine^. 

This  r e v i s e d  p r o c e d u r e  was fo i lowed  o n  a l l  t h e  d ' e s ? i  
- .  

hammer c a s e s ,  and t h e  reslAlts a r e  summarized i n  i a n ' e  3 . i 4 .  

E f f e c t s  o f  Cushior; P r c c e r t i e s  on Dr iv ing  

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

p i l e  d r i v i n g  i s  d i s c u s s e d  ii7 Chap te r  IV. The f o l l o w i n g  

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

p i l e  s t u d y .  

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

t h e  cush ion  p r o p e r t i e s  i n f l u e n c e  t h e  v a l u e s  of  E N T F R U  

s i g n i f i c a n t l y ,  a1 though "how, when, or how much" EhTHRU 

was a f f e c t e d  c o u l d  n o t  be d e t e r m i n e d .  I t  was t h o u g h t  

t h a t  E N T H R U  c o u l d  be i n c r e a s e d  by us ing  a  more r e s i s t a n t  

cush ion  b l o c k ,  i n  t h e  c a s e  o f  t h e  V~l lcan  1  a n d  ivlcKiirr,cl,~- 

T e r r y  DE-30 hammers. A 1  though t h i s  c o n c l u s i o n  seems 

r e a s o n a b l e ,  r e s u l t s  g iven  by t h e  wave e q u a t i o n  d i d  n o t  

Lee:: t o  a g r e e .  For example,  as  seen  i n  T a b l e  3 . 6 ,  

i N T H R U  does no t  a lways i n z r e a s e  wi th  i n c r e a s i n g  c u s h i o c  

s t i f f n e s s ,  and f u r t h e r m o r e ,  t h e  ;ilaxinium i n c r e a s e  il-, 
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E N T H R U  no ted  h e r e  i s  r e l a t i v e l y  smal l  - on ly  abou t  

10 p e r c e n t .  T h i s  e f f e c t  can a l s o  be seen  i n  Tab lc  3 . 1 5 ,  

i n  which t h e  cush ion  s t i f f n e s s  v a r i e s  g r e a t l y ,  wh5le 

t h e  d i s p l a c e m e n t  of t h e  p i l e  p o i n t  changes l e s s  t h a n  

10 p e r c e n t .  

However, i f  a  d i f f e r e n t  cush ion  i s  u s e d ,  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  w i l l  p r o b a b l y  change t o o .  S i n c e  

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  cush ion  may a f f e c t  

E N T H R U ,  a number of c a s e s  were s o l v e d  wi th  " e "  r a n g i n g  

from 0 . 2  t o  0 . 6 .  As shown i n  T a b l e s  3 .16  and 3 . 1 7 ,  

an i n c r e a s e  i n  " e "  from 0 . 2  t o  0 . 6  no rmal ly  i n c r e a s e s  

E N T H R U  from 18 t o  20 p e r c e n t ,  w h i l e  i n c r e a s i n g  t h e  p e r -  

manent s e t  from 6  t o  11 p e r c e n t .  Thus ,  f o r  t h e  c a s e .  

shown, 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  cush ion  

has a  g r e a t e r  i n f l u e n c e  on r a t e  of p e n e t r a t i o n  and 

E N T H R U  t han  does i t s  s t i f f n e s s .  T h i s  same e f f e c t  was 

no ted  i n  t h e  o t h e r  s o l u t i o n s ,  and t h e  c a s e s  shown i n  

T a b l e s  3.16 and 3 .17  a r e  t y p i c a l  of  t h e  r e s u l t s  found 

i n  o t h e r  c a s e s .  

As was noted  i n  T a b l e  3 . 7 ,  any i n c r e a s e  i n  cush ion  

s t i f f n e s s  a l s o  i n c r e a s e s  -:he d r i v i n g  s t r e s s e s .  Thus ,  

a c c o r d i n g  t o  t h e  wave e q u a t i o n ,  i n c r e a s i n g  t h e  c u s h j o n  

s t i f f n e s s  t o  i n c r e a s e  t h e  r a t e  of p e n e t r a t i o n  ( f o r  

example by n o t  r e p l a c i n g  t h e  c u s h i o n  u n t i l  i t  has been 

beiiten t o  a f r a c t i o n  of  i t s  o r i g i n a l  h e i g h t  o r  by 
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TABLE 3 . 1 6  EFFECT OF COEFFICIENT OF RESTITUTION O N  ENTHRU FOR CASE B L T P - 6 ;  
1 0 . 0  a n d  5 7 . 9  

R a ln 
P i  1  e  

Max imum 
RUT V e l o c i t y  ENTHRU ( k i p  f t )  

I . D .  ( k i p )  ( f t / s e c )  e = 0 . 2  e = 0 . 4  e  = 0 . 6  C h a n g e  - ( % >  



TABLE 3 . 1 7  EFFECT OF COEFFICIENT OF RESTITUTION ON MAXIMUM POINT DISPLACEMENT 
FOR C A S E  B L T P - 6 ;  1 0 . 0  a n d  5 7 . 9  

- . .- Ram .. - 
Max imum 

P I  l e  K U T  V e l o c i t y  Max imum P o i n t  D i s p l a c e m e n t  ( i n )  Chan  e  
- I . D .  ( k i p )  ( f t / s e c )  e  = 0 . 2  e  = 0 . 4  e  = 0 . 6  - ( %7 -- 



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

because  of t h e  high s t r e s s e s  induced i n  t h e  p i l e ,  and 

i n e f f i c i e n t .  I t  would be b e t t e r  t o  use  a  cush ion  

having a  high c o e f f i c i e n t  of r e s t i t u t i o n  and a  l o w  

cush ion  s t i f f n e s s  i n  o r d e r  t o  i n c r e a s e  E N T H R U  and t o  

l i m i t  t h e  d r i v i n g  s t r e s s e s .  

T h i s  s u g g e s t s  t h a t  a l o n g  m i c a r t a  cush ion  having 

a  r e l a t i v e l y  low s p r i n g  r a t e ,  and a  high c o e f f i c i e n t  

of r e s t i t u t i o n  may be ve ry  e f h c t i v e .  

Comparison of Var ious  Hammers Dr iv ing  t h e  Same P i 2 2  

One of t h e  o b j e c t i v e s  of t h e  Michigan p i l e  s t u d y  

) 
was t o  d e t e r m i n e  j u s t  how e f f e c t i v e  t h e  v a r i o u s  

hammers a c t u a l l y  were d u r i n g  d r i v i n g .  T h e r e f o r e ,  eve ry  

a t t e m p t  was made t o  e q u a l i z e  any v a r i a b l e s  which 

would a f f e c t  t h e  r e s u l t s ,  such a s  choos ing  t h e  d r i v i n s  

l o c a t i o n  t o  g i v e  comparable  d r i v i n g  c o n d i t i o n s .  How- 

e v e r ,  i t  would be i m p o s s i S l e  t o  t e s t  s e v e r a l  hammers 

w i t h o u t  having  some v a r i a t i o n s  o c c u r ,  pe rhaps  i n  t h e  

s o i l  r e s i s t a n c e  o r  hammer c o n d i t i o n .  S i n c e  t h e  wavz 

e q u a t i o n  does n o t  have t h i s  l i m i t a t i o n ,  i t  cou ld  be 

used t o  a d v a n t a g e  h e r e .  

As a  b a s i s  f o r  t h i s  com?ar i son ,  Case B L T P - 6 ;  5 7 . 9  

was u s e d ,  w i th  t h e  load  c e l l  and e x t r a  he lmet  o m i t t e d ,  

and wi th  a s o i l  r e s i s t a n c e  of 300 k i p s .  T h i s  p i l e  was 



t h e c  s t u d i e d  t o  d e t e r m i n e  f t s  p e n e t r a t i o n  p e r  blow when 

d r i v e n  by each  o f  t h e  hammers l i s t e d  i n  T a b l e  3 . 1 0 .  In 

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

s t a n t .  T h u s ,  f o r  e x a m p l e ,  even  though  t h e  v a l u e s  of  

t h e  s o i l  damping c o n s t a n t  o r  quake  may n o t  be e x a c t ,  

t h e y  r ema in  c o n s t a n t  f o r  e ach  p r o b l e m ,  w h i l e  t h e  e x p e r i -  

men t a l  r e s u l t s  w i l l  v a r y  u n I 2 s s  Q 2 n d  J a r e  c o n s t a n t  a t  

e ach  new d r i v i n g  l o c a t i o n .  

C e r t a i n  q u a n t i t i e s  mus t  he known f o r  e ach  ha!nrner 

b e f o r e  t h e  wave e q u a t i o n  can  be a p p l i e d .  For  e x a m p i e ,  

t h e  ram v e l o c i t y  a t  i m p a c t  mus t  be known, a s  w e l l  a s  t h e  

dynamic b e h a v i o r  o f  t h e  c u s h i o n ,  t h e  d i e s e l  e x p l o s j v z  

p r e s s u r e  i n  t h e  hammer, and t h e  l e n g t h  o f  t i m e  i t  2 x e r t s  

a  f o r c e  on t h e  p i l e .  U n f o r t u n a t e l y ,  t h e  above  d a t a  w2re 

n o t  d i r e c t l y  measured  f o r  t h e  Mich igan  r e s e a r c h  ?. :-ogrz: : ; ,  

which means t h a t  t h e y  mus t  be c a l c u l a t e d  f rom o the iP  

d a t a  r e p o r t e d .  

The ram v e l o c i t i e s  a t  i m p a c t  and e x p l o s i v e  f o r c e s  

on t h e  p i l e  f o r  t h e  d i e s e l  hammers were  ba sed  on t k . 2  

r e s u l t s  g i v e n  i n  T a b l e  3 . 5 4 ,  a s suming  t h e  e x p l o s i v e  f o r c e  
- t o  be a c t i n g  a s  shown i n  i - i g u r e  3 . 1 2 .  The Vulcan  ikamr!??i- 

p r o p e r t i e s  were  ba sed  on Tab12 3 . 1 0 .  The r e s u l t s  o - i  

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

l i s t e d  i n  T a b l e  3 . 1 8  i n  t i i e  fo:*m o f  - p e r m a n e n t  s e t  o f  t h e  

pi 2 per  blow and blows p e r  i n c h .  
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C H A P T E R  I V  

CHARACTERISTIC CUSMION P R O P E R T I E S  

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

Although a  p i l e  cusi-lion s e r v e s  s e v e r a l  p u r p o s e s ,  

i t s  pr imary  f u n c t i o n  i s  t o  l i m i t  impact  s t r e s s e s  i n  

both t h e  p i l e  and h a ~ n n i e r ~ ~ .  In g e n e r i l l ,  i  t has beer) 

found t h a t  a  wood o r  rope  c u s h i o n  i s  more e f f e c t i v e  

i n  r e d u c i n g  t h e  d r i v i n g  s t r e s s e s  than  one of 6 r e -  

l a t i v e l y  s t i f f  m a t e r i a l  such cis M i c a r t a .  Idowever, 

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

m i t s  a  g r e a t e r  p e r c e n t a g e  of t h e  hammer's energy  t o  

t h e  p i l e .  

For example ,  t h e  r e s u l t s  g iven  i n  T a b l e  3 . 1 1  s h o ~  

an o v e r a l l  a v e r a g e  e f f i c i e n c y  of 5 2  p e r c e n t  f o r  cush ion  

a s s e m b l i e s  u s i n g  wood, w h i l e  t h e  M i c a r t a  a s s e m b l i e s  

have an a v e r a g e  e f f i c i e n c y  a f  6 6  p e r c e n t .  As shown i n  

T a b l e  3 . 7 ,  an i n c r e a s e  i n  cush ion  s t i f f n e s s  w i l l  a l s o  

c a u s e  an i n c r e a s e  i n  impact  s t r e s s e s  which might  damage 

t h e  p i l e  o r  hammer d u r i n g  dy- iv ing .  T h i s  i n c r e a s e  - i n  

s z r e s s  i s  p a r t i c u l a r l y  i m p o r t a n t  when d r i v i n g  conc;e te  

o r  p r e s t r e s s e d  c o n c r e t e  p ' l e s .  

Dynamic S t r e s s - S t r a i n  Curves 

I n  o r d e r  t o  a p p l y  t h e  wave e q u a t i o n  t o  p i l e  sriv-;.I : , ,  
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s , n i t h S 1  assumes t h a t  t h e  c u s h i o n ' s  s t r e s s - s t r a i n  c u r v e  

i s  a  s e r i e s  of s t r a i g h t  l i n e s  a s  shown i n  F i g u r e  4 . 1 .  
!. 

& Even though t h i s  c u r v e  might  be s u f f i c i e n t l y  a c c u r a t e  

t o  p r e d i c t  maximum conlpress ive  s t r e s s e s  i n  t h e  p - i l e ,  

t h e  shape  of t h e  s t r e s s  wave o f t e n  d i s a g r e e s  wi th  t h a t  

of t h e  a c t u a l  s t r e s s  wave52.  T h i s  d i s c r e p a n c y  was a t  

f i r s t  though t o  be t h e  r e s u l t  o f  i n a c c u r a t e  s o i l  d a t a ,  

s i n c e  ve ry  l i t t l e  was k n o w n  c o n c e r n i n g  t h e  s o i l  

b e h a v i o r  d u r i n g  d r i v i n g .  I t  was t h e r e f o r e  d e c i d e d  t o  

suspend s e v e r a l  t e s t  pi1 e s  h o r i z o n t a l l y  above t h e  groundsd  

a s  shown i n  F i g u r e  4.2 t o  e l i m i n a t e  t h e  e f f e c t s  o f  s o i l  

r e s i s t a n c e .  

T a b l e  4.1 l i s t s  t h e  p e r t i n e n t  i n f o r m a t i o n  c o n c e r n i n g  

t h e s e  p i l e s .  The c u s h i o n  was t h e n  h i t  by t h e  ram and t h e  

r e s u l t i n g  s t r a i n s  were measured a t  s i x  p o i n t s  a long  t h e  

p i l e .  D i sp lacemen t s  and a c c e l e r a t i o n s  of b o t h  t h e  ram 

and t h e  head of t h e  p i l e  were a l s o  measured .  However, 

even t h o u g h  t h e  s o i l  r e s i s t a n c e  had now been e x c l u d e d ,  

t h e  shape  of t h e  s t r e s s  wave s t i l l  d i d  not  a g r e e  w j - c h  

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

F i g u r e  4 . 3  was used t o  s e e  i f  t h e  c u s h i o n ' s  s t r e s s -  

s t r a i n  d iagram was a c t u a 7 i y  a s t r a i g h t  l i n e .  

Using t h i s  method, t h e  dynamic s t r e s s e s  and s t r a i n s  

were measured f o r  s e v e r a l  c u s h i o n  m a t e r i a l s .  I t  was 

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

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

F i g u r e  4 . 4  i n  w h i c h  t h e  d y n a m i c  a n d  s t a t i c  c u r v e s  f o r  

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

S i n c e  t h e  s t r e s s - s t r a i n  c u r v e s  a r e  n o t  l i n e a r  a s  

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

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

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

F u r t h e r m o r e ,  i t  i s  n o t  known  how much t h e  r i g i d i t y  

o f  t h e  p e d e s t a l  shown  i n  F i g u r e  4 . 3  a f f e c t s  t h e  c u s h i o n ' s  

b e h a v i o r .  T h e r e f o r e ,  t h e  wave  e q u a t i o n  was u s e d  t o  c h e c k  

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

'l i n f o r m a t i o n :  1 )  t h e  s t r e s s e s  d e t e r m i n e d  e x p e r i m e n - t z l  l y  

a t  t h e  h e a d  o f  t h e  p i l e  v s  t i m e ,  2 )  t h e  v e l o c i t y  o f  t h e  

r a m  a t  i m p a c t ,  a n d  3 )  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  

p i l e  s y s t e m  r e q u i r e d  f o r  s o l u t i o n  b y  t h e  wave  e q u a t i o n .  

As shown i n  F i g u r e  4 . 5 ,  b o t h  t h e  c u s h i o n  a n d  r a m  

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

m e a s u r e d  e x p e r i m e n t a l l y  a t  g a g e  1 ( s e e  F i g u r e  4 . 2 )  a r e  

p l a c e d  o n  t h e  h e a d  o f  t h e  p i l e .  T h e  wave  e q u a t i o n  i s  

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

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

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

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

o f  t h e  c u s h i o n ,  t h e  d y n a m i c  s t r e s s - s t r a i n  c u r v e  may b e  
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d e t e r m i n e d .  T h e  c u r v e s  o b t a i n e d  b y  t h i s  m e t h o d  a r e  

i l l u s t r a t e d  i n  F i g u r e s  4.68, 4 . 7 ,  a n d  4 . 8 .  C o m p a r i n g  
?. 

t h e s e  w i t h  F i g u r e  4 . 4 ,  i t  i s  n o t e d  t h a t  t h e  c u r v e s  

a r e  g e n e r a l l y  s i m i l a r  i n  s h a p e .  

D y n a m i c  C o e f f i c i e n t  o f  R e s t i t u t i o n  

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

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

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

T h e  l o a d  d i a g r a m  shown  i n  F i g u r e  4 . 1  i l l u s t r a t e s  t h i s  

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

a r e a  ABC w h i l e  t h e  e n e r g y  o u t p u t  i s  g i v e n  b y  a r e a  BCD. 

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

f i c i e n t  o f  r e s t i t u t i o n  o f  t h e  c u s h i o n  " e " ,  i n  w h i c h  
f 

A r e a  u n d e r  BCD 
A r e a  u n d e r  ABD 

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

i s  known,  s u c h  a s  f o r  t h e  p r e v i o u s  p r o b l e m ,  t h e  c o e f -  

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

F i g u r e  4.6,  t h e  a r e a  u n d e r  t h e  d y n a m i c  c u r v e  A R C  i s  

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

B i s  r e a c h e d  ( i . e . ,  u n t i l  t h e  s t r a i n  r e a c h e s  a  m a x i m u m ) ,  

t h e n  t h e  a r e a  u n d e r  BCD i s  d e t e r m i n e d  b y  summing  

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

T a b l e  4 . 2  s u m m a r i z e s  t h e  r e s u l t s  f o u n d  f o r  t h e  
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c u r v e s  o f  F i g u r e s  4 . 6 ,  4 . 7 ,  and 4 . 8 .  I t  may be n o t e d  

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

w i t h  t h o s e  recommended by ~ i r s c h ~ ~ .  I t  i s  i n t e r e s t i n g  

t h a t  a l ~ t h o u g h  e  = 0 . 8  i s  commonly recomm3nded f o r  a  

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

i s  a c t u a l l y  much l o w e r ,  p r o b a b l y  a r o u n d  0 . 6 .  

