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MECHANICS OF IMPACT PILE DRIVING 

J e r r y  Frank Parola ,  Ph.D. 
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Univers i ty  o f  I l l i n o i s ,  1970 

Impact p i l e  d r i v i n g  was s tud ied  by u t i l i z i n g  l o n g i t u d i n a l  

wave propagat ion  theory  a s  an  a n a l y t i c a l  t o o l .  F i e l d  d a t a  from p i l e  

d r iv ing  jobs was used t o  e s t a b l i s h  t h e  v a l i d i t y  and usefulness  o f  t h e  

a n a l y t i c a l  techniques  developed h e r e i n .  

The t h e o r e t i c a l  t rea tment  of t h e  dynamics of impact p i l e  d r i v i n g  

included an a n a l y s i s  o f  both t h e  fo rce  generated a t  t h e  head of t h e  p i l e  

and t h e  response o f  t h e  p i l e  t i p  t o  a generated f o r c e  pu l se .  A model 

cons i s t ing  of a  hammer system opera t ing  on t h e  head of an i n f i n i t e l y  long 

p i l e  was used t o  determine both  t h e  p i l e  f o r c e  p u l s e  and t h e  t ransmi t - ted  

energy. The model was used t o  make a dimensionless parameter s tudy of 

the  f a c t o r s  in f luenc ing  fo rce  and energy. The d r i v e r  system cons i s t ed  of 

concent ra ted  masses f o r  both t h e  ram and t h e  drivehead and an energy ab- 

sorbing s p r i n g  (both l i n e a r  and non l inea r )  f o r  t h e  hammer cushion. 

S o i l  and p i l e  responses were i n v e s t i g a t e d  wi th  r e spec t  t o  an 

a r b i t r a r y  fo rce  pu l se  i n  o rde r  t o  a s s e s s  t h e  v a r i a b l e s  c o n t r o l l i n g  p i l e  

pene t ra t ion  and load  capac i ty .  S p e c i a l  emphasis i s  p laced  on s o i l  and 

p i l e  response a t  t h e  p i l e  t i p ;  t h e  s o i l  model inc ludes  v iscous  damping, 

mass and an e las t5 .c-p las t ic  s p r i n g .  

C h a r a c t e r i s t i c s  of t h e  hammer-pile-soil system as a whole a r e  

summarized. Theore t i ca l  r e s u l t s  u s i n g  wave propagation theory  a r e  com- 

pared wi th  bo th  case  h i s t o r i e s  and commonly used dynamic formulas. Cor- 

r e l a t i o n  of wave analyses and f i e l d  case  h i s t o r i e s  a r e  used t o  support  t h e  

conclusion t h a t  wave propagation theory  i s  t h e  proper  t h e o r e t i c a l  t o o l  f o r  

p i l e  d r i v i n g  a n a l y s i s .  
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CHAPTER 1 

INTRODUCTION 

1.1 Scope . 

The purpose of t h i s  d i s s e r t a t i o n  i s  t o  i n v e s t i g a t e  a n a l y t i c a l l y  

t h e  mechanics o f  impact p i l e  d r i v i n g  wi th  t h e  goals  o f  i n c r e a s i n g  t h e  

a b i l i t y  o f  t h e  engineer  t o  des ign  a p i l e  foundation and a i d i n g  t h e  con- 

t r a c t o r  i n  proper  s e l e c t i o n  o f  eqflipment. These goals  w i l l  be  accom- 

p l i shed by cons ide r ing  t h e  behavior  o f  s i n g l e  p i l e s .  

The des ign  of a l l  p i l e  foundations depends upon l o a d  capaci ty 

and se t t l emen t  c r i t e r i a  as w e l l  as f e a s i b i l i t y  o f  i n s t a l l a t i o n .  There- 

f o r e ,  t h e  u l t i m a t e  goal  i s  a genera l  understanding o f  p i l e - s o i l  i n t e r -  

ac t ion  dur ing  i n s t a l l a t i o n  and t h e  i n t e r a c t i o n  of s u p e r s t r u c t u r e ,  p i l e s  

and s o i l  a f t e r  cons t ruc t ion .  With t h e  exception of a  few i s o l a t e d  in-  

s t ances ,  group behavior  has  been phys ica l ly  d i f f i c u l t  and f i n a n c i a l l y  

impossible t o  i n v e s t i g a t e  i n  d e t a i l .  A s  a consequence, an understanding 

- of s i n g l e - p i l e  behavior  p lus  theory ,  model s t u d i e s  and judgment re- 

garding t h e  r e l a t i o n s h i p  between a  s i n g l e  p i l e  and a p i l e  group must be 

r e l i e d  on i n  o r d e r  t o  produce an accep tab le  design.  