I d e a l i z e d  Dynamic S t r e s s - S t r a i n  C u r v e s  

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

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

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

t h e  c u r v e  can  be i n p u t  i n  e q u a t i o n  f o r m .  A l though  t h e  

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

p a r a b o l  i c ,  t h e  u n l o a d i n g  s egmen t  i s  r a t h e r  comp lex .  

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

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

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

t h e  c o r r e c t  c o e f f i c i e n t  o f  r e s t i t u t i o n  f o r  t h e  c u s h i o n  

m a t e r i a l  b e i n g  u s e d .  

T h u s ,  t h e  c u r v e  shown i n  F i g u r e  4 .9  c a n  be  d e f i n e d  

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

t h ~ n  0 . 0 )  and " e "  o f  t h e  m a t e r i a l .  The p o i n t s  on t h e  

c u r v e  a r e  u sed  t o  d e f i n e  t h e  e q u a t i o n  o f  t h e  l o a d i n g  

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

i n c r e a s e d  i n p u t  e n e r g y  i s  computed a s  d e s c r i b e d  e a r l i e r .  
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When t h e  s t r a i n  i n  t h e  c u s h i o n  b e g i n s  t o  d e c r e a s e ,  t h e  

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

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

i n  o r d e r  t o  g i v e  t h e  c o r r e c t  v a l u e  o f  " e " .  

As shown  i n  F i g u r e  4 . 9 ,  t h e  t o t a l  i n p u t  e n e r g y  i s  

g i v e n  b y  t h e  a r e a  u n d e r  t h e  p a r a b o l i c  c u r v e ,  A, + A 2 ,  

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

u n l o a d i n g  c u r v e ,  A 2 .  S i n c e  e  i s  d e f i n e d  b y  

e 2  = A 2 / ( A 1 + A 2 ) ,  

t h e n  

A2 = e 2 ( ~ 1 + ~ 2 ) .  

B u t  A 2  i s  a l s o  g i v e n  b y  

Smax-0 
A 2 = (  2  1 ( c 2 - c 1 )  

Smax 
~ ' ( A ~ + A ~ )  = (7) b 2 - c l  ) 

2 e L ( A 1  + A ~ )  
( c 2 - c 1 )  = 

Smax 

S i n c e  t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e  B G  f s  g i v e n  

b y :  

Smax 
Ku = 

( E ~ - E ,  

Smax 2 
Ku = 

Z ~ ~ ( A ~ + A ~ )  



where Ku d e f i n e s  t h e  s l o p e  of t h e  un load ing  c u r v e ,  e  

i s  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  m a t e r i a l ,  
! 

(Al+A2) i s  t h e  t o t a l  a r e a  under  t h e  c u r v e  A D D  ( c a l c u -  

l a t c d  by t h e  c o m p u t e r ) ,  and Smax i s  t h e  maximum s t r e s s  

i n  t h e  cush ion  de te rmined  by t h e  wave e q u a t i o n .  

F i g u r e s  4 .10 ,  4 . 1 1 ,  and 4 .12  compare e x p e r i m e n t a l  

f o r c e  vs compress ion  c u r v e s  o b t a i n e d  f o r  t h e  f i r s t  

t h r e e  c a s e s  l i s t e d  i n  T a b l e  4 . 1 ,  w i th  t h o s e  r e s u l t i n g  

from t h e  p a r a b o l i c  i d e a l i z a t i o n  of  F i g u r e  4 . 9 ,  and 

t h e  s t r a i g h t  l i n e  shown i n  F i g u r e  4 . 1 .  Note t h a t  t h e  

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

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

n e a r l y  s o  c l o s e .  In each c a s e  t h e  p a r a b o l i c  c u r v e s  t end  1 
t o  " o v e r - s h o o t "  t h e  t r u e  maximum f o r c e ,  w h i l e  t h e  l i n e a r  

c u r v e  does n o t .  The e f f e c t  t h i s  has  on t h e  s t r e s s  wave 

i n  t h e  p i l e  w i l l  be d i s c u s s e d  i n  C h a p t e r  V .  
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f C H A P T E R  V 

STRESS W A V E S ,  IN P I L I N G  
! 

Comparison of Actua l  and Exper imenta l  S t r e s s  Waves 

As noted  i n  Chap te r  IV, t h e  shape  and magnitude of 

t h e  s t r e s s  wave i n  a  p i l e  i s  g r e a t l y  dependen t  u p o n  t h e  

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

by comparing t h e  a c t u a l  s t r e s s  wave de te rmined  e x p e r i -  

m e n t a l l y  w i t h  r e s u l t s  found by u s i n g  t h e  i d e a l i z e d  

cush ion  p r o p e r t i e s  mentioned e a r l i e r .  

The s o l u t i o n  f o r  s t r e s s e s  i n  t h e  p i l e  shou ld  be more 

a c c u r a t e  i f  t h e  e f f e c t s  of t h e  c u s h i o n  and ram can be 

o m i t t e d .  To accompl i sh  t h i s ,  t h e  f o r c e  measured a t  t h e  

head of t h e  p i l e  and t h e  s t r e s s e s  a t  o t h e r  gage p o i n t s  

then  de te rmined  by u s i n g  t h e  wave e q u a t i o n .  The c a s e s  

s o l v e d  by t h i s  method a r e  l i s t e d  i n  T a b l e  4 . 1 .  C o m -  

p a r j s o n s  between t h e  e x p e r i m e n t a l  r e s u l t s  and wave 

e q u a t i o n  s o l u t i o n s  a t  two p o i n t s  on t h e -  p i l e  a r e  shown 

i n  F i g u r e s  5.1 t h r o u g h  5 . 6 .  

One of t h e  major  f a c t o r s  which i n f l u e n c e d  t h e s e  

compar isons  was t h e  f a c t  t h a t  t h e  p r e s t r e s s e d  c o n c r e t e  

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

T h e r e f o r e ,  any r e f l e c t e d  t e n s i l e  f o r c e s  g r e a t e r  t h a n  

t h e  p r e s t r e s s i n g  f o r c e  opened a  smal l  gap a t  t h e  c r a c k  

such t h a t  t h e  p r e s t r e s s i n g  s t r a n d s  a l o n e  cou ld  t r a n s m i t  
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t h e  t e n s i l e  s t r e s s  down t h e  p i l e .  T h i s  i s  s e e n  b y  t h e  

r e l a t i v e  a g r e e m e n t  shown i n  F i g u r e s  5 .1  t h r o u g h  5 . 6 .  
1. 

N o t e  t h a t  t h e  s t r e s s - w a v e s  shown f o r  t h e  c o n c r e t e  p i l e s  

( F i g u r e s  5.1 t h r o u g h  5 . 4 )  do  n o t  a g r e e  n e a r l y  s o  w e l l  

as t h o s e  f o r  t h e  s t e e l  p i l e  ( F i g u r e s  5 . 5  a n d  5 . 6 ) .  

S t i l l ,  t h e  r e s u l t s  a g r e e  c l o s e l y  i n  e a c h  c a s e ,  

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

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

t o  t h e  wave e q u a t i o n  i s  q u i t e  a c c u r a t e .  F u r t h e r ,  a n y  

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

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

as  t h e  c u s h i o n ,  s o i l ,  e t c .  
i 

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

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

F i g u r e  4 . 1 .  The  t r u e  s t r e s s - s t r a i n  c u r v e s  shown  i n  

F i g u r e s  4 .6  t h r o u g h  4.8 i n d i c a t e  t h a t  t h e  c u r v e s  a r e  

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

c a u s e  i n a c c u r a c i e s .  

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

t h e  s o l u t i o n ,  t h e  p r e v i o u s  t h r e e  p r o b l e m s  w e r e  r u n  

u s i n g  t h e  c u s h i o n  s t r e s s - s t r a i n  c u r v e s  shown i n  F i g u r e s  

4 . 1  ( s t r a i g h t  l i n e ) ,  4 . 6  t h r o u g h  4 .8  ( t r u e  s t r e s s -  

s t r a i n  c u r v e s ) ,  a n d  4 .9  ( p a r a b o l i c  c u r v e ) .  T h e s e  

s o l u t i o n s  a r e  c o m p a r e d  i n  F i g u r e s  5.7 t h r o u g h  5 . 1 2 .  I n  

e a c h  c a s e ,  i t  i s  n o t e d  t h a t  t h e  s t r a i g h t  l i n e  s o l u t i o n  
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1 1 0  

i s  m o r e  a c c u r a t e  t h a n ' t h e  s o l u t i o n  u s i n g  t h e  p a r a b o l i c  

c u r v e .  T h i s  i s  b e c a u s e  a  s i n g l e  p a r a b o l i c  c u r v e  was 
I, 

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

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

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

a n d  t h u s  " o v e r - s h o o t s "  t h e  t r u e  p e a k  f o r c e .  F i g u r e s  

4 . 1 0  t h r o u g h  4 . 1 2  show how c l o s e l y  t h e  p a r a b o l i c  c u r v e s  

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

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

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

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

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

i s  n o t  e x c e e d e d .  

T h u s  t h e  u s e  o f  t h e  s t r a i g h t - l i n e  a s s u m p t i o n  seems 

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

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

F i g u r e s  5 . 7  t h r o u g h  5 . 1 2  w e r e  f i r s t  v a r i e d  b e t w e e n  w i d e  

l i m i t s  t o  o b t a i n  t h e  m o s t  a c c u r a t e  maximum s t r e s s e s .  

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

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

d e s i r e d  s p r i n g  r a t e ,  u s i n g  t h e  e q u a t i o n :  ~ d ~ n a m i c  = 

( K  c u s h i o n ) ( L e n g t h ) / ( A r e a  o f  c u s h i o n ) .  As shown  i n  

T a b 1  e  5.1, t h e s e  r e s u l t s  g i v e  a  l o w e r  v a l u e  o f  E f o r  

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

t h e  f i r  c a p b l o c k  was h i g h l y  s t r e s s e d  ( 4 , 1 7 0  p s i )  w h i l e  



TABLE 5 . 1  DYNAMIC PROPERTIES OF NEW CUSHION BLOCKS OF VARIOUS MATERIALS 
Q .  " .  . **+..: 

S l o p e  a t  
L i n e a r  S p r i n g  D e p t h  o f  A r e a  o f  M i d p o i n t  SMAX i n  

C u s h i o n  R a t e  - K C u s h i o n  C u s h i o n  E d y n a m i c  o f  C u r v e  C u s h i o n  
Case M a t e r i a l  ( I b / i n )  ( i n )  ( i n 2 )  ( p s i  1 ( p s i  1 ( p s i  > 

LT-41 M j  c a r t a  

LT-39 Oak 



t h e  o a k  c a p b l o c k  was s t r e s s e d  o n l y  s l i g h t l y  ( 7 6 5  p s i ) ,  

F u r t h e r  c ~ n s i d e r a t i o n ~ o f  t h e  d y n a m i c  s t r e s s - s t r a i n  
I. 

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

o f  t h e  c a p b l o c k  i s  a l m o s t  e x a c t l y  1 0  p e r c e n t  g r e a t e r  

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

( F i g u r e s  4.6 t h r o u g h  4 .8 )  t a k e n  a t  a  p o i n t  h a l f w a y  

b e t w e e n  z e r o  a n d  t h e  maximum s t r a i n .  As n o t e d  by 

~ i r s c h ~ ' ,  t h e  s t a t i c  a n d  d y n a m i c  s t r e s s - s t r a i n  c u r v e s  

a r e  q u i t e  s i m i l a r ,  s o  t h a t  c u r v e s  l i k e  t h o s e  shown i n  

F i g u r e s  4 . 6  t h r o u g h  4.8 a r e  e a s i l y  d e t e r m i n e d  f o r  a n y  

o t h e r  c u s h i o n  m a t e r i a l .  I t  was a l s o  recommended t h a t  

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

s o l  i d a t e d 6 3 .  

I n t e r n a l  Damping i n  P i l i n g  

As n o t e d  e a r l i e r ,  d i f f e r e n c e s  b e t w e e n  e x p e r i m e n t a l  

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

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

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

r e s u l t s 5 6 ,  o n e  o f  w h i c h  was t h e  m a t e r i a l  d a m p i n g  o r  

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

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

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

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

b e  a c c o u n t e d  f o r :  



i n  w h i c h  B i s  t h e  i n t e r n a 1 , d a m p i n g  c o n s t a n t .  He a l s o  

recommended t h a t  B b e  g i v e n  a  v a l u e  o t  a b o u t  0 . 0 0 2  i n  

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

t l o n  was d e r i v e d  f r o m  t h e  mode l  shown i n  F i g u r e  5 . 1 3  ( b )  

and i f  B i s  s e t  e q u a l  t o  z e r o ,  no d a m p i n g  i s  p r e s e n t ,  as  

s e e n  i n  F i g u r e  5 . 1 3  ( a ) .  

The mode l  shown i n  F i g u r e  5 .13  ( c )  has  one  m a j o r  

a d v d n t a g e  o v e r  t h e  p r e v i o u s  m o d e l  i n  t h a t  i t  i s  a t . 1 ~  

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

J e  . ~ e e n  t h e  m a t e r i a l ' s  s t a t i c  modu'ius o f  e l a s t i c i t y  E ,  

r - i ts s o n i c  m o d u l u s  o f  e l a s t i c i t y  E,. T h i s  \ s  - 

ae a u s e  a  s l o w l y  a p p l i e d  l o a d  g i v e s  t h e  d a s h p o t  t .  : ' 

r e  a x  w i t h o u t  c a u s i n g  t h ~  s p r i n g  Ks t o  e x e r t  d f c .  
I ,  

- h - - r e b y  r e s u l t i n g  i n  a  si,:ing r a t e  e q u a l  t o  K O .  i l e  y 

d h  n t h e  l o a d s  a r e  a p p l i e d  r d p i d l y  t h e  d a s h p o t  ha: no 

~ h a r . i e  t o  d e f o r m ,  r e s u l t ~ n g  i n  a  s p r i n g  r a t e  o f  X ,  ., 
;hub f o r  t h e  mode l  o f  F i i ~ r e  5 . 1 3  ( c ) ,  KO i s  d e t e r n o n i .  

-From t h e  s t a t i c  m o d u l u s  o f  e l a s t i c i t y  E, w h i l e  K 0 t & ,  

w o b i d  u s e  t h e  s o n i c  v a l u e  E s .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  when k, i s  i n f i n i t e l y  

l a r g e ,  m o d e l  ( c )  becomes e q u i v a l e n t  t o  mode l  ( b )  ; i : ' d  " 

( = 0 ,  m o d e l  ( c )  becomes e q u i v a l e n t  t o  mode l  ( a ;  

I n  o r d e r  t o  d e r i v e  t h e  e q u a t i o n ,  F i g u r e  5 . 1 4  - 

s r i l ,  i d e d .  F i g u r e  5 .14  ( a )  i l l u s t r a t e s  t h e  d a m p i n g  moz:- : 



(01 NO DAMPING PRESENT (b) INTERNAL DAMPING PROVIDEO 
BY DASHPOT 

(c) INTERNAL DAMPING PROVIDED BY AN 
ELASTIC SPRING AND DASHPOT CONNECTED 
IN SERIES 

FIGURE 5.13 - VARIOUS IDEALIZATIONS FOR THE 
SPRING SEGMENT OF A PILE 



( a )  POSITION OF MASSES (b )  POSITION OF MASSES 
AT TIME tat,, AT TIME t = t , + A t  

FIGURE 5.14. - IDEALIZED PILE SEGMENT WITH 
STANDARD LINEAR SOLID DAMPING 



t 
i 

1 1 6  

w h e r e i n  p o i n t H m "  ( o n  t h e  u p p e r  m a s s )  h a s  moved a  

d i s t a n c e  xl, p o i n t  " n "  ( b e t w e e n  t h e  d a s h p o t  and  

s p r i n g )  h a s  moved a  d i s t a n c e  x 2 ,  a n d  p o i n t  " 0 "  ( o n  

t h e  l o w e r  mass )  has  moved a d i s t a n c e  o f  x 3 .  Assume 

t h a t  a t  t i m e  t = to t h e r e  e x i s t s  a  f o r c e  F O t o  i n  t h e  

s p r i n g  KO. T h e r e  i s  a l s o  a  f o r c e  i n  the  s p r i n g  K, 

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

~ ~ ~ 0 .  

As shown i n  F i g u r e  5 .14  ( b ) ,  a f t e r  a  s i n g l e  t i m e  

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

axl ,  p o i n t  na  moves a x 2 ,  and  p o i n t  o  moves Ax3. A t  

t h i s  t i m e ,  t = t l  = to+ a t ,  and  t h e  f o r c e s  i n  KO, K s ,  

t t 
a n d  B a r e  d e s i g n a t e d  ~ ~ ~ 1 ,  Fs 1 ,  a n d  FD 1  r e s p e c t i v e l y .  

A t  t i m e  to: 

FS = Ks ( x l  - x 2 ) .  Eq. 5 . 1  

A t  t i m e  tl = to+ A t 1  : 

Eq.  5 . 2  

S u b s t i t u t i n g  E q u a t i o n  5 . 1  i n t o  5 . 2 :  

F S t l  = F ~ ~ o + K ~ ( A x ~  - a x 2 )  Eq. 5 .3  

By d e f i n i t i o n ,  a t  a l l  t i m e s :  

E q .  5 .4  



B e c a u s e  p o i n t  n  m u s t  b e  i n  e q u i l i b r i u m :  

S u b s t i t u t i n g  E q u a t i o n  5 . 3  a n d  5 . 4  i n t o  5 . 5 :  

S o l v i n g  f o r  Ax2 :  

F ~ ~ O A ~ + K ~ A X ~  d t + B A x 3  

A X 2  
- - 

K s A t + B  

S u b s t i t u t i n g  E q u a t i o n  5 . 6  i n t o  5 . 4  p r o d u c e s :  

Eq.  5 . 5  

Eq. 5 . 6  

E q .  5 . 7  

The  s o l u t i o n  b e g i n s  b y  s e t t i n g  ~ ~ ~ o  e q u a l  t o  z e r o ,  

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

E q u a t i o n  5 . 7 .  The q u a n t i t y  K s  i s  a  c o n s t a n t  a n d  

( A X , - A x 3 )  i s  s i m p l y  t h e  c h a n g e  i n  c o m p r e s s i o n  d u r i n g  a  

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

e a r l i e r  t e r m i n o l o g y ,  E q u a t i o n  5 . 7  c a n  b e  w r i t t e n :  

DF(I,t)+DK(I)[C(I,t+l)-C(I,t)] 
D F ( I , t + l )  = [ D K ( I ) A t / B ] + l . O  Eq.  5.8 



w h e r e  D F ( 1 , t )  i s  t h e  d a m p i n g  f o r c e  i n  d a s h p o t  number 

"I" d u r i n g  t i m e  i n t e r v a l  " t " ,  D K ( 1 )  i s  t h e  d y n a m i c  
1 

spr i  
r a t e  o f  d a m p i n g  s p r i n g  "I", C ( 1 , t )  i s  t h e  com- 

p r e s s i o n  i n  s p r i n g  I d u r i n g  t i m e  i n t e r v a l  number t ,  

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

The s t a t i c  f o r c e  i n  s p r i n g  I w i l l  be  c o m p u t e d  as  

b e f o r e ,  b y  

F ( I , t + l )  = K ( I ) [ C ( I , t + l ) ] .  Eq. 5 . 9  

Thus b y  a d d i n g  t h e  E q u a t i o n s  5 .8  a n d  5 .9 ,  t h e  t o t a l  

f o r c e  a c t i n g  o n  e a c h  mass c a n  b e  d e t e r m i n e d  f o r  t h e  

n e x t  t i m e  i n t e r v a l .  

S i n c e  as  f a r  a s  i s  known t h i s  d e r i v a t i o n  does  

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

d a m p i n g  f o r c e  g i v e n  by E q u a t i o n  5 .7  w e r e  c h e c k e d .  

From E q u a t i o n  5 .7 ,  

F D ~ O + O  
( a )  L e t t i n g  KS = 0 : ~ ~ ~ l  = 1+0 = F D t 0 .  

T h i s  i s  c o r r e c t  s i n c e  FD b e g i n s  a t  z e r o  a n d  c a n n o t  i n -  

c r e a s e  i n  m a g n i t u d e  when K s  = 0 .  

~ ~ t o t m  
( b )  L e t t i n g  Ks = - :  = = W / W ,  

m+ 1 

S i n c e  t h i s  i s  i n d e t e r m i n a t e ,  



T h i s  c h e c k s  s i n c e  i t  i s  t h e  e q u a t i o n  f d u n d  when KS = 

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

o f  F i g u r e s  5 . 1 3  ( b )  and  ( c )  w o u l d  b e  i d e n t i c a l  

F D t 0 + ~ ,  ( b x l  - A x 3 )  1 
( c )  L e t t i n g  B = O : F ~ ~ I  = - - -  - 

_ K C A t  
m - 0 -  

T h i s  c h e c k s  s i n c e  i f  t h e  d a s h p o t  has  no d a m p i n g  a b i l i t y ,  

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

F ~ ~ o + K ,  ( A X ,   AX^) 
t ( d )  L e t t i n g  B = m:FD 1  = K ~t s+ 1  

m 

t B u t  F D t o  = FS o = K S ( x 1 - x 2 ) .  

S u b s t i t u t i n g  t h i s  i n t o  t h e  p r e v i o u s  e q u a t i o n  one  f i n d s  

= [ K s ] [ T o t a l  c o m p r e s s i o n  a t  t i m e  t ] .  

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

a n d  when B = m, t h e  d a s h p o t  i s  " l o c k e d "  a n d  no  d a m p i n g  

o c c u r s .  
F ~ ~ o + K ,   AX^ - n x 3 )  

( e )  L e t t i n g  ~t = o : F ~ ~ ~  = 0+1 

T h i s  r e s u l t  a g r e e s  b e c a u s e  i t  g i v e s  t h e  same r e s u l t  as  

l e t t i n g  B =  ( S e e  p a r t  ( d )  a b o v e . )  



F D  t ~ + ~ s    AX^ - b x 3 )  
( f )  L e t t i n g  b t - - : F  tl = 

D  a+B 
= 0 .  

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

s p r i n g  , w o u l d  b e  r e l e a s e d  by r e l a x a t i o n  o f  t h e  d a s h p o t  

( g )  L e t  Axl = Ax2 a n d  assume t h a t  t h e  d a m p i n g  

s p r i n g  h a s  a n  i n i t i a l  f o r c e  s t o r e d  a t  t = to. A l t h o u g h  

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

z e r o  d u r i n g  a  s i n g l e  t i m e  i n t e r v a l ,  u l e s s  A t  = a' 

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

b u t  w i l l  n e v e r  a c t u a l l y  r e a c h  z e r o  u n l e s s  a t  = a. 

F i g u r e s  5 . 1 5  t h r o u g h  5 .18  compare  t h e  e f f e c t s  o f  

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

F i g u r e  5 .13 .  The r e s u l t s  g i v e n  a r e  f o r  t e s t  p i l e  number 

L T - 1 5  w h i c h  i s  d e s c r i b e d  i n  T a b l e  4 .1 .  T h i s  p a r t i c u l a r  

p i l e  was o f  l i g h t w e i g h t  c o n c r e t e  w i t h  E = 3 . 9 6  x l o 6  
6 a n d  Es = 4 . 6 3  x 10 p s i .  T h i s  p r o b l e m  was c h o s e n  s i n c e  

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

o f  r a t h e r  h i g h  d a m p i n g .  

However ,  o n e  i s  o f t e n  m o r e  i n t e r e s t e d  i n  t h e  max -  

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

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

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











a r e  s m a l l  a n d  c a n  u s u a l l y  b e  n e g l e c t e d .  

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

p i l e s  s i n c e  wood h a s  a  much h i g h e r  d a m p i n g  c a p a c i t y  

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

e x p e r i m e n t a l  d a t a  was a v a i l a b l e .  T h i s  h i g h e r  d a m p i n g  

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

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

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

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

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

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

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

e x t e n d e d  p e r i o d  o f  t i m e ,  d a m p i n g  i n  t h e  p i l e  c a n n o t  b e  
I 

n e g l e c t e d .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e s  5 . 1 5  a n d  5 . 1 7  

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

n e g l e c t e d .  On t h e  o t h e r  h a n d ,  F i g u r e s  5 . 1 6  a n d  5 . 1 8  

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

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

F i g u r e  5 . 1 3 .  

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

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

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

S m i t h ' s  m o d e l  i s  e x t r e m e l y  s i m p l e  w h i l e  t h e  o t h e r  i s  

r a t h e r  c o m p l e x .  A g a i n ,  t h i s  may a l s o  p r o v e  i n c o r r e c t  

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



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

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



C H A P T E R  V I  

S O I L  P R O P E R T I E S  

I d e a l i z e d  S o i l  R e s i s t a n c e  C u r v e s  

The  l o a d - d e f o r m a t i o n  c h a r a c t e r i s t i c s  assumed  f o r  

t h e  s o i l  i n  S m i t h ' s  n u m e r i c a l  s o l u t i o n  a r e  shown i n  

F i g u r e  6 . 1  ( a ) .  T h i s  c u r v e  e x c l u d e s  t h e  d a m p i n g  e f -  

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

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

l o a d i n g .  As shown ,  t h e  t w o  p a r a m e t e r s  r e q u i r e d  t o  

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

q u a k e  " Q ( m ) "  a n d  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  

IIRu (m)  " . 
I 

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

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

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

t h e  c u r v e  OABCDEFG. H o w e v e r ,  t h e  s o i l  l o c a t e d  a t  t h e  

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

p r e s e n t e d  b y  t h e  c u r v e  OABCFCB. 

T h e  s p r i n g  r a t e  f o r  t h e  c u r v e  b e t w e e n  p o i n t  0 a n d  

A may now b e  d e t e r m i n e d  f r o m  

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

s o i l ,  a  t h i r d  v a r i a b l e  J9m)  i s  d e f i n e d  a s  t h e  d a m p i n g  

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



(01 ELASTIC - PLASTIC OR "LINEAR" SOIL RESlSfAFICE CURVE 
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o f  t h e  s o i l ,  i n c l u d i n g  t h e  e f f e c t  o f  l o a d i n g  r a t e ,  i s  

g i v e n  b y  

R ( m , t )  = [ ~ ( m , t )  - ~ ' ( m , t ) ]  ~ ' ( m ) [ 1  + J ( m ) V ( m , t - l ) ]  

w h e r e  m  d e n o t e s  t h e  - s e g m e n t  number  o f  t h e  p i l e ,  t i s  t h e  

t i m e  i n t e r v a l  n u m b e r ,  D ( m , t )  i s  t h e  d i s p l a c e m e n t  o f  

s e g m e n t  m  a t  t i m e  i n t e r v a l  number  t, K 1 ( m , t )  i s  t h e  

p l a s t i c  d e f o r m a t i o n  o f  t h e  s o i l ,  J ( m )  i s  t h e  s o i l  damp- 

i n g  c o n s t a n t ,  K 1 ( m )  i s  t h e  s o i l  s p r i n g  c o n s t a n t ,  V ( m , t )  

i s  t h e  v e l o c i t y  o f  mass number  m  a t  t i m e  i n t e r v a l  number  

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

e l e m e n t  a t  t i m e  t. 

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

a b l e ,  t h e  g e n e r a l  s o i l  r e s i s t a n c e  c u r v e  o f  F i g u r e  6 .1  ( b )  

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

v a r i a b l e s  Q ( m )  a n d  R u ( m ) ,  b u t  t h e  c u r v e  n o  l o n g e r  m u s t  

b e  l i n e a r .  I n  t h i s  c a s e ,  t h e  g r o u n d  q u a k e  Q ( m )  i s  d i v i d e d  

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

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

r e q u i r e d  t o  e s t a b l i s h  t h e  c u r v e .  A l s o ,  a s  shown  i n  

F i q u r e  6 . 1  ( b ) . ,  t h e  s l o p e  o f  t h e  u n l o a d i n g  c u r v e  i s  g i v e n  

b y  K 1 ( r n ) .  A  m o r e  c o m p l e t c  d i s c u s s i o n  o f  t h e  u s e  o f  t h i s  

m e t h o d  i s  g i v e n  i n  t h e  a p p e n d i x .  

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

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

t h e  r e g u l a r  e l a s t i c - p l a s t i c  c u r v e  o f  F i g u r e  6.1 ( a ) .  



These  problems were t h e n  s o l v e d  a g a i n  u s i n g  t h e  g e n e r a l -  

i z e d  s o i l  r e s i s t a n c e  method wi th  s o i l  r e s i s t a n c e  v a l u e s  

l y i n g  on t h e  same c u r v e ,  t h e  two s o l u t i o n s  then  be ing  

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

A number of o t h e r  problems were a l s o  s o l v e d  t o  s e e  

what changes might  r e s u l t  when t h e  shape  of  t h e  s o i l  

r e s i s t a n c e  c u r v e  was a l t e r e d .  For example,  t h e  l i n e a r  

s o i l  r e s i s t a n c e  c u r v e  used i n  a  problem o r i g i n a l l y  

s o l v e d  by i s  shown i n  F i g u r e  6 . 2  ( a ) .  T h i s  

problem was then  s o l v e d  u s i n g  t h e  n o n l i n e a r  c u r v e  of 

F i g u r e  6 . 2  ( b ) .  

The s o l u t i o n s  f o r  t h e s e  two problems,  shown i n  

T a b l e  6 . 1 ,  a r e  t y p i c a l  of t h e  r e s u l t s  found f o r  t h e  

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

t h e  s o i l  c u r v e  changed t h e  r e s u l t s  o n l y  s l i g h t l y ,  In 

t h i s  c a s e ,  f o r  example ,  a l t h o u g h  t h e  s o i l  quake was 

doubled  and t h e  c u r v e  made n o n l i n e a r ,  t h e  maximum change 

i n  s t r e s s  was l e s s  t h a n  9 p e r c e n t ,  and t h e  permanent  

s e t  i n c r e a s e d  l e s s  t h a n  8 p e r c e n t .  Only a  d r a s t i c  change 

i n  t h e  s o i l  r e s i s t a n c e  c u r v e  was found t o  c a u s e  an 

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

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

problem even s l i g h t l y  r e s e m b l e s  t h e  c u r v e  of  F i g u r e  

6 . 2  ( a ) ,  t h e  l i n e a r  r e s i s t a n c e  e q u a t i o n  w i l l  p r o b a b l y  

be s a t i s f a c t o r y .  Whenever i t  becomes n e c e s s a r y ,  t h e  
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TABLE 6 . 1  COMPARISON OF RESULTS FOUND B Y  USING ELASTIC-  
PLASTIC V S  NON-LINEAR S O I L  RESISTANCE CURVES 

Maximum F o r c e  

A t  A t  A t  
Head C e n t z r  P o i n t  Maximum 

T y p e  o f  o  .f o f  P o i n t  
o f  S o i l  P i l e  P i l e  P i l e  D i s p l a c e m e n t  

R e s i s t a n c e  ( k i p )  ( k i p )  ( k i p )  ( i n )  

E l a s t i c  P l a s t i c  290  3 0 0  40  5 0 . 2 0 3  

N o n - L i  n e a r  2 9 0  30  1  3 7 0  0 . 2 1 8  

P e r c e n t a g e  o f  
Change 0 . 0  + O .  3  - 8 . 7  + 7 . 4  



n o n l i n e a r  s o i l  r e s i s t a n c e  c a n  be  u s e d  a s  explained i n  

t h e  a p p e n d i x .  

S i g n i f i c a n c e  o f  t h e  S o i l  Q u a k e  " Q "  

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

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

many v a r i a b l e s  a f f e c t i n g  t h e  p r o b l e m 6 4 .  A1 t h o u g h  a 

n u m b e r  o f  v a l u e s  f o r  t h e  s o i l  q u a k e  may b e  u s e d ,  t h e  

v a l u e  Q = 0 . 1 ,  r ecommended  b y  C h e l l i ~ ~ ~  i s  p r o b a b l y  

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

m o r e  a c c u r a t e  v a l u e  c a n  b e  d e t e r m i n e d .  As m i g h t  b e  e x -  

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

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

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

t y p e  o f  s o i l  e n c o u n t e r e d .  Much w o r k  i s  p r e s e n t l y  b e i n g  

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

d e t e r m i n e  t h e  a c t u a l  v a l u e s  f o r  b o t h  " Q "  a n d  " J "  t o  

. i n c r e a s e  t h e  s o l u t i o n ' s  a c c u r a c y  Q6,67 

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

L O  a t t e m p t  t o  d e t e r m i n e  v a l u e s  f o r  Q ,  i t  i s  i n t e r e s t i n g  

t o  c e e  how t h e  v a l u e  o f  4 a f f e c t s  t h e  s o l u t i o n .  A f t e r  

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

v a l u e s  o f  Q w e r e  s t u d i e d ,  Case  BLTP - 6 ;  5 7 . 9  was 

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

s o l v e d  w i t h  Q r a n g i n g  f r o m  0 . 7  t o  0 .5 ,  a s  s e e n  i n  T a b l e  



6 . 2 .  To d e t e r m i n e  w h e t h e r  Q w o u l d  h a v e  s i m i l a r  e f f e c t s  

a t  a l l  m a g n i t u d e s  o f  s o i l  r e s i s t a n c e ,  Rutotal was a l s o  

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

i n  T a b l e  6 . 2 .  

One o f  t h e  t r e n d s  n o t e d  i n  T a b l e  6 . 2  i s  t h e  s m a l l  

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

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

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

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

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

Maximum E N T H R U  v a l u e s  a r e  a l s o  r e l a t i v e l y  i n d e p e n d e n t  o f  

t h e  s o i l  q u a k e ,  w i t h  E N T H R U  t e n d i n g  t o  d e c r e a s e  a s  t h e  

s o i l  q u a k e  i n c r e a s e s .  

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

m a r k e d  i n c r e a s e  i n  maximum p o i n t  d i s p l a c e m e n t  c o r r e s p o n d -  

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

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

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

g r e a t l y  i n c r e a s e s  a s  t h e  ~ o t a l  s o i l  r e s i s t a n c e  becomes 

l a r g e .  T h i s  i s  a l s o  shown  i n  F i g u r e  6 . 3 .  S i m i l a r  r e -  

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

e x c e p t  t h a t  t h e  t e n s i l e  f o r c e  o f t e n  v a r i e d  s u b s t a n t ' a r l y  

m o r e  t h a n  i n d i c a t e d  f o r  t h e  c a s e  o f  T a b l e  6 . 2 .  



TABLE 6 . 2  INFLUENCE OF S O I L  QUAKE AT DIFFERENT S O I L  
RESISTANCES FOR CASE B L T P - 6 ;  5 7 . 9  

WITH NO S O I L  DAMPING 

M a x i  mum Max imum Max imum 
T o t a l  S o i l  P o i n t  Max imum C o m p r e s s i v e  T e n s i l e  
R 2 s i s t a n c e  Q D i s p l a c e m e n t  ENTMRU F o r c e  F o r c e  

( k i p )  ( i n )  ( i n )  ( I c i p  f t )  ( Ic i  p )  ( Ici  p )  

50 0 . 1  1 . 4 9  6 . 8 0  2 2 5  1 0 9  

0 . 2  1 . 5 1  6 . 8 0  2 2 2  1 0 9  

0 . 3  1 . 5 1  6 . 7 3  2 2 1  1 1 4  

0 . 4  1 . 5 4  6 . 7 1  2  2  1  1 1 9  

0 . 5  1 . 5 8  6 . 6 9  2 2  1 1 2 4  



TABLE 6 . 2  ( C o n t i n u e d )  

M a x i m u m  M a x i m u m  ~ a i i n ~ u r n  
T o t a l  S o i l  P o i n t  M a x i m u m  C o m p r e s s i  v e  T e n s i  1 e  
R e s i s t a n c e  Q D i s p l a c e m e n t  E N T H R U  F o r c e  F o r c e  

b ( I c i e )  -I ( i n )  ( i n >  (xp f t )  ( k i p )  L.k.32-L- 
360  0 . 1  0 . 2 2  7 . 2 8  250 82 
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S i g n i f i c a n c e  o f  t h e  S o i l  Damping C o n s t a n t  

M i c h i g a n  Case BLTP - 6; 57.9 was a l s o  c h o s e n  t o  

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

d a m p i n g  c o n s t a n t s  w e r e  g i v e n  v a l u e s  r a n g i n g  f r o m  0 . 0  

t o  0 .05 ,  and  a s  was done  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  

t o t a l  s o i l  r e s i s t a n c e  was v a r i e d  f r o m  50 t o  400 k i p  t o  

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

n o t e d  when t h e  s o i l  r e s i s t a n c e  was l a r g e .  S i n c e  t h e  

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

recommended b y  i . e . ,  a  s o i l  d a m p i n g  c o n s t a n t  

o f  0 . 0 5  s e c / f t  a l o n g  t h e  s i d e  o f  t h e  p i l e  and  0 .15 s e c /  

f t  a t  t h e  p o i n t  o f  t h e  p i l e ,  t h e  v a r i a t i o n  o f  J = 0 . 0  

t o  0 . 5  v e r y  l i k e l y  c o v e r s  t h e  t r u e  v a l u e s  f o r  m o s t  

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

T a b l e  6 .3 .  