The dynanics of d r i v i n g  p i l e s  wi th  impact hammers i s  inves t iga ted  

by cons ider ing  bo th  t h e  fo rce  pu l se  genera ted  a t  t h e  head of t h e  p i l e  

and t h e  response o f  t h e  p i l e  t i p  t o  a  generated fo rce  p u l s e .  It i s  

poss ib le  t o  o b t a i n  s i g n i f i c a n t  r e s u l t s  by s tudying i n c i d e n t  waves only 

a t  both t h e  p i l e  head and p i l e  t i p ;  an a n a l y t i c a l  model u s i n g  an in- 

f i n i t e l y  l o n g  p i l e  se rves  t o  e l i m i n a t e  r e f l e c t e d  waves from t h e  far end. 



A model c o n s i s t i n g  of a hammer system opera t ing  on t h e  head o f  an in-  - 
f i n i t e l y  long p i l e  i s  u t i l i z e d  f o r  determining both t h e  p i l e  f o r c e  pulse  

and the  t r ansmi t t ed  energ,-. The d r i v e r  system cons i s t s  o f  concent ra ted  

masses f o r  t h e  ram and drivehead and an energy absorbing s p r i n g  (both 

l i n e a r  and non l inea r )  f o r  t h e  hammer cushion. 

Next, s o i l  and p i l e  response i s  inves t iga ted  with r e s p e c t  t o  a n  

a r b i t r a r y  fo rce  p u l s e  i n  o rde r  t o  determine t h e  c h a r a c t e r i s t i c s  o f  p i l e  

penetrat ion and l o a d  capac i ty .  S p e c i a l  emphasis i s  placed on s o i l  and - - 
p i l e  response a t  t h e  p i l e  t i p ;  $he s o i l  model includes v iscous  damping, 

mass, and an e l a s t i c - p l a s t i c  sp r ing .  

The c h a r a c t e r i s t i c s  of t h e  hammer-pile-soil system a s  a  whole a r e  

described a f t e r  t h e  elements of t h e  mechanics of impact p i l e  d r i v i n g  a r e  

s tudied.  Theore t i ca l  r e s u l t s  us ing  wave propagation theory  are compared 

with both case h i s t o r i e s  and commonly used dynamic formulas. Correla-  

t i o n s  of wave equat ion  analyses  and f i e l d  case h i s t o r i e s  a r e  used t o  

inves t iga te  t h e  v a l i d i t y  and usefulness  of t h e  wave propagation concept 

as  the  proper t h e o r e t i c a l  framework f o r  p i l e  d r iv ing  ana lys i s .  

- The mechanics of p i l e  d r i v i n g  deserves i n v e s t i g a t i o n  f o r  t h e  en- 

lightenment o f  both foundat ion  engineers  and p i l e  con t rac to r s .  The foun- 

dat ion engineer i s  concerned with t h e  performance o f  a  p i l e  foundation.  

I n  an e f f o r t  t o  p r e d i c t  p i l e  performance, t h e  engineer has a l l o c a t e d  

t o  p i l e  d r ive r s  a r a t h e r  unique dual  r o l e ,  t h a t  of a  d r i v i n g  t o o l  and 

t h a t  of a  measuring ins t rumen t .  Although t h e  p i l e  d r i v e r ' s  primary 

r o l e  i s  p i l e  i n s t a l l a t i o n ,  t h e  p i l e  d r i v e r  i s  a l s o  used a s  a  measuring 

instrument,  i . e .  t h e  r e s i s t a n c e  t o  p e n e t r a t i o n  i n  terms o f  hammer blows 

per  inch i s  used a s  a measure o f  t h e  p i l e ' s  a b i l i t y  t o  suppor t  l oad .  
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Of c o u r s e ,  t h e  engineer  must b e  able  t o  p r e d i c t  s i m i l a r i t i e s  and d i f -  

f e r e n c e s  between p i l e  behavior  during d r i v i n g  and under s t a t i c  load  i n  

o r d e r  t o  make t h e  p i l e  d r i v e r  an e f f e c t i v e  measuring t o o l .  