As was p r e v i o u s l y  d e t e r m i n e d  f o r  Q ,  t h e  s o i l  damp- 

i n g  c o n s t a n t s  a l s o  h a v e  l i t t l e  e f f e c t  o n  t h e  maximum 

ENTHRU v a l u e s .  The  maximum c o m p r e s s i v e  f o r c e s  do  h a v e  

a  t e n d e n c y  t o  i n c r e a s e  as  J i n c r e a s e s ,  e x p e c i a l l y  when 

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

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

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

I' Q 'I * 

The maximum p o i n t  d i s p l a c e m e n t s  a g a i n  show t h e  



TABLE 6 . 3  INFLUENCE OF S O I L  D A M P I N G  ON DIFFERENT S O I L  
RESISTANCES FOR CASE B L T P - 6 ;  5 7 . 9  

( Q  = 0 . 1  FOR A L L  CASES) a 

M a x i m u m  M a x i m u m  M a x i m u m  
T o t a l  S o i l  P o i n t  M a x i m u m  C o m p r e s s i v e  T ~ n s i  1 e 
R e s i s t a n c e  J D i s p l a c e m e n t  ENTHRU F o r c e  F o r c e  

( k i p )  ( s e c / f t )  ( i n )  ( k i p  f t )  ( k i p )  ( ~ 1 ' p l  



, 

TABLE 6 . 3  ( C o n t i n u e d )  

M a x i  mum M a x i m u m  M a x i m u m  
T o t a l  S o i l  P o i n t  M a x i m u m  C o m p r e s s i v e  T e n s i l e  
R e s i s t a n c e  J D i s p l  a c e m e n t  E N T H R U  F o r c e  F o r c e  
- (Ici p )  ( s e c / f t )  ( i n )  ( k i p  f t )  ( k i p )  uLhLL+- 



m o s t  c o n s i s t a n t  t r e n d  a s  J i s  v a r i e d ,  a s  shown  i n  

F i g u r e  6 . 4 .  T h e  o t h e r  c a s e s  s t u d i e d  showed  t h i s  same 

t r e n d ,  i . e . ,  a s  J i n c r e a s e s ,  t h e  maximum d i s p l a c e m e n t  

d e c r e a s e s  r a p i d l y .  
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C H A P T E R  V I I  

CONCLUSIONS 

The c o r r e l a t i o n  b e t w e e n  t h e  n u m e r i c a l  s o l u t i o n  and  

t h e  e x p e r i m e n t a l  d a t a  p r e s e n t e d  i n  C h a p t e r  V i n d i c a t e s  

t h e  p o t e n t i a l  a c c u r a c y  o f  S m i t h ' s  me thod ,  b u t  t h e  

p r o b l e m  i n v o l v e s  s o  many i m p o r t a n t  p a r a m e t e r s  t h a t  i t  

i s  e x t r e m e l y  i m p o r t a n t  t o  know as much as p o s s i b l e  

a b o u t  t h e i r  a c t u a l  b e h a v i o r .  

As shown i n  C h a p t e r  111, i t  i s  p o s s i b l e  t o  d e t e r m i n e  

v a l u a b l e  i n f o r m a t i o n  f r o m  t h e  wave e q u a t i o n  e v e n  t h o u g h  

some o f  t h e s e  p a r a m e t e r s  a r e  unknown. F o r  e x a m p l e ,  

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

p a r a m e t e r  v a r i e s  b e t w e e n  some u p p e r  and l o w e r  v a l u e s ,  

as was done  t o  d e t e r m i n e  t h e  e f f e c t  o f  t h e  r a m ' s  e l a s -  

t i c i t y  i n  C h a p t e r  111. T h i s  s t u d y  shows t h a t  o n l y  f o r  

s t e e l  on  s t e e l  i m p a c t  does t h e  e l a s t i c i t y  o f  t h e  ram 

a f f e c t  t h e  s o l u t i o n .  

I n  o r d e r  t o  s t u d y  t h e  M i c h i g a n  d a t a  o v e r  5,000 

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

t i o n  s u c h  as t h e  ram v e l o c i t y  was n o t  r e p o r t e d .  S t i l l  

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

d r i v i n g  hammers d i s c u s s e d .  F o r  examp le ,  t h e  e f f i c i e n c y  

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

t h a t  t h e y  w e r e  n e a r l y  i n d e p e n d e n t  o f  t h e  t y p e  o f  p i l e ,  

p i l e  l e n g t h ,  a n d . - s o i  1 r e s i s t a n c e .  The c o r r e l a t i o n  b e -  



t w e e n  t h e  wave e q u a t i o n  a n d  t h e  f i e l d  d a t a  shown i n  

C h a p t e r  I 1 1  f u r t h e r  i l l u s t r a t e s  t h a t  S m i t h ' s  m e t h o d  

i s  a c c u r a t e ,  e s p e c i a l l y  i f  a l l  t h e  r e q u i r e d  d a t a  i s  

known and need  n o t  b e  assumed. 

Much o f  t h e  v a l u e  o f  t h i s  m e t h o d  o f  a n a l y s i s  i s  

i t s  f l e x i b i l i t y .  As i l l u s t r a t e d  i n  C h a p t e r  111, t h e  

wave. e q u a t i o n  c a n  b e  u s e d  f o r  any  number  o f  s t u d i e s  

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

I t  was shown t h a t  t h e  s t r e s s - s t r a i n  c u r v e  f o r  a  

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

c u r v e  w h i c h  i s  c l o s e l y  p a r a b o l i c .  However ,  a  s t r a i g h t  

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

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

z e r o  and t h e  maximum s t r a i n  g i v e s  a c c u r a t e  r e s u l t s .  

The  c u s h i o n ' s  d y n a m i c  c o e f f i c i e n t  o f  r e s t i t u t i o n  was 

f o u n d  t o  a g r e e  w i t h  commonly recommended v a l u e s .  

The e f f e c t  o f  i n t e r n a l  damp ing  t h e  t h e  c o n c r e t e  and  

s t e e l  p i l e s  was shown t o  b e  ' n e g l i g i b l e  i n  t h e s e  c a s e s ,  

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

wave e q u a t i o n .  

The p a r a m e t e r  f o r  w h i c h  f u r t h e r  r e s e a r c h  i s  m o s t  

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



C t l ' A P T E R  V I I I  

RECOMMENDATIONS F O R  F U R T H E R  RESEARCH 

The f o l l o w i n g  a r e a s  a r e  recommended fcor f u r t h c r  

r e s e a r c h :  

1 .  A comple te  e v a l u a t i o n  o f  t h e  d a t a  c o l l e c t e d  

by t h e  Michigan S t a t e  Highway Commission, i n c l u d i n g  

c o r r e l a t i o n  of hammer e n e r g y ,  permanent  s e t  of p i l e  
C 

per  blow, e t c .  T h i s  would r e q u i r e  a major  r e s e a r c h  

e f f o r t  because  of t h e  q u a n t i t y  of d a t a  r e p o r t e d .  A l s o ,  

because  c e r t a i n  v a r i a b l e s  were no t  d e t e r m i n e d ,  s e v e r a j  

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

c o r r e l a t i o n  u n t i l  t h e  unknown p a r a m e t e r  can be "p inned  

down" wi th  r e a s o n a b l e  a c c u r a c y .  For example ,  t h e  

s o l u t i o n s  f o r  o v e r  5 , 0 0 0  problems were r e q u i r e d  t o  

comple te  t h e  28 c a s e  s t u d y  made i n  Chap te r  111.  

2 .  A s t u d y  t o  d e t e r m i n e  h o w  t o  improve t h e  e f -  

f i c i e n c y  of  t h e  p i l e - d r i v i n g  hammers p r e s e n t l y  i n  u s e .  

T h i s  t y p e  o f  r e s e a r c h  shou ld  be most i n t e r e s t i n g  t o  

t h e  hammer m a n u f a c t u r e r s  s i n c e  p r e s e n t  equipment  cou ld  

be o p t i m i z e d  t o  d r i v e  p i l i n g  f a s t e r  a n d / o r  r educe  t h e  

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

t o d a y ' s  p i l e - d r i v i n g  hammers a r e  a s  e f f i c i e n t  a s  p o s s i b l e  

through t r i a l  and e r r o r  i s  rcniote .  

3 .  F u r t h e r  r e s e a r c h  i s  needed t o  i n s u r e  t h a t  t h e  



I 
damping models proposed i i ?  C t l a p t c r  IV a r e  a l s o  a c c u r a t e  

f o r  t i m b e r  p i l i n g ,  and t o  d e t e r m i n e  what damping con-  

s t a n t s  shou ld  be used .  

4 .  Major r e s e a r c h  e f f o r t s  a r e  needed to i n v e s t i g a t e  

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

d u r i n g  d r i v i n g .  
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A S C E  G e e t i  n g ,   an A n t o n i  G ,  T e x a s ,  O c t o b e r ,  1 9 6 3 ,  
p . 1 1 6 2 .  



A P P E N D I X  A 

P R O G R A M  I N P L T  D A T A  



P R O G R A X  I N P U T  FFT?, 

CA:::D 101 ( R e q u i r e d )  ----- 

IGl and I D 2  - Al l  "19" \ ~ a j i l e s  a r e  f o r  i de r~ t j . : ' : : a t i o r :  - - 
o n l y  a , l d  ::<in S c  e i t h e r  alphi:,l-,zt-ic o r  

w i l l  k:: cst:.:!. (!/set) 

MP - - T o t a r  number o f  s e g m e n t s  i r !  - ~ : e  s y s t ~ m  

t o  b e  . ; n a ! y z e ? .  

\ /ELM1  - I n i t j 2 ?  a vt . l ;oc i ty  o f  t h e  rail?. . : : . : L / C - , ~ ~ )  , ,: - 
:\4 7 
I . I  - - Elenlc::; i:~,i:,ber o f  t h e  - f i r s t  p i ;  (: s%-, i -  

1-11 e  n t . 
N R 1-1 ;3 '? a 53 . - - Nuniber o f  c j i \ ; j s i o n s  3-f ' - '  @ , . 

E E M ( N R )  - Coef-?; , j  ?I?', o f  R e s t <  t u t - j  c:; ~ ) - f  5 3 ; - j  ,. i ,- 

numbe;. N K ;  d j r e c t l y  unde r  rii:i. 

EEM(NR+l) - C0ef.f  :;je;; of R e s t j i k t j o n  , . . &  :: - . '  . . . ,  - - 

nurnbe:- N R y - ;  . 
G A M M A ( N R )  - The 1::; ;.,jl;,;i;:; - :o i~ce  -j 1.; s p r j  n(-; .,; , . ' , , , !  - .  9 

t h e  r,,, c ,,,< j-l-!a.i fay.(;, ,-,as ;-ec;;;,.=v -, . 

.- 

nlaxi I R ~ ; . . !  . -. i i ( i  0 )  For examp'? e ,  s -7 . L A .  

d i e s e ' ;  h i . . :  ;,;el- e x p l o s i v e  p r e s s  ili-..: cl.. 

758.7 ,.ip .;l.iinimurn f o r c e  ' i l  . t h i s  ::p.;" ;, 

s e t  G, { : i : p4 ,P : \ , 3 )  = 1 5 8 . 7  i<:p. 1 e 



. .. i s  z e r o  ( . :  c r  cxa!-n?l e ,  v.ih2r.l no .tc:l-;s,i l c  

f o r c e  c a n  e x i s t  b e t w e e n  t h e  ram and 

a n v i  1 ) s e t  t l r e  c o r r ~ s p o n d - i  n g  G A M M A ( : )  

= 0 . 0 .  I - ?  t h e  s p r i n g  r e p : p e s e r i t s  a 

c o n t i n ~ \ o u s  body s u c h  a s  t h e  s p r i r i g  b e -  

t w e e n  any  Lwc p i !c  s e g m e n t s ,  ; t c a n  

t r a f i s r - , ;  t t e n s !  -/ e fdrc-s L ; ? t ~ e : ~ n  t h e  

e l e m e n t s .  T h i s  Ss s i c j r . i f i e d  by s e t . L i n g  

G A M M A (  I )  e  u a l  t o  a n y  n e g j t i v e  v a l u e ,  Y 
u s u a l l y  -?.O i : ip. 

GAMMA(NR+l) - Same a s  & b o v e ,  b u t f o r  sp . r f t ig  nu; ; -ber  u 
NRt-1. 

NSTOP - T o t a l  nua iLe ,c  o f  t i m e  i n t e r v a l s  t i : e  ,/fld 

progra r - ,  i s  t o  run .  

Used t c  r e a d  c a r d s  1 0 3 - 1 0 6  and >xnib..'. , . I , V  

o u t  -[kc! d a t a  -for p r o b l e m  + d e n t i  f ' c a . ~ i c r : .  
- - - -- ----A 

= 1  No i d e ; t i f i c a t i o n  c a r d  i s  t o  b z  : 5 e r .  
i. 

= 2 Read c p A  g r i n t  a  s i n g l e  ID c a r a .  

( c a r d  i a 3 )  

= 3  Read and p r i n t  two ID c a r d s .  ( c L , - c .  

1 0 3  a c ~  l i 4 )  

= 4  Read ar.d ~ ~ i i 1 - t  ID c a r d s  1 0 3 ,  1 0 4 ,  a .  

1 0 5 .  



KOP(1) V A L U E  

-- - -. - - -. . . 

FUNCTION 

= 5 Read a ; i d  p r i n t  I D  c a r d s  1 0 3 ,  1 0 4 ,  1 0 5 ,  

a n d  1 G G .  

Used -22 s p e c - i ' - f y  i f i p u - i  m c i h s d  f o r  1 

t h e  s c g n ~ e ; ~ t  ! :e ights  WAN( I ) .  

= 1 Read. o;?e l,!,~zigr:i: f o r  e a c h  segment ( c a r d  

s e r i e s  2 0 C ) .  

Read tkre segment w e i g h t s  f o r  on ly  -the 

f i r s t  f i v e  and l a s t  f i v e  segmes t s  o f  

t h e  p-i-:e sys tem from a s i n g l e  c 2 r d  

( c a r d  200) : a n d  e q u a t e  a1 1 remai n f  ng  

segmen.: w z i g h t s  t o  t h e  s i x t h  we igh t  in  

t h e  s y z t e m .  ( N O P ( 2 )  = 2 i s  u s e d  w h e ~  

a  l a r g e  nu~zber  of  e q u a l  w e i g h t s  a r e  

presen:: excepz  f o r  t h e  f i r s t  o r .  ! a s t  

few wcf g t -~ t s  . ) 
-------- 

N G P ( 3 )  Used 7::; s 2 e c i f y  t h e  i n p u t  method f o r  

t h e  i  r;ce:-.*,;l s p r i n g  s t i f f n e s s  , I 
( X K A M ( I ) .  

= 1 Read c:e s t i f f n e s s  f o r  e a c h  i n t e r n &  

s p r i n s  from c a r d  s e r i e s  3 2 3 .  



N O ? (  1) V A L U E  F U N C T I O N  

. . 
= 2 J- Read - 3 ~  2-,:-;.:-fness v a l u e s  r0.r op!y the 

f i r s - ; ;  . , ' j . . i c !  anci l a s t  -five i n t e r n a l  

s p r i ~ - ~ - ~ ;  o:-: a  s i n g l e  c a r d  3 0 0 ,  a n 6  z s s - jg i i  

t h e  <c-: .:+:, , , ,,! .:al ue t~ a l l  remain in^ i n -  

d i s t r i h u t i c f i  a c t  a long  t h e   pi?^. 
----- --. . . . .. -- - - -- - - 

i 

= 1 ,.' Read R!J?4(1) fa;- each e l  ellel?t fr,:,;. ; 1-3 

, , . .I .. - s i d e  ;-. .i.j+:;-, : e  - f r o m  segment i : , , ,  ti-, - . 

M P ,  a ! : ,  st:-: ? ,UM(YIP- I -# )  = R U P .  

= 4 Distr i :  t . :utc ;;"?^-.RUP t r i a n g u i  a r l y  ia!: ,... 

t h e  p ;  , c c?.-::. :.,c;:.:: segments  ?C 6i;C ;i? 

and s;,: 2!~',I8:P;Pi-! j = R U P .  



N O ? ( I )  V A L U E  f ;.; c T j 9 
', 

--- ~ - .- -- --------- 

= 5 Read one  450 s e r i e s  cat-;; : 'or e(?cii [ ( ; a s s  

upon V J : I ~ C : !  d n o n l i n e a r  r e s f s t a n c e  vs 
- .  d i sp i r ?ce , ; : cn t  c u r v e  a c t s .  I-f 2 ; , i y i c  a r 

c u r v e  z l s o  happens  t o  be act in;^ ,2i7 sn  

4 5 0  s e r i ? ;  c a r d .  

N 0 1 3 ( 5 )  Used t:, s p e c i f y  t h e  i 1 7 p ~ i t  methoc! f o r  

-- 
G A M ; < A (  I ) .  No t e :  I he s i g n i f j c a n c e  o f  4 i y  i 

i 

I 

G A M M A ( : )  L j s L u , s - n  , ,d f n  t h e  "5C12 

c a r d  s  er- i  2s " . 

' = 1 , 2  Read G A ; \ ~ ~ , ~ ~ ' ~  t i . .  2 n d  G A M M A 2  f rom c a r d  1 3 1  I 

and  a s s i g n  GAxp4,4? t o  i n t e r n a l  s ~ ; ~ i ; : g  i i 

numbe- Zk. and a s s i g n  GAK!$A2 to s p r j n g  1 
- 

nurnbe.!; N R i - ? .  i hen s e t  G A M M A (  I ;  o f  t h e  i 

rema?; ; ; r i~ ,  3 p r i n g s  t o  - 1 . 0 .  

= 3 Salne as: 'r's:.. N O P ( 5 ) = 2 ,  except ,  tiis.: 

T h i s  o , : t i  ;-;. f s u s e d  2 :a;-:-. I / .  

.. . - , .- o f  ele?;ef;:.; s u c h  a s  an a n v i  1 , - ,  . . . 



N L P ( 1 )  VALUE FUNCTION 

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

e d ,  s i : ; c e  t h e s e  e l  e n i e n t s  c a n n o t  . L r a n s -  

m i t  a t e n s i l z  f o r c e  t o  t h e  n e x t  

-,- e l e m e n t .  i n i s  o p t i o n  c a n  be u s e d  .;LC 

s e t u 2 t G ::! -; <- , , , t  '0 c o n s e c u t i v t ?  v z ?  czs  

o f  S A M I Y A ( I ) = G . O  by s e t t i n g  NOP(5)=8. 

Read GAMMA(1) f o r  e ach  s p r j n g  f r a m  

c a r d  s ? r i ? s  5 0 0 .  

= 1  Read c \ n d  EEM2 from c a y d  i G 1  S F : :  

Then s e t  EEM(I) f o r  a l l  o t h e y  s; j : , - in:< 

e q u a l  .Lo -: . G  ( p e r f e c t ' y  e i a s t i c ) .  

Read f o r  e a c h  

s e r i e s  6 0 G 0  

NOP(7 )  
I C 

-- Used t c  s ; : z c i - f y  t h e  i n p u t  m e t h o c  ir,- 

= 1 S e t  2 ;  , .~i":i LZ .- 1.. I I ( I )=o.o.  , 

= 2 Read L , I E ? 4 ( I )  f o r  e a c h  s p r i  pk; frc;;: 



c a r d  s ? r i ? s  7 0 0 .  
', 

N O C ( 8 )  . - 
- Used t o  spec::-y t h e  i n p u t  n c t h o c  f u r  

V E L ( I ) .  

= 1  Read \!;Lii91 f:rom c a r d  1 0 1  i l n d  se-2 

\ - VEL(i,- ;=Gj . : -o r  a l l  s e g m e n t s  o f  t i l e  

ram ( u s u a . : > y  c n e  s e g r r e n t )  e q u a l  t o  

VELMI. S t ; t  a l l  o t h e r  VEL(I)=G.O. 

= 2 Read V Z L ( i )  f o r  e ach  szgnient  fro!i: 

c a r d  s ~ r i e s  800. 

NOP(9) * Used t o  s g e c i f y  i n p u t  m e t h o d  f o r  QiI). 

= 1 Read 25IDZ a n d  Q P O I N T  f r c n  c a r d  TO2 

- .  a n d  se-r. B ! !  Q(1) a l o n g  s i d e  o f  t ! -~e  

p i l e  ,!!;ua-i .to ( )S IDEs  S P ~  -. C l f q F - ; ' i )  Y \ 

Read Q( f j . f o r  .. 2 each  e l  erncnt i i7cl u i ; - i  n , ,  

Q ( M P + ? )  f i - ,~ i i i  c a r d  s e r i e s  900. 
-- - - - .- .- . -. . . . - - . . . . . - . . . . 

N C ' ( ~  0) -. U s e d  -ic s ? _ i c i f y  i n p u t  method f o : ;  St: I . .  
- -. . - - - . - - - -- - - - . . . . 

= 1  Read S'.DE; ::r-,d P C I F j T J  frol-:  ca;-cl ~~~~ 
- .. 

S e t  2 ; :  S d ( I \  a l o n g  s i d e  o f  p i ? ?  c:. . . :  



NOP(1) V A L U E  i-I:?<CTI ON 

= 2 Read :;C(1) - for  e ach  e l e n i ~ i i t  .incf :.id-i ncj 

SJ ( M P - ! . I  ) .??o.; c a r d  s e r i  e s  1 0 0 0 .  

I 
Ll":,,1 LC" " 

Used j ; ~  s 9 , : : ~ i . F ~  ti-:? f o r  i 
i 

DYNAM;:  ( I ) ., 

- - 

- 1 - I S e t  a! g'/NAMK(I)=O.O. 

= 2 Read S Y N A i / : K ( I )  f o r  e ach  s p r j  n g  f rom 

c a r d  s 2 r i e s  l i 0 3 .  

Used t o  sp2c- i -Fy  i n p u t  iilethod f o r  A;I). 
,& 4 !4, j 

: ,;" 

Read A ? E A  -From c a r d  1 0 2  and s e t  a l l  

A ( i )  e q u a ;  t o  A X E A .  

Read A(I) f c r  e ach  i n t e r n a l  spiring 

f rom c a r d  s e r i e s  1 2 0 0 .  

Used t o  s p e c i f y  which method o ?  i n -  

t e r n a l  damping i s  t o  be u sed  i n  t h e  

p i l e .  

Use S m f  L h ' s  method ( r e f e r  t o  

F i g u r e  5 .  i 3 b ) .  



NGP(I) V A L U E  

~ 

= 2  Use s t ~ ~ n c ! s : p d  1 < n e a r  s o l i d  r n e t h n d  

N O P  ( 1  4) 

d e t y 2 - j  necl. 

= 1 Ca lch la -L  e c u s l ~ i o i ?  f o r c e s  Frorr; t c . t  L ~ .  F\ . ',; L> ., 
equc?t?':,n a ~ p l i e d  t o  t h e  inovins r z m  

a f t e r  i m p z c T .  

I n  t h ' s  c z s e ,  t h e  f o r c e  a t  t h e  h e a r j  c.: 

t h e  p ? ; e  a t  a 7 1  t i m e s  j s  known, 

p r 0 b a b . y  by exper ime; i<:a l  m e t h o d s ,  ar-id 

t h i s  f o ~ c e  c l i rve  -i's t o  be  a p p l i e d  -I;,. 

t h e  head  o f  t h e  p i l e .  The f o r c , ~  a-L 

each  t i m e  i n t e r v a ;  F S R C I N ( t )  i s  $ - . - ,  i ea.; 

f rom c z r d  s e r i e s  1300 (kjp). 

= 3 Same a s  w h ? n  K 0 ? ( 1 4 ) = 2 ,  e x c e p t  t . ; a t  

g a l  var:on:eter  reacii  ngs r a t h e i n  t h s n  

.c ~ o r c e s  a t  e ach  t i m e  i n t e r v a l  a;-2 in! : : l t  

a n d  t h ?  c u s h j o n  f o r c e s  a r e  de te r ; : inc : l  

by t h z  co ; : lpu te r .  In tl.iis c a s e ,  .::;IE 

i nfor~fiat- icln on t h e  I 4 0 0  h e a d e r  c z r i  . . 



NOP(1) V A L U E  F [ IF !  .' .- (;;< 
8 I > I . C .  r 1 

n e e d e d ,  f a :  j ~ w 2 d  by t h e  g a l  v a c o m e t c r  

d e f  l e c t i  or, a-i; e a c h  t.iinc i  n t c r v a i  fr05.i 

c a r d  s z r ? e s  1 4 0 0 .  
.- - .- -. .- -. -- 

P I $ ?  ( 1 5 )  
-- - Used t o  s ? c c j f y  how g r a v i t y  i s  b e  

a c c o e r ~ t e d  -70:- i n  t h e  s o ?  u t i  c n  
- -  - 

= 1  The effect o f  9 i n a v i t y  i s  t o  be 

= 2 G r a v i t y  i s  t o  be c o n s i d e r e d ,  w i t h  . t h e  

i n i t i a l  d i s p l a c e m e n t  o f  e a c h  s e s m e , - { t ,  

D(I,C), a:d t h e  i n i t i a l  s o i l  !-r-. 

s i s t a n c e s  RAM(I :O) a s s u n ~ e d  t o  s e  ze.:-o. 

ci-) G r a v i t y  i s  t o  be c o n s i d e r e d ,  a . ; i  
1 

D(i,O) 2 n d  RAM(I,O) are t o  be ap?r: :r i- .  

ma ted  by S i n i  t h  I s  s u g g e s t e d  r ie th3,db% 

= 4 Grav-ix!/ f i t o  be c o n s i d c r e c l ,  i i i id  t . .  

v a l u e s  f s r  D(I,O) and RAM(1,O) :.re 

compuc,::d by S a m s o n ' s  s u g g e s t e d  

K O P ( 1 6 )  Used 113 s;;ec=:iy t h e  number o f  ? r o b - :  _ .  - 

J- be :;o?v::::; u s i n g  t h e  b a s i c  d ~ ; : i  

give i :  ~; . I I  c z r d s  1 0 1  t h roug l i  t h e  . 71). 

c a r d  s ? r i  r s  . 
- ---- - - - - - 



- - - ~ - - - - - ~ - - . - - - - _ I _  _A_._ 

N O P ( 1 )  V A L U E  FUNCT IO?,I 
-- --. - -- -- .- 

= 1 O n l y  $ 2 ~  , : rok , 'nv7  . L i l ?  j~ -LO i), S O ~ V ~ C ~  U S ~ T I ' ~  

t h i s  ~:::t ;f a s t a .  

. :  

= 2 R u n  mc;..e - i i - ~ ? ; ;  o n e  p r o b l e n ?  w i  t k i  c : ? a n g e  

p i  l e  c a p a c i t i e s  p r e d i c t e d  by va: . . io ; ; j  

p i  1  e  ciri v i  n c j  e q u a t i o n s  a r e  d e s i  :-::d, 

~ - - .  - ~ ~ 

= 1 No c a p a c i - t i z s  a r e  t o  b e  c o z p u t e d .  

= 2 U s i n g  -;he j s f 0 r n l a j ; j o n  fr(;il; c a : - d  ? 7 [ , ' ,  

a n d  t h e  i n f o l - m a t i o r ,  p r o v i c i 2 d  b:, ;iic 

wave  e q u a t i o n  s o l u t i o n ,  s o l v e  f :-  , 

u l t i m a t e  r e s i s t a n c e  t o  f ; ; ? u r e  L.; c - 

d i c t e d  by s e v e r a l  p o p u l a r  p i l e  . i \ f < - -  i l Y  

e q u a t j o n s .  



C A K D  102 ( R e q u i r e d )  -- 

1 D3 . " - I d e ; ~ t i ~ ' j ~ ; ~ - ~ ~ i ? ; ? .  - 

I  D4 - I den - t j  -;'j c ~ i ; - i  on 
i 

RUT - T h e  to.i;a: s t a t i c  s o j l  r e s j s j - a n c i .  a c i - i n r r  - 
. - on the p j  i ? .  ( k i o )  

R U P  . . 
j c  I..-,:-- 

. . - T h e  to-, ;a-;  s y a s  , L J  ; S ~ Z ~ ? C C  ac;;: n q  

. . benec;; :  thc p o i n t .  ( k i p )  

M O  - .  - [\lunlbe;;.. o f  .-; . - < - - '  
, ; , .> i :-, r j  ':. c, 

. - 
.- , ,  L c ;?cn  w h i c h  .;A; I 

r c s  i s t a n c ?  a c t s .  

QSIDE . . - S o i l  :,(.lake a l o n g  s i d e  o f  p i l e ,  7 - c  i; 

s i n ~ 7 e  v a l u e  e x i s t s .  I f  n o t ,  5.2: 

QSIDE-.>.G. ( f n . )  

QPOINT - S o i l  quake  b e n e a t h  ? < T e  p o i n t .  ( i r , . )  

SIDEJ - S o i l  dcmp?;-:g f a c t o r  i n  s h e a r  a?l2:1g ;:?? 

. "  s i d e  cj'  ti;^ p f  l e  7 7  2 s i n g l e  v c - : k e  

e x i s t s , .  if n o t ,  s e t  SIDEJ=O.O, 

( s e c / - : c )  

POINTJ - S o i l  dci inpi  ng  f a c t o r  i n  c o m p r e s s i c n  be--. 

n e a t ?  Lhe  p S l e  p o i n t .  ( s e c / f t )  

N U M R  - Numbei- o f  e l e m e n t s  f o r  which t h c  so . : - i  

s p r i n g  d o e s  no-i; h a v e  a  l i n e a r  5 :  e s  

s t r a i n  c u r v ? ,  

IPRINT . - - P r i n t  - f r e : uency .  F o r  exa ixp le ,  ; t.1 
-. . 

s o l u t i c n  a t  e v e r y  5 t h  t i m e  i n t e r : . a .  - - 
w a n t e d ,  s c t  IPRINT=5. 



A R E A  - A con:;l;ail;; i l s c t i  t o  c o ~ \ / c ; - . i ;  . the -Torct:s 

i; n t o  -:- :. y- C, L..,ses .- o r  o t h e r  1~1ov.e c o f i i / ! ~ i - , j  c!yt 

v a l u e s  ( s u c h  a s  c h a n g i n g  ] \ J .  t o  k i p  by 

s e t t i n g  AREA=1000.0) .  

NS1 -NS6 - The e l  < ~ 1 1 ; ~ ~ . : :  namk;crs . f o r  whj c i j  ! jt i on:. 

vs tin:e j ;l-i;erva 1 wi 1 'i b e  ~ y -  j l l j -e - ) .  :(;:y-i ,. , - 

inunl v a l  u.25 and o t h e r  i nforma t i  o r :  ;:re 

a lways  p r i r , t e d  f o r  e a c h  e i e m e n t  a f t e r  

N S T O P  t i f i - ' e  i n t e r v a i s  hai /? e l a p s e d .  

. - 
" CARDS 103-106  ( R e q u i r e d  C . ; - ~ - I \ I  .--. : r NOP(1 )-2,3,4,5j -- 

I f  NOP(1 )=1 ,  no i d ? ; - ; - t i f i c a t i o n  c a r d  w i l l  be r e a d . .  I f  

NOP(1 )=2 ,  r e a d  c a r d  1 0 3  con .La in ing  72 columns o-i' iL:,)h- 

be:;ic o r  nurner-ic i d e n t i  f i c a - L f  on and prifi-c t h i s  i  n-r'c:;nr.-:ior: 

. . a b z v e  t h e  p r o b l e m .  I f  NO:'(! ) = 3 ,  r e a d  and p r i n - t  t..ic, -I.,._;,.:;- -. 

f i c a t i o n  c a r d s ,  u p  t o  a  rn~xirnum o f  f o u r  c a r d s  ( N O ? ( ' i ) = : ; ) .  

200 C A ' R D  SERIES (Requi i -?2  L. i 

IDW1, IDW2 - T h a ~ i i i ~ n o u ~ .  t h i s  I n p u t ,  v a r i a b l e s  5 :  

yjnn in! ;  w - i - ~ h  t h e  ? e . L t e r s  " I D "  a r c  --;,r 

i d e y , ; ; - ; ' j c a t : j o n ,  i n  !;,;is c a s e  t o  fie-! .; 

i d e n t i f y  wha t  s egmen t  we- igh t s  a r :  

b e i n 9  ; i spa .  

W A M ( I )  . . - , - .  - The g r i t  o f  e l e m e n t  numbei- .; :,i . :-. , . . 
. .  - . .~ a )  If i . . 0P :2 )=1 ,  t h e  cor;:pi.r.tcr f 

MP s:.-,;,:e~:i, w e i g h t s  , t e n  ~ec;;.~iei- i .L :::e; L A 



t o  a  c a r d  from c a r d s  201-230, u p  t o  a 

maximurn o f  300 s e g m e n t s .  For  e x a m p l e ,  

3 f  t h e  sy s t e in  i s  d i v i d e d  i n t o  37 se5;- 

m e n t s ,  f o u r  200 s e r i e s  c z r d s  must  be 

inclucicc! i n  t h e  d a t a :  201 t h r o u ~ h  204. 

b )  I f  NOP(2 )=2 ,  i n  t h i s  c a s e  t h e  p i l e  

mus t  have  a c o n s t a n t  w r f g h t  pe:- Foo t  

a l o n g  i t s  i e n g t h .  S i f i c ~  t h e  ? f ? e  i s  

u s u a l  l y  d i v i d e d  i n t o  e q u a -  s egmen t  

l e n g t h s ,  o n l y  a few of  t h e  e l e m e n t  

w e i g h t s  a r e  d i f f e r e n t .  T h e r e f o r e ,  o n l y  

t h e  t c p  f i v e  w e i g h t s  ( t h e  ram,  a n v i l ,  

. . . )  a ? d  t h e  bo t tom f i v e  w e i g h t s  ( .  . . , 
p i l e  s e g m e n t ,  p i l e  p o i n t )  mus t  S e  r e a d  

f rom t h e  c a r d  2 0 0 .  The compu te r  t h c n  

s e t s  2 1 1  o t h e r  e l e m e n t  w e i g h t s  equ5.: t3 

t h e  s j x t h  v a l u e  punched i n ,  t h e  c a r d .  

300  C A R D  S E R I E S  ( R e q u i r e d )  

IDK1, IDK2 - I d e n t i f i c a i i o n .  

X K A M (  I )  - The i n t e r n - 1  s p r i n g  r a t e  o f  s p r ;  ::g i .  

( k i p / j . - j .  

a )  I f  NOP($=I, t h e  compu te r  r e a d s  M P  .! 

s p r i n g  r a t e s  f rom c a r d s  301 -330 .  

b )  I f  ; \ ! G P ( 3 ) = 2 ,  t h e  f i r s t  and l a s t  f - : , :  



1  GI: 

XKAN(i) a r e  r e a d  f rom c a r d  3 0 0 ,  and 

t h e  renia- in in9 XKAM(1) a r e  s e t  e q u a l  t o  

- the s ' i x t h  XKAPI(1) v a l u e ,  i  . e . ,  

X K A ~ , I ( \ ~ P - ~ ) .  