With an understanding of t h e  mechanics o f  p i l e  d r i v i n g  i n  con- 

j u n c t i o n  with experience,  t h e  p i l e  c o n t r a c t o r  can i n s t a l l  t h e  optimum 

p i l e  foundat ion ,  i . e .  t h e  one with t h e  lowest  c o s t  providing t h e  des i r ed  

founda t ion  performance. The cos t  of t h e  p i l e  foundation inc ludes  not  

- only  t h e  amount of p i l e  m a t e r i a l  needed, b u t  a l s o  t h e  d r i v i n g  expense 

which involves  d r i v i n g  t ime ,  p i l e  damage, and rep lac ing  damaged o r  in -  

adequate p i l e s .  The p i l e  d r i v i n g  c o n t r a c t o r  should  be able  t o  choose 

t h e  p roper  equipment a long  wi th  t h e  p i l e  t h a t ,  a s  w e l l  as be ing  i n  

accordance with the  t e c h n i c a l  s p e c i f i c a t i o n s ,  c a n  b e  i n s t a l l e d  i n  t h e  

most exped i t ious  and economical manner. 

The foundation engineer  must a l s o  have a working knowledge o f  

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

c a t i o n s .  With an understanding of t h e  mechanics o f  p i l e  d r i v i n g ,  t h e  

eng inee r  can avoid unnecessary r e s t r i c t i o n s  i n  t h e  s p e c i f i c a t i o n s  t o  

.- prevent  a  c o s t  burden on t h e  p i l e  c o n t r a c t .  The r e s t r i c t i o n s  i n  t h e  

s p e c i f i c a t i o n s  can inc lude  l i m i t a t i o n s  on hammer s i z e ,  p i l e  type  and 

p i l e  dimensions. 

1 . 2  Impact P i l e  Driving 

One of t h e  o l d e s t  and s imples t  methods of  d r i v i n g  a  p i l e  i s  by 

t h e  use  o f  a  drop hammer. Drop hammers, now r a r e l y  used, were preva- 

l e n t  b e f o r e  t h e  twen t i e th  century .  The disadvantage of t h e  drop weight 

t echn ique  i s  t h e  long d r i v i n g  time because o f  t h e  time consumed be- 



- tween blows t o  r a i s e  t h e  ram by power winching. I n  order t o  achieve an 

increase i n  p i l e  pene t ra t ion  r a t e s ,  hammer development has been d i r e c t e d  

toward applying t h e  d r iv ing  energy a t  a f a s t e r  r a t e .  A f a s t e r  e n e r a  

r a t e  i s  associa ted  with a l a r g e r  number of  hammer blows suppl ied  i n  a 

period of time (blow r a t e ) .  

The d e s i r e  f o r  f a s t e r  d r iv ing  r a t e s  l e d  t o  t h e  s ingle-act ing 

steam h m e r .  The Vulcan s ingle-act ing steam hammer introduced i n  1887 

.. ( ~ u l c a n  Iron Works, 1927) i s  t h e  forerunner of  modern impact hammers. Tn- - 

s tead of being r a i s e d  by a power winch, t h e  ram i s  l i f t e d  by steam pres- 

sure  which i s  r e g u l a t e d  t o  apply an upward force  on a p i s t o n  connected 

t o  the  ram. The valving mechanism exhausts steam a t  t h e  t o p  of  s t r o k e  

and allows t h e  ram t o  f a l l  by g rav i ty  through a s t roke  h be fore  impact. 

A schematic of  bo th  t h e  drop and s ingle-act ing hammers i s  presented i n  

Figure l . l a .  The major components of t h e  p i l e  hammer a r e  t h e  ram, ham- 

mer cushion and d r i v e  head. The ram with  an impact v e l o c i t y ,  V i m -  
0 '  

p a r t s  the  energy and force  pulse  t o  t h e  p i l e  through the  hammer cushion 

and drive head. 

+ Several y e a r s  a f t e r  development of  t h e  s ingle-act ing hammer, 

double-acting and d i f f e r e n t i a l  hammers were introduced t o  inc rease  the  

blow r a t e .  Hammers of t h e s e  types not only use pressure t o  l i f t  t h e  ram 

b u t  a l so  increase  t h e  downward acce le ra t ion  of t h e  ram by adding fo rce  

t o  the  gravi ty  f o r c e  ( ~ i ~ u r e  l . l b ) .  D i f f e r e n t i a l  and double-acting 

hammers commonly have h a l f  t h e  s t roke  and twice t h e  blow r a t e  of  t h e  

comparable s ing le -ac t ing  hammer. 

With t h e  development of  por table  a i r  compressors, t h e  s u b s t i t u t i o n  

of  a i r  pressure f o r  steam pressure  has now become comon p r a c t i c e .  The 



Air o r  

Pis ton 

Air o r  Steam 
Pressure  
Winch 

(Drop Hammer) 

Steam Pressure 

Pis ton 

... 

Compressed A i r  

Hammer 

( o p t i o n a l )  

[ 

\A; 

P i l e  

- Drop and S ing le -  D i f f e r e n t i a l  and Double- Diesel  
Acting Iiamners Acting Hammers Hammers 

( a )  (b ( c )  

i/V 

Figure 1.1 SCHEMATIC D I A G W  OF 
IMPACT PILE: DRIVERS 

Head 

P i l e  



use  of a i r  p res su re  is  accomplished wi thout  change i n  t h e  hammermecha- - 
nism because o p e r a t i n g  p ressu res  of both air and steam a r e  commonly 100 

t o  120 ps i .  Recently,  a h y d r a u l i c a l l y  powered d i f f e r e n t i a l  hammer has  

become operat ional  w i t h  t h e  p o r t s  s i z e d  t o  be  cons i s t en t  with f l u i d  pres-  

s u r e s  o f  3000 t o  5000 p s i .  

The most r e c e n t  aevelopment i n  impact hammers i s  t h e  d i e s e l  

powered dr iver  in t roduced i n  Germany p r i o r  t o  World War 11. The i n t e -  

g r a l l y  powered d i e s e l  hammer i s  c u r r e n t l y  popular  because it r e q u i r e s  - - 
l e s s  equipment and manpower than  steam o r  a i r  hammers. The d i e s e l  ham- 

mer u t i l i z e s  t h e  combustion o f  d i e s e l  f u e l  t o  l i f t  t h e  ram. The hammer 

ram serves  as t h e  p i s t o n ,  compressing a i r  on t h e  downward s t r o k e  a f t e r  

t h e  in t ake  valve i s  c l o s e d .  The atomized d i e s e l  o i l  explodes upon t h e  

r i s e  i n  temperature o f  t h e  compressed a i r  which r e s u l t s  from t h e  ram 

drop. Impact of t h e  ram on t h e  a n v i l  i s  approximately simultaneous with 

combustion of t h e  d i e s e l  o i l ;  t h e r e f o r e ,  the fo rce  d r i v i n g  t h e  a n v i l  is 

a combination of combustion and impact (F igure  1 .1~).  The combustion 

f o r c e  a l s o  drives t h e  ram upwards t o  t h e  t o p  of i t s  s t roke .  The d i e s e l  

- hammer can be open-ended a t  t h e  cy l inde r  t o p  o r  closed-ended wi th  an 

a i r  chamber (bounce chamber). On t h e  up s t r o k e ,  a i r  i s  compressed i n  

t h e  bounce chamber and t h u s  shor t ens  t h e  s t r o k e  and inc reases  t h e  blow 

r a t e .  

Vibratory p i l e  d r i v e r s  a r e  a l s o  i n  common use ,  b u t  they  a r e  not  

impact hammers. They produce a combination o f  a x i a l  o s c i l l a t i o n s  and 

s t a t i c  t h r u s t  as  d i scussed  by Smart (1969). 

Impact hammers a r e  normally r a t e d  o r  s i z e d  according t o  t h e  

equ iva len t  p o t e n t i a l  e n e r a  a v a i l a b l e  a t  t h e  t o p  of t h e i r  s t r o k e .  