I 

4 0 0  C A R D  SERIES ( R e q u i r e d  i f  N O P ( 4 ) = i )  

I D R L 1 ,  IDRL2- I d e n t i f i c a t i o n .  

- The u l t i m ~ ~ t e  s t a t i c  r e s i s t a n c e  o S  t h e  

s o i l  a c t i n g  on p i l e  s egmen t  I .  ( k i ? )  

a )  I f  N O P ( 4 ) = 1 ,  r e a d  MP u l t i m a t e  s o i l  

r e s i s t a n c e s ,  from c a r d s  4 0 1 - 4 3 0 ,  and 

s e t  RUM(flP+l) e q u a l  t o  R U P .  

b )  I f  i t O P ( 4 ) = 2 ,  s e t  a i l  s i d e  f r i c c i o n  

=0.0 and s e t  RUM(MP+l)=RUP. 

c )  I f  3OP(4)=3, d i s t r i b u t e  (RUT-RU?) 

u n i f o r ~ ~ l y  a l o n g  t h e  p i l e  s t a r t i n g  f rom 

segmen t  number MO t o  number M P ,  a n d  s e - i  

R U M ( M P + ~  ) = R U P .  

d )  I f  NOP(4 )=4 ,  d i s t r i b u t e  ( R U T - , < U P )  

t r i a n g u l a r l y  be tween  MO and MP a:,d 

RUM(MP7-1 ) = R U P .  

e )  I f  N O P ( 4 ) = 5 ,  r e a d  N U M R  c a r d s ,  ea;!. 

o f  which can  d e f i n e  a  l i n e a r  o r  s o n -  

l i n e a r  f o i - c e - d i s p l a c e m e n t  c u r v e  i'or 

t h e  s o i i  ( s e e  c a r d  s e r i e s  450). 



4 5 0  C A R D  S E R I E S  ( R e q u i r e d  i f  ~ 0 ! ' ( 4 ) = 5 )  -- -- -. 

Nhen NOP(4)=5,  t h e  s o i l  r e s i s t a n c e  vs d i s p l a c e m e n t  

c u r v e  i s  n o n l i n e a r .  T h i s  r c q u j r e s  t e n  s o i  i r e s i s L a n c e s  

t o  be read  f o r  each s o i l  s p r i n g ,  one f o r  each d i s p l a c e m e n t  

c o r r e s p o n d i n g  t o  a  m u l t i p l e  of ? / l o .  As shown o n  d d t a  

ca rd  451,  I i s  t h e  number o f  t h e  elenient  u p o n  which the  

n o 3 l i n e a r  u X e s i s t a n c e  i s  a c t i  f i g ,  XKIM(1) i s  t h e  u n l o ~ d i n g  

s p r i n g  rGte  ( k i p / i n . ) ,  and R ( I , J )  a r e  t h e  s o i l  r e s - i s t a n c e s  

( k i p )  a t  each of t h e  d . i s p i a c e n ~ e n t s  Q/10, 2 0 j l G ,  . .  . , 
9 Q / l G ,  Q .  Whenever NOP(4)=5?  one 450 s e r i e s  c a r d  i s  r e -  

q u i r e d  f o r  each e l emen t  upon which s o i l  r e s i s t a n c e  d c t s .  

500 C A R D  S E R I E S  ( R e q u i r e d  when N O P ( 5 ) = 2 )  

IDG1, IDG2 - I d e n t i f i c a t i o n .  

GAMMA(1) - The mjnimum f o r c e  p o s s i b l e  f n  s p i o i l ; j  I 

a f t e r  a p e z k  compress ive  f o r c e  h3.s 

p a s s e d ,  e x c e p t  t h a t  9 n e g a t i v s  

GAMMA(1) Ss c o n s t r u e d  t o  nlean t h a t  

t h a t  spr- ing can t r a n s m i t  a t e n s f  i c  -:l:.~cc 

of any magn i tude .  ( k i p )  

600 C A R D  SERIES ( R e q u i r e d  when NOP(6)=2) 

IDE1, IDE2 - I d e n t i - F i c d t i o n .  

E E M (  I )  - The c o e f - f i c f e n t  of r e s t i t u t i o n  - fz r  , : ? - I  

i  nteri7?,1 s p r i n g s .  T h i s  de te r : ; ; ??  ls L ; ,  - 

s l o p e  o f  t h e  un load ing  c u r v e .  

(d i rnens ioc l  c s s )  



7 0 0  C A R D  SERIES ( R e v i  .- - -. ri!:! - .. .. .. .. v!i>en - .. . . . .. . N O P ( 7 ) : = 2 )  - - -. 

IDB1, IDB2 - Ident-ifica-ti on. 

B E E M (  I )  - - The clail-iping c o e f f i c i e r , t  o f  t h e  M P - 1  

i n t e r n a l  s p r i n g s .  ( . i n .  s c c / f t )  

80C C A R D  SERIES ( R e q u i r e d  v;r,ez NOP(8 )=2 )  ----- 

IDV1, IDV2 - Iden t : f i c : , : ; ion .  

VEL(1) - T h e  i n i t - , d l  v e l o c i  t - i e s  o f  each  o f  t h e  

MP w e i g h t s .  ( f t / s e c )  

900 C A R D  SERIES ( R e q u i r e d  when NOP(9 )=2 )  

IDQ1, IDQ2 - I d e n t i f i c a t i o n .  

- The s o i l  " q u a k e i '  f o r  ?!P+l s o i l  s p r f  n g s .  

( i n . )  

1000 C A R D  SERIES ( R e q u i r e d  w h e n  NOP(10)=2)  

I D J 1 ,  IDJ2 - I d e n t i f i c a t i o n .  

S J ( 1 )  -, 
- The s b i l  damping f a c t o r  f o r  MP+T s o i l  

s p r i n g .  ( s e c / f t )  

1103 C A R D  SERIES ( R e q u i r e d  when bIOP(11 ) = 2 )  

DYNAMK(1) - The dynamic s p r i n g  r a t e  o f  MP-1  i ~ t k  , : - L - :  

s p r i n g s .  ( k i p / i n .  ) 

120C C A R D  SERIES ( R e q u i r e d  when NOP(12)=2)  

IDA1, IDA2 - I d e n t i f i c a t i o n .  



- The c r o s s - s e c t i o n a l  a r e a  o f  ea.ch o f  

2 * t h e  MP-1 i n t e r n a l  s p r i n g s .  ( i n .  

1300 C A R D  SERIES ( R e q u i r e d  -. when NOP(13 )=2 )  

FORCIN(1NTV)- The f o r c e  a c t i n g  on t h e  h,ead o f  t h e  

p i l e  ( k i p )  a t  t i m e  i n t e r v a :  INTV, . for  

NSTOP i n t e r v a l s  w i t h  a  maximum NSTOP 

e q u a l  t o  1 C O  t i m e  i n t e r v a ' ! ~ .  

1400 C A R D  SERIES ( R e q u i r e d  when N O P ( 1 4 j = 2 )  

C A R D  1400  - Header  C a r d  

APILE - The a r e a  o f  t h e  head o f  t h e  p i l e  

( i n . ' j  

- The modulus  o f  e l a s t i c i t y  o f  t h e  p i l e .  

( k i p / i n . ' )  

R G A G E  - The s . t inai  n g age  r e s  -is t a n c e .  (ohm)  

R C A L  - C a l i b r a t i o n  r e s i s t a n c e .  (ohm) 

ACT1 V G  - Number o f  a c t i v e  g a g e s .  

G F A C T R  - Gage f a c t o r  f o r  t h e  g a g e s  u s e d .  

D 1 - - D i s p l a c e m o ~ t  o f  t h e  g a l v a n o m e t ~ l -  t r  .:(: 

when R C A L  i s  th rown i n t o  t h e  b r i d g e  , <. 

t h e  head o f  t h e  p i l e .  ( i n . )  

D2 Through - 

D5 - - Gal vo d i s p l a c e m e n t s  c o r r e s p o n d i n g  t o  

R C A L  a t  any o t h e r  f o u r  s t r a i n  g a s e  

p o i n t s .  ( i n . )  



C A R D S  1 4 0 1  UP TO 1410  

DGALVI,(INTV) - The g a l  vanorne te r  d e f l e c t i o n  f o r  t h e  

gage  a t  t h e  head o f  t h e  p i l e ,  a t  

i n t e r v a l  number INTV. ( i n . )  

C A R D  1500  ( R e q u i r e d  when NOP(15 )=4 )  

F1 and F 2  - - - F o r c e s  known t o  l i e  on t h e  t r u e  dynamic 

f o r c e  vs cori lpressi  on c u r v e  o f  t h e  

c u s h i o n .  ( k i p )  

C 1  and C2 - The c u s h i o n  c o m p r e s s i o n s  c o r r e s p o n d i  n g  

t o  F1 and F2,  r e s p e c t i v e i y .  ( i n . )  

C A R D  1600  ( R e q u i r e d  when NOP(16)=2)  

- When afinumber o f  c a s e s  a r e  t o  b e  s o l v e d  

f o r  which  o n l y  a  few p a r a m e t e r s  wiS :  

c h a n g e ,  NOPP(1) d e s i g n a t e s  which p; 

r a m e t e r  t o  v a r y  and how many d i f  Peicen-t 

v a l u e s  i t  s h o u l d  be a s s i g n e d .  For  

examp'lc:  N O P P ( 1  ) = 5  i n d i c a t e s  t h a t  f i  v::l 

problei-!IS a r e  t o  be  s o l v e d ,  f o r  w h i c i  

o n l y  t h e  r a m ' s  i n i t i a l  v e l o c i t y  w i ' l :  

v a r y .  Each NOPP(1) c o n t r o l s  a s i n g ' : ?  

v a r i a b l e  a s  shown i n  T a b l e  A.1 .  

DV1 Through 

D K 1  - T h e s e  p a r a m e t e r s  c o n t r o l  t h e  p i ? i * ~ e n c  

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

a b o v e .  For  e x a m p l e ,  a ssume t h a t  t h e  



TABLE A . l  L I S T  OF PARAMETER VARIATIONS A N D  THEIR C O N -  
TROLLING OPTIONS 

6 
C o n t r o l l i n g  P e r  C e n t  I n c r e a s e  P a r a m e t e r  

O p t i o n  i n  O r i g i n a l  V a l u e  C o n t r o l  1 e d  

D W  1 

DW2 

DWT 

DK1 

D K2 

DKI 

V E L N I ( I ;iYia 1  r a i n  
v e l o c i t y )  

W ( 3 )  t h r o u g h  W ( M F )  

XKAM(3) t h r o u g h  
X K A M ( M P - 1  ) 

QSIDE 

N O P P ( 9 )  DQP QPOINT 

N O P P ( 1 0 )  DJ I  S I D E J  

N O P P ( I I )  DJ P P O I N T J  

N O P P ( 1 2 )  D R I  ,& 

N O P P ( 1 3 )  DRP ,p 

N O P P ( 1 4 )  3Ri 
I 

RUT & RUP 



e f f e c t s  o f  r a m  v e l o c i t i e s  o f  1 0 ,  1 2 ,  

1 4 ,  1 6 ,  1 8 ,  a n d  20  f t / s e c  a r e  b e i n g  

. -  s t u d i e d .  The  v a l u e  o f  DV1 w o u l d  b e  

o r  D V 1 = 0 . 2 0 .  I n  t h i s  c a s e ,  NOPP(1)  

w o u l d  e q u a l  6  s i n c e  6 s e p a r a t e  p r o b l e m s  

a r e  t o  b e  r u n .  

T h e  v a r i a b l e s  c o n t r o l l e d  b y  DV1 t o  DK1 

a r e  a l s o  l i s t e d  i n  T a b l e  A . 1 .  

CARD 1 7 0 0  ( R e q u i r e d  when N O P ( 1 7 ) = 2 )  

AREAP - C r o s s - s e c t i o n a l  a r e a  o f  p i l e .  ( i n . 2 )  
4 

I XLONG - L e n g t h  o f  p i l e .  ( f t )  

1 ELAST - M o d u l u s  o f  e l a s t i c i t y  o f  p i l e .  

( k i p / i n . ' )  

CENR - V a l u e  f o r  u s e  i n  E N R  p i l e  d r i v i n g  

f o r m u l a .  

O A V G  
L - A v e r a g e  g r o u n d  " Q u a k e " .  ( i n . )  

,d R .4 M - Ram w e i g h t .  ( k i p )  

WPILE --- - P i l e  w e i g h t .  ( k i p )  

ENERGY - A c t u a l  e n e r g y  o u t p u t  o f  t h e  r a m .  ( f c  i b j  



A P P E N D I X  B 

E X A M P L E  P R O B L E M  



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

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

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

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

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

hanimer,  p i l e ,  s o i l  p r o p e r t i e s ,  e t c .  H o w e v e r ,  t h e  i n p u t  

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

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

q u a n t i t i e s .  F o r  e x a m p l e ,  o n e  s e r i e s  o f  c a r d s  i s  u s e d  

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

r a t e s ,  a n d  s o  o<The o r d e r  i n  w h i c h  t h e  i n p u t  d a t a  i s  
-- 

s e t  u p  f o r  t h e  e x a m p l e  p r o b l e m s  i s  b y  n o  means u n i q u e ,  

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

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

I t  s h o u l d  b e  n o t e d  t h a t  a n y  v a r i a b l e  w i t h o u t  a  

d e c i m a l  p o i n t  ( s u c h  a s  M P ,  M H ,  N R ,  NSTOP, a n d  NOP(1 )  o n  

c a r d  1 0 1 )  i s  a l w a y s  a n  i n t e g e r  a n d  m u s t  b e  e n t e r e d  a s  

f a r  t o  t h e  r i g h t  i n  i t s  f i e l d  as  p o s s i b l e .  A l s o ,  t h e  

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

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

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

F o r  e x a m p l e ,  i f  t h e  i n i t i a l  r a m  v e l o c i t y  ( I V E L  o n  c a r d  

1 0 1 )  i s  1 3 . 4 8  f t / s e c ,  t h e  n u m b e r s  1 ,  3 ,  4 ,  a n d  8 s h o u l d  

b e  p u n c h e d  i n  c o l u m n s  1 9  t h r o u g h  2 2 ,  r e s p e c t i v e l y .  How- 



e v e r ,  t o  e n t e r  a  v e l o c i t y  o f  1 2 7  f t / s e c  i n t o  I V E L ,  p u n c h  

1 ,  2, a n d  7 ' i n  c o l u m n s  1 9 ,  20 ,  a n d  2 1 ,  a n d  p u n c h  a  

d r e c i m a l  p o i n t  i n  c o l u m n  2 2 .  

E x c e p t  f o r  t h i s  l a s t  c a s e ,  d e c i m a l  p o i n t s  n e e d  

n e v e r  b e  p u n c h e d .  

E x a m p l e  P r o b l e m  

S i n c e  c a s e  BLTP-6 ;  5 7 . 9  ( f r o m  t h e  M i c h i g a n  P i l e  

S t u d y )  was o n e  o f  t h e  p r o b l e m s  m o s t  o f t e n  u s e d  i n  t h i s  

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

b e  d e t e r m i n e d  f i r s t .  F i g u r e s  3 . 3  a n d  3 . 4  show t h e  r e a i  

s y s t e m  a n d  t h e  i d e a l i z e d  s y s t e m .  

A .  G i v e n  I n f o r m a t i o n  - C a s e  BLTP-6 ;  5 7 . 9  

1 .  Hammer D a t a - V u l c a n  # 1  

a .  M a n u f a c t u r e r ' s  R a t e d  E n e r g y  = 1 5 , 0 0 0  

f t  I b ,  n o r m a l  s t r o k e  = 3 f t .  

b .  Ram W e i g h t  = 5 , 0 0 0  l b ,  v e l o c i t y  a t  

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

c .  D r i v i n g  C a p  W e i g h t  = 1 , 0 0 0  I b .  

d .  C u s h i o n  D a t a  = Oak b l o c k ,  6 - 1 / 4  i n .  

d e e p  b y  1 1 - 1 / 4  i n .  i n  d i a m e t e r ,  d i r -  

e c t i o n  o f  g r a i n  u n k n o w n ,  c o n d i t i o n  o f  

c u s h i o n  u n k n o w n  ( s o m e w h e r e  b e t w e e n  

new a n d  " c r u s h e d  a n d  b a d l y  b u r n t " ) .  

2.  P i l e  Da ta -CBP 1 2 4  H - s e c t i o n  

a. A r e a  = 1 5 . 5 8  i n .  2 



b .  W e i g h t  = 53  I b / f t  

c .  T o t a l  L e n g t h  = 7 2 . 5  f t  

d .  D r i v e n  L e n g t h  = 5 7 . 9  f t  

e.  M o d u l u s  o f  E l a s t i c i t y  = 3 0  x l o 6  

3 .  S o i l  D a t a  

a .  U l t i m a t e  S o i l  R e s i s t a n c e  = 4 0 0  k i p  

( s t a t i c  v a l u e  f r o m  l o a d  t e s t  a f t e r  

s o i l  " s e t - u p " ) .  

b .  F r o m  d r i v i n g  l o g ,  7 5  p e r c e n t  o f  t h e  

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

b e a r i n g  a n d  25  p e r c e n t  s i d e  r e s i s t a n c e .  

c .  S o i l  d a m p i n g  f a c t o r  " J "  a n d  s o i l  q u a k e  

"QI1 - n o t  known .  

4 .  M i s c e l l a n e o u s  D a t a  

a .  L o a d  C e l l  W e i g h t  = 5 8 0  I b .  

b .  A d d i t i o n a l  H e l m e t  W e i g h t  = 1 , 0 8 0  I b .  

B.  I n p u t  D a t a  C a l c u l a t i o n s  

C a r d  1 0 1  

1 .  I D 1  - I d e n t i f i c a t i o n  T a g ,  u s e  BLTP-6 /  

2 .  I D 2  - I d e n t i f i c a t i o n  T a g ,  u s e  5 7 . 9 .  

3 .  S e g m e n t  L e n g t h s  - A l t h o u g h  s e g m e n t  l e n g t h s  

o f  1 0  f t  a r e  u s u a l l y  s a t i s f a c t o r y ,  a  5 f t  

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

o f  t h e  s o l u t i o n .  