. Energy r a t i n g s  f o r  drop o r  s i n g l e - a c t i n g  hammers a r e  r e a d i l y  def ined;  

e.g. E = W h where E i s  t h e  r a t e d  h&er e n e r a ,  W1 i s  ram weight and 
r 1 r 

h i s  t h e  s t r o k e  (height  of ram f a l l ) .  However, energy r a t i n g s  f o r  double- 

ac t ing  o r  d i f f e r e n t i a l  hammers must a l s o  account f o r  t h e  e f f e c t  of t h e  

- 
downward t h r u s t  i n  add i t ion  t o  g r a v i t y ,  e .g .  E = W h + &I where F i s  

r 1  

t h e  f o r c e  appl ied  by t h e  t h e o r e t i c a l  steam o r  a i r  pressure  requi red  at  

t h e  hammer. 

- Diese l  hammer r a t i n g s  a r e  complicated by t h e  unknown e f fec t ive -  

ness of t h e  combustion fo rce  and t h e  v a r i a b i l i t y  o f  t h e  ram s t roke  under 

f i e l d  cond i t ions ;  t h e r e f o r e ,  confusion e x i s t s  regarding  t h e  r a t i n g  of 

d i e s e l  hammers.. Rated energy f o r  open-end d i e s e l  harmers i s  determined 

by t h e  m a x i m u m  ram drop. For closed-end d i e s e l s ,  t h e  r a t i n g s  a r e  es tab-  

l i s h e d  from t h e  equivalent  s t r o k e  which i s  t h e  a c t u a l  s t r o k e  p lus  an 

equ iva len t  increment of s t r o k e  based on t h e  energy s t o r e d  i n  t h e  bounce 

chamber. 

The common range i n  r a t e d  ene rg ies  pe r  blow f o r  impact d r i v e r s  i s  

from 5,000 f t - l b s  t o  '120,000 f t - l b s ;  t h e  most common values  l i e  between 

- 15,000 f t - l b s  and 40,000 f t - l b s .  For of fshore  d r i v i n g ,  t h e r e  i s  -a need 

f o r  l a r g e r  hammer s i z e s  than  a r e  now a v a i l a b l e .  Commonly used impact 

hammers have blow r a t e s  varying  from 40 t o  200 blows p e r  minute whereas 

t h a t  f o r  drop hammers is 5 t o  20 blows p e r  minute. Single-act ing and 

open-end d i e s e l  hammers commonly ope ra te  a t  40-60 blows/minute and d i f -  

f e r e n t i a l ,  double-act ing and closed-end d i e s e l  hammers a t  80-120 blows/ 

minute. P i l e - d r i v e r  d a t a  f o r  t h e  hammers c u r r e n t l y  a v a i l a b l e  i n  t h e  

United S t a t e s  a r e  given i n  Table 1 .l. 
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Rated hammer energy i s  only an index t o  hammer c a p a b i l i t y .  The 

a c t u a l  energy a v a i l a b l e  at impact i s  more i n d i c a t i v e  o f  hammer c a p a b i l i t y  

than r a t e d  energy;  t h e  energy at impact i s  l e s s  than  t h e  r a t e d  energy 

because of mechanical l o s s e s  due t o  f r i c t i o n ,  pre-admission of steam o r  

a i r ,  e t c .  The hammer k i n e t i c  energy a t  impact may be  expressed as  . . 
1 W1 E .  = - - V where V i s  t h e  ram v e l o c i t y  at  impact and g  i s  the  ac- 

1 2 g o  0 

c e l e r a t i o n  of g r a v i t y .  The r a t i o  o f  energy a t  impact t o  r a t e d  energy is  
E. 
1 

defined a s  hammer e f f i c i e n c y ,  i . e .  e  = - x  100%. Some widely accepted 
f  E  

7- 

but  undocumented hammer e f f i c i e n c i e s  a r e  given by C h e l l i s  (1961) as 

follows : 

Hammer Type Hammer Ef f i c i ency ,  e f ,  % 

Drop 
Tr igge r  Release 
Winch 

Single-Acting 

Double and D i f f e r e n t i a l  Acting 75 t o  85 

Diese l  100 

The dynamic response o f  ram, a n v i l ,  hammer cushion,  d r ive  head 

and p i l e  determines how much of t h e  energy a v a i l a b l e  a t  impact i s  t r a n s -  

mit ted t o  t h e  p i l e .  The e f f i c i e n c y  of t ransmiss ion  may be  defined a s  

Et e  = --x 100%where E i s  t h e  energy t r ansmi t t ed  t o  t h e  p i l e .  A few 
t E.  

1 
t 

f i e l d  measurements and c a l c u l a t i o n s  i n d i c a t e  t ransmiss ion  e f f i c i e n c i e s  

of 50 t o  90 pe rcen t  should be  common. 

A t y p i c a l  f o r c e  pu l se  de l ive red  t o  t h e  p i l e  head by an impact 

hammer i s  shown i n  Figure  1 .26~.  Durations of 20 t o  50 mi l l i seconds  a r e  

common with p i l e  peak f o r c e s  i n  t h e  range of 100 t o  1000 k ips .  As noted 
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Figure 1 .2  TYPICAL FORCE INPUT 
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i n  F igure  l . 2 b ,  p i l e  o s c i l l a t i o n s  a r e  damped very qu ick ly  and one hammer 

blow has  no e f f e c t  on succeeding blows; t h e r e f o r e ,  t h e  mechanics of i m -  

pact p i l e  d r i v i n g  may be i n v e s t i g a t e d  with r e spec t  t o  t h e  events  a s s o c i a t e d  

with a s i n g l e  impact.  Blow rates of 300-600 blows/minute would be  r e -  

quired b e f o r e  p i l e s  with t y p i c a l  l eng ths  could b e  kep t  i n  s teady motion 

making it necessary  t o  analyze a sequence o f  blows. 

For a given hammer-pile-soil system, maximizing t h e  energy t r a n s -  

- 
mittcd t o  t h e  p i l e  i s  t h e  first s t e p  towards maximizing p i l e  p e n e t r a t i o n  

per  blow. However, t h e  t r a n s m i t t e d  energy must a l s o  b e  i n  an acceptable  

form ( f o r c e  p u l s e  shape)  i n  o r d e r  t o  maximize p i l e  p e n e t r a t i o n .  For 

example, cons ide r  t h e  poin t  b e a r i n g  p i l e  shown i n  Figure  1.3a and t h e  

generated f o r c e  p u l s e  versus  u l t i m a t e  t i p  r e s i s t a n c e  R a s  shown i n  

Figure 1 .3b .  P i l e  pene t ra t ion  w i l l  occur when t h e  p i l e  peak fo rce  

generntcd by t h e  impact hammer exceeds t h e  u l t ima te  s o i l  r e s i s t a n c e  a t  

the  p i l e  t i p .  I n  f a c t ,  if t h e  t i p  r e s i s t a n c e  i s  r i g i d - p l a s t i c ,  pene- 

t r a t i o n  w i l l  occur  ffi l ong  as t h e  peak f o r c e  exceeds 0.5 R ,  as w i l l  be  

shown l a t e r .  I f  t h e  peak fo rce  i s  l e s s  than  0.5 R ,  t h e n  only enough 

.- 
s o i l  r e s i s t a n c e  is  mobilized t o  coun te rac t  t h e  p i l e  f o r c e  and no ne t  

ixovemcnt o f  t h e  p i l e  po in t  r e s u l t s  even if t h e  t r a n s m i t t e d  p i l e  energy 

has been maximized. 

For t h e  f r i c t i o n  p i l e  (Figure  1 .3c ) ,  t h e  p i l e  f o r c e  pulse  i s  

e t tenuated  wi th  depth by t h e  s o i l  r e s i s t a n c e  along t h e  p i l e ' s  l e n g t h .  

Because o f  a t t e n u a t i o n ,  very  low peak fo rce  may reach  t h e  p i l e  t i p ;  how- 

ever,  no f o r c e  is  necessary  t o  overcome t h e  t i p  r e s i s t a n c e .  

P i l e  p e n e t r a t i o n  i s  c o n t r o l l e d  by t h e  magnitude and dura t ion  of 

the  generated f o r c e  i n  t h e  p i l e  wi th  r e s p e c t  t o  t h e  response  o f t h e  s o i l .  



R 
S o i l  T i p  
Ult imate Poin t  Bearing F r i c t i o n  

Res is tance  P i l e  P i l e  

( a )  (b )  ( c )  

Figure 1 .3  EFFECT OF PILE FORCE: PULSE 
ON PILE PENEEJLTION 



The ram-cushion-drive head-pile sysr,em con t ro l s  t h e  fo rce  p u l s e  generated - 
i n  t h e  p i l e  head. Therefore, a p i l e  hammer may be considered t o  b e  a 

force pulse  genera to r .  