4 .  T i m e  I n t e r v a l  - T h e  n o r m a l  t i m e  i n t e r v a l  



o f  1 / 4 0 0 0  t o  1 / 5 0 0 0  i t e r a t i o n s / s e c  

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

l e n g t h  o f  1 0  f t  was r e d u c e d  b y  h a l f .  

T h e r e f o r e ,  u s e  n t  = 1 / 1 0 , 0 0 0  s e c  or 

l / ~ t  = 1 0 , 0 0 0 .  

MP - The  t o t a l  number  o f  segr i len ts  as  

shown i n  F i g u r ?  3 . 4  i s  3 a b o v e  t h e  p i l e  

p l u s  1 4  p i l e  s e g m e n t s .  T h u s ,  M P  = 1 7 .  

6 .  S i n c e  t h e  r a m  v e l o c i t y  a t  i m p a c t  was n o t  

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

w i l l  b e  s t u d i e d :  I V E L  = 8 ,  12 ,  1 6 ,  a n d  

20 f t / s e c .  

7 .  MH - The f i r s t  p i l e  s e g m e n t  w e i g h t  = 4. 

8 .  N R  - Number o f  d i v i s i o n s  o f  t h e  ram = 1 .  

9 .  EEMl = C o e f f i c i e n t  o f  r e s t i t u t i o n  o f  

c u s h i o n  = 0 . 4 ,  EEM2 = c o e f f i c i e n t  o f  

r e s t i t u t i o n  o f  l o a d  c e l l  = 1 . 0 .  

1 0 .  S i n c e  s p r i n g s  I ,  2 ,  a n d  3 c a n n o t  t r a n s m i :  

t e n s i l e  f o r c e s ,  GAMMA( l ) ,  ( Z ) ,  a n d  ( 3 j  d r e  

0 . 0 .  T h e  r e m a i n i n g  GAMMA ( I )  a r e  s e t  

e q u a l  t o  - 1 . 0 .  T h i s  i s  d o n e  b y  s e t t i n g  

GAMMA1 = GAMMA2 = 0 .0  a n d  d e s i g n a t i n g  

NOP(5)  = 3 s o  t h a t  GAMMA(3) w i l l  a l s o  

b e  s e t  = 0 . 0 .  

1 1 .  To  a l l o w  t h e  wave t i m e  t o  make t w o  com- 



p l e t e  p a s s e s  u p  a n d  down t h e  p i l e ,  

NSTOP i s  s e t  = 1 7 3  i t e r a t i o n s .  T h i s  i s  

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

s t r e s s  wave a n d  t h e  v a l u e  o f  A t .  

Vwave = ~ / p  = 3 0 3 0 0 0 ~ 0 0 0  = Z O Z , O O O  i p s  o r  
( 0 . 2 8 3 1 3 8 6 )  

2 0 2 y 0 0 0  = 16 ,800  f t / s e c .  Vwave = 1 2  

T o t a l  d i s t a n c e  wave m u s t  t r a v e l  = 4 ( 7 2 . 5 )  

= 290 f t .  

T o t a l  t i m e  r e q u i r e d  = 290  f t  = . 0 1 7 3  
1 6 , 8 0 0  f t l s e c  

s e c .  

T o t a l  t i m e  - . 0 1 7 3  s e c  
NSTOP = a t  - ( 1 / 1 0 , 0 0 0 ) s e c / i t e r a t i o n  

= 1 7 3  i t e r a t i o n s  

T h e r e f o r e ,  u s e  NSTOP = 200 i t e r a t i o n s .  

1 2 .  O p t i o n  C a l c u l a t i o n s  - NOP(1)  

a .  NOP(1)  - No h e a d e r  c a r d s  t o  b e  r e a d  i n  

a n d  p r i n t e d  o u t ,  s o  NOP(1)  = 1 .  

b .  NOP(2)  - Read s e g m e n t  w e i g h t s  f r o m  c a r d  

s e r i e s  200 ( l o n g  f o r m ) ,  s o  NOP(2)  = ? .  
c .  NOP(3)  - Read s p r i n g  c o n s t a n t s  f r o m  

c a r d  s e r i e s  3 0 0  ( l o n g  f o r m ) ,  s o  NOP(3)  

= 1 .  

d .  NOP(4)  - Assume t r i a n g u l a r  s o i l  d i s -  

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



s o  NOP(4 )  = 4 .  

e .  NOP(5 )  - S i n c e  GAMMA(3) i s  t o  b e  s e t  

e q u a l  t o  0 . 0 ,  NOP(5)  = 3 .  

f .  NOP(6)  - S i n c e  a l l  t h e  i n t e r n a l  s p r i n g s  

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

e x c e p t  f o r  t h e  f i r s t  o n e  o r  t w o  f o r  

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

a n d  EEM2, s e t  NOT(6)  = 1  ( s h o r t  f o r m ,  

no  s e r i e s  600  c a r d s ) .  

g .  NOP(7)  - Assume z e r o  i n t e r n a l  d a m p i n g  

i n  t h e  s t e e l  p i l e ,  t h u s  s e t  NOP(7)  = 1  

a n d  d o  n o t  i n c l u d e  t h e  7 0 0  c a r d  s e r i e s .  

h .  NOP(8)  - O n l y  t h e  r a m  h a s  a n  i n i t i a l  

v e l o c i t y ,  s o  NOP(8)  = 1 ,  no  8 0 0  c a r d  

s e r i e s .  

i. NOP(9)  a n d  NOP(10)  - S i n c e  m o r e  e x a c t  

s o i l s  i n f o r m a t i o n  i s  n o t  a v a i l a b l e ,  

S m i t h ' s  recommended v a l u e s  f o r  Q a n d  

J w i l l  b e  u s e d  a n d  i n p u t  o n  c a r d  1 0 2  
Zhu5 

( s h o r t  f o r m ) .  hsb,  NOP(9 )  = NOP(10 )  

= 1 .  

j. NOP(11 )  - No d a m p i n g ,  s e t  NOP(11 )  = 1 .  

k .  NOP(12 )  - Use a  s i n g l e  f a c t o r  t o  

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

- NOP(12)  = 1 .  



1 .  N O P ( 1 3 )  - Use  t h e  d a m p i n g  p r o c e d u r e  

i l l u s t r a t e d  i n  F i g u r e  5 . 1 3 ( a ) ,  s o  

N O P ( 1 3 )  = 1 .  

in. NOP(14 )  - C a l c u l a t e  t h e  f o r c e  a t  t h e  

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

s o  NOP(14 )  = 1 .  

n .  NOP(15 )  - N e g l e c t  g r a v i t y  e f f e c t s  - 
NOP(15 )  = 1 .  

o .  N O P ( 1 6 )  - S i n c e  s e v e r a l  p a r a m e t e r s  a r e  

t o  b e  v a r i e d ,  s e t  NOP(16 )  = 2,  a n d  

t h u s  c a r d  1 6 0 0  m u s t  b e  i n c l u d e d  i n  t h e  

d a t a .  

p .  N O P ( 1 7 )  - Do n o t  c a l c u l a t e  d r i v i n g  

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

e q u a t i o n s .  NOP(17 )  = 1 .  

C a r d  1 0 2  

1 .  I D 3  - I d e n t i f i c a t i o n  T a g ,  u s e  12H53 .  

2 .  I D 4  - I d e n t i f i c a t i o n  Tag ,  u s e  L = 7 2 .  

3 .  RUT - S i n c e  t h e  M i c h i g a n  R e p o r t  n o t e d  

a s o i l  " s e t - u p "  o f  a b o u t  2 . 0 ,  t h e  

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

d u r i n g  d r i v i n g  was p r o b a b l y  a r o u n d  h a l f  

o f  t h e  m e a s u r e d  4 0 0  k i p ,  s o  RUT = 2 0 0  

k i p .  

~ 4 .  RUP - A s s u m i n g  7 5  p e r c e n t  o f  t h e  t o t a l  



s o i l  r e s i s t a n c e  a t  t h e  p o i n t ,  R U P  a 1 5 0  

k i p .  

MO - S i n c e  t h e  l e n g t h  o f  p i l e  i n  t h e  

g r o u n d  was 5 7 . 9  f t ,  t h e  f i r s t  s e g m e n t  

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

b y  : 

MO = MP+1 
D e p t h  D r i v e n  

Segment  L e n g t h  

QSIDE a n d  QPOINT - S m i t h ' s  recommended 

v a l u e  o f  0 . 1  i n .  w i l l  b e  u s e d  d u e  t o  l a c k  

o f  b e t t e r  s o i l s  d a t a ,  

S IDEJ  a n d  POINTJ - F o r  t h e  same r e a s o n s  

a b o v e  f o r  v a l u e s  o f  Q ,  u s e  SIDEJ = 0 . 0 5  

s e c / f t  a n d  POINTJ = 0 . 1 5  s e c / f t .  

NUMR - S i n c e  t h e  s o i l  s p r i n g s  a l l  a c t  as  

shown i n  F i g u r e  6 . l ( a ) ,  NUMR = 0 .  

S e t  I P R I N T  = 5  t o  p r i n t  o u t  t h e  s o l u t i o n  

a t  e v e r y  5 t h  i t e r a t i o n .  

1 0 .  AREA - A s i n g l e  f a c t o r  w i l l  b e  u s e d  t o  

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

AREA.  - 1 0 0 0 . 0 .  



1 1 .  NS1 t h r o u g h  NS6 - I n  t h i s  c a s e ,  t h e  

s o l u t i o n s  f o r  s e g m e n t s  1 ,  2,  3 ,  4,  1 1 ,  a n d  

17  a r e  d e s i r e d  and ,  t h e r e f o r e ,  NS1 t h r o u g h  

N S 6  a r e  g i v e n  t h e s e  v a l u e s .  

C a r d s  201 - 2 0 2  
- 

Segment  W e i g h t s  - As shown i n  F i g u r e  3 .4 ,  

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

d r i v i n g  h a v e  b e e n  a d d e d  b e t w e e n  t h e  p i l e  

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

d a t a .  

a .  W ( l )  = Ram W e i g h t  = 5 .0  k i p .  

b .  W(2)  = D r i v i n g  Cap W e i g h t  + 1 1 2  o f  

t h e  l o a d  c e l l  w e i g h t  = 1 . 2 9  k i p .  

c .  W(3)  = 1 1 2  l o a d  c e l l  w e i g h t  + h e l m e t  

= 1 .37  k i p .  

d .  W(4)  t h r o u g h  W(17)  = p i l e  s e g m e n t  w e i g h t s  

= ( 5 3  l b / f t ) ( 5  f t )  = 0 . 2 6 5  k i p .  

C a r d s  301 - 3 0 2  

Segmen t  S t i f f n e s s  

a .  B e c a u s e  o f  t h e  l a c k  o f  d a t a  c o n c e r n i n s  

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

K ( l  ) w i  1 1  b e  r u n :  K ( 1 )  - 500 ,  1 , 0 0 0 ,  

a n d  1 ,500 k i p .  i n .  

b .  The  h e l m e t  was f o u n d  t o  b e  e x t r e m e l y  

s t i f f  c o m p a r e d  t o  t h e  l o a d  c e l l ,  s o  



K ( 2 )  was t a k e n  as t h e  s t i f f n e s s  o f  

t h e  l o a d  c e l l  a l o n e .  F rom d i m e n s i o n s  

o f  t h e  l o a d  c e l l  g i v e n  i n  t h e  M i c h i g a n  

R e p o r t  a n d  u s i n g  K = A E / L y  t h e  s p r i n g  

r a t e  o f  t h e  l o a d  c e l l  was f o u n d  t o  

b e  8 6 , 5 0 0  k i p / i n .  

c .  T h e  s p r i n g  r a t e  o f  e a c h  5  f t  p i l e  

s e g m e n t  i s  f o u n d  b y :  

So K ( 3 )  t h r o u g h  K ( 1 6 )  = 7 ,790 k i p / i n .  

C a r d  1 6 0 0  

1 .  P a r a m e t e r  O p t i o n s  - NOPP(1) - N o t e  t h a t  a l l  

v a l u e s  o f  NOPP(1)  a r e  s e t  = 1 e x c e p t  when 

a n  o p t i o n  i s  u s e d  t o  v a r y  i t s  a s s i g n e d  

p a r a m e t e r ,  i n  w h i c h  c a s e  NOPP(1)  c a n  e q u a l  

2  t h r o u g h  9 .  

a .  S i n c e  I V E L  i s  t o  b e  g i v e n  t h e  f o u r  

v a l u e s  o f  8 ,  1 2 ,  1 6 ,  a n d  20  f t / s e c ,  

NOPP(1)  = 4 .  

b .  NOPP(2)  t h r o u g h  NOPP(4) = 1  s i n c e  no  

s e g m e n t  w e i g h t s  a r e  t o  b e  v a r i e d .  

c .  NOPP(5)  = 3 s i n c e  t h r e e  d i f f e r e n t  

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

( ~ ( 1 )  = 500,1 ,000,  and  1 , 5 0 0  k i p / i n . )  



d .  NOPP(6) through N O P P ( 1 7 )  - 1 s i n c e  no 

o t h e r  pa ramete r  changes  a r e  r e q u i r e d .  

2 .  Pa ramete r  Change C o n s t a n t s  - D V 1 ,  DE1, D E 2 ,  

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

i n c r e a s e  i n  a g i v e r p a r a m e t e r  based on t h e  

p a r a m e t e r ' s  o r i g i n a l  v a l u e .  They may be 

c a l c u l a t e d  from t h e  e q u a t i o n :  

- Second V a l u e - I n i t i a l  Value C o n s t a n t  - 
I n i t i a l  Value 

Thus ,  s i n c e  t h e  i n i t i a l  v a l u e  of IVEL i s  

8 f t / s e c  and t h e  second v a l u e  i s  12 f t / s e c ,  

The v a l u e  f o r  D K 1  i s  t h e r e f o r e  g i v e n  by 

Al l  o t h e r  v a l u e s  such a s  D W 1 ,  DW2, e t c . ,  

May be l e f t  b lank  o r  g iven  any v a l u e  f o r  

l a t e r  u se  s i n c e  t h e y  a r e  n o t  used a s  

long  a s  t h e  c o r r e s p o n d i n g  NOPP(1) = 1 .  
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C = l t U S E  SHORT F O R M  I N P U T  
C = 2 s  USE LONG FOR!? I N P U T  
C PdOP(1OI = 0,USE OLD S J ( I ) ,  I = l , M P P  
C = 1 r U S E  SHORT FORM I N P U T  
C = 2 ,  USE LCNG F O R M  I N P U T  
C N O P ( J . 1 )  = O l U S E  O L D  DYNAMK[I)g I = l * N  
C = 1 tDYNAP,K=O. O 
C = 2 U S E  L O N G  F O R M  I N P U T  
C M O P ( 1 2 )  = O,USE OLD A [ I I o  I = L I N  

C = 1 , U S E  SHORT FORM INP1;T 
c = 2 1 (..iSE FORI4 I N O U T  
C N O P ( 1 3 )  = O r 1 , U S E  SMITHS EEM R O U T I N E  
C = 2 %  U S E  L T " j E J . 3  S O L . J C  PAMPI; . , jG 
C W O P ( 1 4 )  = Op l ,USE f D 3 i M T )  COMPUTED FRUM 2 A M S  YEHAVEOK 
C = 2 9  R E A O  N S T O P  VALUES OF F O R C I k ! (  IcITV 1 ! C 4 R D  S E R I E S  1 3 5 3 )  
C = ~ P R E A U  HEADER c . 4 2 ~  + M S T O P  G A L Y O  E E F L E C T I O N S (  I P ~ .  1 C A R C S  1 4 0 0  
C = 4,READ C A R E  1 5 0 0  AND USE PARABOLIC  F O N (  1) VS. C E E M i  1) 
C N O P f 1 5 )  = l * N O G R A V I T Y  
C = 2 t G R A V I T Y  W I T H  DEM(IoO1 = 0.0 
C = 3,GRAVLTY WITH DEMfIPOI BY S M I T H  
C = 4 ,GRAVITY X I T H  D E M I 1 , O i  BY EXACT 
C = 5 ? G R A V I T Y  WITH D E M t I t O )  AS  USED F O 3  P R E V I O U S  PROBLE?!  
C M O P ( 1 6 )  = 0 1 l t N O  P A K A $ % E I E R  CHANGES 
C = 2 s  R E A D  C A R D  1600 WITH P A R A M E T E R  CHANGES 
C N O P ( 1 7 )  = O p l r N O  P I L E  D R I V I N G  F O R M U L A  OUTPUT 
C = 29 R E A l f  CAFI !  P 7 0 0  M I f H  P T L E  i?P,IVIi':G CCNSTA?.JTS 
C 
C 
C j'-JIJflBs;J~ QF C A S E S  =: ':C:.:','(:! j n > " U P P ( Z ) : .  * I ' d (JPp(14)  



C 
C NOPPI1) - 1,RAH V E L O C I T Y  = VELMI 
c = 2 p K A ? +  VEkOCITY=VEtMI 1 [1.0+i3\d1l*VELMI 
C = 3 p R A M  ' ~ E L O C I T Y = V E L M I ~ ~ l ~ O + D V 1 l ~ V E L M i ~ ~ l . O + 2 . 3 0 V l ~ * V E L ~ ~ I  
C = 49ETC. 
C NOPPIZ) = WAMI1) CHANGE 
C NOPP(31 = WAM(2) CHANGES 
C MOPP(4) = WAM(3rMP) CHANGES 
C N O P P ( ~ )  = XKAMlli CHANGES 
C NOPP(6) = XKAM12) CHANGES 
C NOPP(7) = XKAM(3,Nl CHANGES 
C NOPP 8 )  = QSIDE CHANGES 
C NOPP(9) = QPOINT CHANGES 
C NOPP(101 = SIDEJ CHANGES 
C NOPP(111 = PCINTJ CHANGES 
C NOPP(12) = R U f i ( 1 , M P I  CHANGES 
C NOP2!;3) = iXUZtF iPP1  C i l A N G E S  
C NOPP(14) = BOTH RUM(ltMP1 AND RUM(MPP1 CHANGE 
C ? i O P P [  15) = t E i 4 E l ;  CHANGES 
C MOPP( 16) = E E i l f  2 )  CHANGES 
C 
C 
C 

COMMON NAM11001, XKAM(100)t RUM(100)p eEEM(100), EE:{I1001 
COMMOX GAMMA(10011 XKIM(lOO)rCEEMAS(lOO), NFOM(lGO), XDE%(iOO) 
COMMON D E M f 1 0 0 1 9  XCEEMI100)t CEEMf100), FOM(10019 XFCsl(103) 
COMIYCI\I VEL(fOO1, C I M f 1 0 0 ) ~  RAM11001, RNAX(1001, RSTAT[LG@) 
COMMON R 1 1 0 0 9 1 0 )  t ITKIG(100)r Q(lOO)~FORCIN~100)r D F O X ( 1 O G )  
COMMON FOMAXt1001~1FOMAX(1001, FOMIN(100),IFGM1N(100)~ A f  100) 
COMMON DEMAXI1001rIDEMAX(lOO), SJ(1001, NOP( 2 2 ) p E Y N A : v ! K ( 1 0 0 )  
COMMUN C E E ~ I N ( ~ ~ ~ I ~ H O L O E M ( ~ O O ) ~ A N S V ~ C (  501rSE(50r5?) r I R G f i ' (  5 1 1  
COMMON R U f J A ( 1 0 3 1 t  W A M C (  100) 9 X K A ? i C 1  100)r Q A (  100 I ?  S J  :\ (120 1 
COMHOM ICOLi 5117 N O P P i  2 0 ) ~ E N T H R U ~ 1 0 O ) ~ E N T M A X ~ 1 @ 0 1 ~  I D S (  531 

i.cT,-;:. CCMMON 9 S T D E  g S?OIP~ IT :  S I D E ;  1 P G i N T J p  N?!3l'.! N O R A ? S $  ; , i ,  , 
9 F 2  P C 1  COi"lMC);'< n N T V  9 I S E C T N ,  I\IUMR r f 1  r C2 
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WRITE(6,80061 ( X K I N I P I  t I ~ l p f 4 P P )  
50 C O N T I N U E  

rasrc: = r . 1 ~ - 1  
N S M = M I N O ( N S 6 , N S N )  
W R I T E ( 6 ~ 1 1 0 4 l N S l ~ N S 2 9 N S 3 , N S 4 P N S 5 t ~ d S i ~ l 1 i \ i S 1 ~ N S 2 ~ N S 3 ~ P ~ S 4 ~ ~ S 5 ~ N S 4 ~ ~ 4 P P  

C B E G I N  I T E R A T I O N  LOOP 
12 C A L L  R E P  N 

I N T T = I N T T  
GO T O ( 2 2 r 9  ) , I N T T  

22 C O N T I N U E  
C M A X  = 0.0 
DO 24 I=NR,N 

24 C M A X  = C M A X + C E i N [ I I  
C l P C 2  = AHAXl(ClPC2,CMAXI 
I F ( I N T V - 9 9 9 1 2 5 , 2 3 , 2 5  

2 3  J 5  = 2 5  
2 5  CONTINUE 

IFII(INTV/J5)*J5I-INTVl94~26p94 
2 6  C I I N T I N U E  
2 7  FOMA = F C Y ( N S 1 )  J A ( ~ s 1 1  

FOMB = F 3 % I N S Z j , ' A ( N S 2 1  
F O M C  = F O Y ( N S 3 )  i A ( N S 3 )  
F O M D  = F G M t N S 4 1 / A ( N S 4 1  
FOME = F O M ( N S 5 ) / A I N S 5 1  
F O M F  = FO?? I R S M  1 / A  ( N S M )  
RAMP = R A M ( M P ) / I C 0 0 * C  

C W R I T E ( 6 g 9 9 ) I N T V  , F G ~ + A , F O M R t F O M C , F G M C , F O M 5 ~  C E E f J (  1 ) , D E M ( P ! S 3 )  t 

C 1 DErL1(NS4l,DEMI:".iS5)~IlEM[NS5P)t(ENTHRU(I)oI=2,4j,ENTii~irINl~4I:cELic 
W R I T E ( 6 9 9 9 )  1 N T V ~ F C M A ~ F O t ~ ! B ~ F O i ' 4 C ~ F G M D ~ F O i . i E ~ F ~ ~ ~ F ~ ~ E ~ f l ( ~ S ~ L )  ,DEP ' : ( :4S2 . )  7 

l D E M ( N S 3 l r D E ? < f N S 4 1 ~ D E M ~ N S 5 )  ,DEM(NS6),KAMP 
94 CONTINUE 

I F ( I N T V - N S T O P  112p14114 
14 WRITE f691053 

F.? p - ?5 p 
; k j  = pip-1 . "  
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1 1 0 4  ' - lC3f:GA1'[3'J S ' t S I 6 X r l ! ! F p b Z j  . I ) . l s  6 ( 6 X , l H T ; I p  I?) ?6X, i t ! 2 t Z Z p / / )  
C1104 FOKi3i1T1115I-i TIME F l i )  F t Z )  F ( 3 1  F ( 4 )  . F ( 5 )  O ( 2 )  O ( 3 )  D (  
c 1 4 )  5 [ 5 )  r C ) ( ? ;  i E P ! T ( 3 )  F:\IT(.+'; , E ? J T { i \ i )  , A , c c i ; < ~ - i )  i 
C 1 1 0 4  FORNAT(5H TIGErS!2X,4HFCM( 1 3 9  i H 1  I 95(3X,4HDEM( 13,  1H)  Y 

C 1 3 x 9  12HENTHRU ( 1 )  / / I  
2107 FORMAT(1H / ,i7X924HPERMANENT SET OF PILE = F13.8,SH INCHES/ 

1 p17Xt27HNUNBER OF 9 L O W S  PER I N C H  = F P 3 - 8 1  
2108 FORMATI l H  / 917Xp24HLIMSEl. FOR (MH-1) = F13.5yRH INCHES/ 

1 p17Xy27HMAX DISPLACEMENT UF POINT= F13.81 
8001 FORMAT(33HOI?!ITIAL VAL-UES F O R  DIN(.I 1 ,  I=l,MP / (  6E19.S) 1 
8002 FORI"lAT(33HOZNITIAL VALUES FOR O E W I I I ~ I = ~ , M P  /(6E19.8)) 
8003 FORMAT(33HOIbiiTIAL VALUES F O R  FOM(I1vI=lyF.';P /(6-E19.8)) 
8004 FORMAT(33HOINITIAL VALUES FOR C E E M ~ I ) t I = l , N  / 1 6 € 1 9 . 8 ) )  
8005 FORMAT( 35HOINITI AL VALUES FOR Rk'lf I f 9 I=l,MP+l /(6E19.8 1 )  
8005 F O R M A T 1 3 S M O C C > i S T A N T  VALUES FOR X K ~ I ' J ~ (  I ) ,  I = 1 , ; 4 P + l  / ( S E 1 9 . 8 )  1 

E N D  
BIBF'TC INPU'TT 

SUBROUT 1 NE I :,;PUT 
g 0 is? ;:! 5 i.,i ? . j i j % ( i I O r J 1 7  x ~ ; / I \ M ( ~ O O ) ~  R U : . : [ I O c ) t  8 E . 5 ? . ( . : [ ] O r ) ) o  E E > ? ( ~ G C I )  
COMMON GAF!MC.( i G O l  X K I ? 4 :  1 0 0 )  9 C E E E A S  (100), NFOMt  1001, X D E M l  l O C i  
CUMIYO~\~ DE?4(LOO)p XCEEMf1001, CEE?.?[1001, FOM(lOO), XFOM(lO9) 
COMMON V E L 4 1 0 0 ) ~  OIM(100) r RAM1100)y R i 4 A X (  loo), ! ? S T A T (  100) 
COMMON R[100910) 9 ITRIG(100)r Q (  1001 p F O ? C I h 4 (  1001 DFS?4( 106)  
COMMON FOMAX(lOC)plFDKAX~1QOlr ~ O M I N ( 1 0 0 l ~ I F O ~ I ~ l ~ l O 0 ) ~  A (  1 9 5 )  
COM?ION D E M 4 X I  EOOI p I D E + ! A X !  LOOj, SJ(100) 9 N O P l  2 2 )  pDYX4~~K(100) 
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COM?4ON I C U L I  5 1 )  1 F j O P P i  201  *ENTH?U( 1 0 0 )  E N T M A S (  LOO1 I D S (  5 0 1  
COMXON QSIDE 9 QPOENT? S I D E J  9 P O I N T J ,  3 Q D I V  NOKAt4S9 N S T C P  
COMMON I N T V  I S E C T N r  NUN? p F 1  7 F 2  , ca v c 2  
COMMON IPKINTy U E t T E f ,  E Z X i  p E E M Z  G A f 4 M A 1 ,  G 4 ? 4 M A 2 ?  I N ?  
C O M N C l N  I r 4 T T  , I . I T S T  , I X  t NK t V 0  F i.1 P 
COFIMON NPAGE r N 9 QUAKE R I ! P  R ~ T  , V E L ? ; ~  p ID1 
c, y .:. r:; .\i I 2 .. i :.> 3 i. T 3 ;:- I D - i i  :DL42 , I C K l  t I O K 2  
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1 7  D O  2 0  
2 0  X x f a : . 4 ( I j  0,2 

D(j 21. K:.19N!.!:.'i7 
2 1  R E A D ( 5 r J l 5 i I y  YKI?4(II,(R(I?J),J=1,10) 
2 2  C O N T I N U E  

C THE R ( I I J 1  I N P U T  C A R D S  C A N  B E  I N  R A N D O M  ORDER 
C THE R ( I 9 J I  A R R A Y  GEED N O T  BE Z E R O E D  S I N C E  I F  X K I M ( I I = O  T H E  GE>JERAL 
C  S O l l  R E S I S T A N C E  R O U T I N E  FOR S E G M E N T ( I 1  I S  NOT C O Y 4 S I D E R E D  
C NUMR = T O T A L  NUMBER GF S E G M E N T S  W/GEN. R ( O O N T  F O R G E T  TU ADD M P P )  
CC I = T H E  SEGMENT NUMSER F O R  WHICH R ( I , J )  V A L U E S  A R E  B E I N G  I N P U T  
C R ( I , J )  = S T A T I C  R E S I S T A N C E  ON S E G K E N T  I A T  E A C H  OF T E N  P O I N T S  J 

I F ( N O P / 5 ) - 1 ) 2 9 r 2 ? , 2 6  
26  IFtNOP(5)-9124tZ5124 
2 5  READ(5t106)IDGlriDG2,1GAMMA(Il,I=1,1\11 

GO TO 2 9  
2 4  I G A M M A  = N O P t S ) + N ? - l  

DO 23 I z ! y N  
2 3  G A M M A ( 1  1 = - 1 C O O . O  

DC LY I z N ?  I G!i!{MA 
19 G A M M A ( I 1  = C - 0  

GAMFiIA ( N X )  3 S A ; $ ? s ? A l  
G A K M A  (NR+ 1) = G&:2?4A2 
GO T O  2 9  

27  DO 2 8  I = l , N  
2 8  GAMMA ( I 1 = --1000,O 

GAMMA ( N K !  - ;;A?!+!Al 
GAt."!>4A IN;<+ 1 1 = G.fi:<:-?A2 

2 9  GAMNA(P,:P) = -0 .0 
GAMMA ( M P P )  = -C,O 
I F I N O P ( 6 ) - 1 1 3 3 , 3 t ~ 3 0  

30 Rf A D ( 5 , 1 0 7 ) I O E l t ! D E 2 ~ ~ S E [ \ . ~ ~ I ) , I = l , N )  
GO TO 3 3  

3 1  00 3 2  P = 1 9 h  
3 2  i ! 2: j %,c, 

f ;l. i-,; [ i.4 ?s, 1 .- E :.< 1 -. - 



C DO NOT T R Y  TO USE L A S T  PROBLEMS VALUES OF V E L I  I 1  
I F ( N O P ( 8 ) - 1 ) 3 9 , 3 9 , 3 8  

3 9  00 4 C  I = & ? ,  ? * I ? ?  
4 0  V E L . ! I )  = 0,( ,  

i)G 41 i = i , N K  
41 V E L ( I 1  = V E L M !  
71 VEL ( F I P P )  = -G .O 

I F ( N U P ( 9 ) - - 1 1 4 5 , 4 3 9 4 2  
4 2  U E A D ( ~ , ! O ~ ) I D Q ~ , I D Q ~ , ( Q I I ) , I = ~ O M P P ~  

GO T O  4 5  
4 3  DO 4 4  I = l , M P P  

Q ( I )  = QSIDE 
4 4  CONTI lUUE 

Q ( M P P )  = Q P O i N f  
4 5  IF(NOP(10)-1)49:47,46 
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I F i ;,!i>P 1 L: ) - 4 )  .5f 56 p67 
66  KEA0(5,123jF!,F2,C!,C2 
67 C G N T I N U F  

i jo 9 0  i = 1  p 2 2  
90 NUPP1 I )  = 1  

I F ( N O P ( l 6 ) - 2 ) 6 9 p 6 8 , 6 9  
6 8  R E A D ( ~ S ~ ~ ~ ) ( N C P ~ ( I ) , I = ~ , ~ ~ ) , I ; V ~ ~ ~ ~ ~ ~ ~ ~ O W ~ , D ~ I ~ D K ~ ~ ~ K ~ ~ D K I , ~ ~ I ,  

1 D Q P , D J I , D J P ~ D R I ~ D K P ~ D E 1 , D E 2  
69 C O N T I N U E  

DO 8 I = l t 2 0  
NOPP(1) = M A X O ( N C P P - ( I ) , ~ )  

8 CONTIlUUE 
I F ( N U P 1 1 7 ) - 1 ) 7 4 , 7 4 r 7 3  

73 R E A D (  5, ~ ~ ~ I A R E A P Y X L O N G , E L A S T ~ C E N R , Q A V G , W R A ~ ~ , H P I L E ,  E;~'E!?GY 
X L O N G  = XLONGsl2.0 

74 C O N T I N U E  
1 0 0  KO":"' I , , i . ~ , ~ i  7 I (A5 F &  .z, 13~F4.2t2i3~2F4,3~2F6.01I4,2911) 
1 0 1  F O R M ~ . T I A 5 ~ . 4 4 r % ~ 7 ~ 2 ~ 1 3 ~ 4 F 4 ~ 3 ~ 2 1 3 9 F 6 P 2 ~ 6 1 3 1  
102 F O F ~ ? ~ . ' ~ T [ A ~ ~ A ~ T , - ? ~ P ~ O F ~ . ~ * / ~  9 X , - 3 P l . ' 3 F 6 , 4 )  1 
103 F O R M A T ( 1 2 A 6 1  
104 F O R M A T f A 5 , A 4 , - ~ P ? C F ~ ~ O I / I ~ X , - ~ P ~ O F G . O ) )  
1 0 6  F O R M A T ( A ~ V A ~ ~ - ~ P ~ O F ~ . ~ * / I ~ X ~ - ~ P ~ G F ~ . ~ ) )  
1 0 7  F O R M A T ( A 5 p A 4 ,  1 0 F 6 * 5 , / ( 9 X 9  10F6.51) 
1 0 8  F O R M A T [ A 5 , A 4 ,  iGF6,3pJ[9Xp 10F6.3)) 
1 0 9  F D R M A T ( A S v A 4 ,  1 0 F 6 . 2 ~ / ( 9 X ,  10F6.2)) 
1 1 5  FORMAT(I3;-3PllFS.L) 
120 FORMATI-3PlOF6,11 
1 2 1  F O R M A T [  10F6,41 
I22 FORMAT(F7.213F7*0,7F4.2] 
123 FORMAT(-3P2F6.l,OPZF6.5) 
1 2 4  F U K M A T i 2 0 I 3 , 1 7 F 3 , 2 )  
125 FOKMAT[F6.%,F5e2~f7,2) 
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6'-i 3 :.. .?~( j [5+, . '? : . i~ :  2 9 6 1  , ? d ~ P ~ 4  
2 $-sz( i j - F g ~ C ~ ~ G i I p . ; T ~ j  

I F ( F O M ~ l ) - l ~ O ~ 3 ~ 3 , 4  
3 D E y , I 1 )  = X D E F t , i l )  

C E E M ( 1 )  = X C E E Y ( 1 )  
GO T O  16 

C IF NOPI141 = 4 9  USE P A X A H O L I C  F O M ( 1 )  VS. C E E M ( 1 1  C U R V E  
C THE R A M  MUST B E  A SII'ISL..E ? ? A S S  I F  FOt4 VS. O E M  I S  P A R A B O L I C  ' 

6 IF(NOP(1Gl-414,7,4 
7 I F ( C E E b l ( 1 )  - C E E X A S ( 1 ) ) 9 , 5 p E  
8 F O M ( 1 1  = C + C E E V ( 1 ) * * 2  + B * C E E M ( l )  

GO TO 12 
4 I F ( C E E k I ( l ) - C E E ? - ! A S ( l )  )16,L2912 
9 F O M A X ( 1 )  = ;lP,kXl(XFOM!l),FCMAX11)) 

FOM(11 = F O M A X ( ~ ~ - { ( C E E M A S ( ~ ~ - C E E M ( ~ ) ~ * F O M A X ( ~ ) * * ~ ) / ( ~ ~ ~ * S V ~ P . X ~  
1 E E M ( I ) s a 2 )  

G O  TO 1 6  
1 2  S iqAX = S ~ ~ k X + ~ I F O M 1 1 ) + X F O M 1 1 ~ ) / 2 0 0 ) ~ [ C E E M ~ 1 1 - X C E E ~ ~ l ) )  
1.6 CfJPGT I NUE 

I F I G!\ !.:+\A h a  I I ) ) it6 4 4 7  45 
4 4  F O M ( i 1  = 4 b i A X 1  ( . G 1  F O ? i ( I ) )  

GO TL' 4 5  
45 I F ( F G . F ( I )  - XFCtJi( I 1  1 4 8 ~ 4 7 r 4 7  
4 8  N F O M !  I )  =: 2 
47 I X  = ! \ F I L . I ( I )  

GO TO 645749)mIX  
4 9 . H O L D F  = F O M ( T 1  

F O M ( f )  = A M A X I ( F C M ( I ) o G A f , i f 4 A ( I ) )  
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T I N T  = I N T V  
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