1 . 3  - Single-Pi le  Analysis  

Current methods of analyzing a s i n g l e  p i l e  can b e  grouped i n  

two general  c a t e g o r i e s ,  namely, s t a t i c  and dynamic. A review bf t h e s e  
- 

ana ly t i ca l  methods i s  given i n  Appendix A; only a b r i e f  summary of t h e  

concepts i s  p resen ted  he re .  

A s t a t i c  ana lys i s  of p i l e  p o i n t  bear ing  and s k i n  f r i c t i o n  i s  

r a the r  l i m i t e d  i n  scope because information i s  obta ined wi th  r e s p e c t  

t o  load capac i ty  only.  No information i s  obtained on d r i v i n g  c h a r a c t e r i s -  

t i c s .  However, a s t a t i c  ana lys i s  i s  a valuable t o o l  f o r  determination 

of dr iv ing c h a r a c t e r i s t i c s  when used i n  conjunction with a dynamic 

analys is ,  as w i l l  be shown l a t e r .  

A dynamic a n a l y s i s  i s  t h e  proper  t o o l  t o  i n v e s t i g a t e  t h e  

mechanics of impact p i l e  dr iv ing.  However, t h e r e  a r e  t h r e e  methods of .- 
analysis  t h a t  d i f f e r  i n  concept: ( 1 )  Dynamic ener@y formulae based on 

simple energy cons ide ra t ions ,  probably t h e  o ldes t  method of  p i l e  

analys is ;  ( 2 )  Wave equation ana lys i s  based on one-dimensional wave 

propagation; ( 3 )  A method u t i l i z i n g  measured force  and a c c e l e r a t i o n  

a t  the  p i l e  head. I n  a l l  cases ,  dynamic analyses a r e  used t o  p r e d i c t  

s t a t i c  load c a p a c i t y .  

In  o rde r  t o  use a dynamic a n a l y s i s  t o  p r e d i c t  s t a t i c  load  ca- 

paci ty ,  a knowledge o f  t h e  r e l a t i o n s h i p  between s t a t i c  and dynamic s o i l  

r e s i s t ance  i s  necessary.  Dynamic versus  s t a t i c  behavior  i s  complex and 



can be  determined only q u a l i t a t i v e l y .  Cor re l a t ion  s t u d i e s  o f  dynamic and - 
s t a t i c  s o i l  r e s i s t a n c e  a r e  d i f f i c u l t  because of t h e  i n f i n i t e  v a r i e t y  of 

s o i l  p r o f i l e s  a s  wel l  as  t h e  v a r i e t y  of s i n g l e  s o i l  p r o p e r t i e s .  Addi- 

t i o n a l  compl ica t ing  f a c t o r s  t h a t  a f f e c t  s o i l  p r o p e r t i e s  a r e  t h e  p i l e  

shape, p i l e  volume and method of p i l e  i n s t a l l a t i o n .  The experience and 

judgment o f  t h e  engineer  i n  s e l e c t i n g  appropr i a t e  s o i l  d a t a  inpu t  f o r  

dynamic a n a l y s i s  a r e  c r i t i c a l  t o  t h e  success o f  t h e  ana lys i s .  

S e v e r a l  examples of s o i l  t y p e . w i l 1  h e l p  i l l u s t r a t e  t h e  s o i l  be- - - 
havior  encountered.  For dense and submerged cohes ionless  s o i l s ,  e i t h e r  

f i n e  o r  coarse-grained,  dynamic r e s i s t a n c e  may g r e a t l y  exceed s t a t i c  

r e s i s t a n c e  ( ~ a n g ,  1956 and Yang, 1970) because of temporary negat ive  

pore p r e s s u r e s  due t o  r a p i d  d i l a t i o n  of t h e  s o i l  s t r u c t u r e .  The opposi te  

e f f e c t  i s  observed i n  loose  cohcs ionless  s o i l s  where p i l e  d r i v i n g  causes 

temporary p o s i t i v e  pore p res su res  which reduce s o i l  r e s i s t a n c e .  Conse- 

quently,  t h e  d i s s i p a t i o n  o f  excess pore pressures  r e s u l t s  i n  a  gain o r  

l o s s  o f  s t r e n g t h  with t ime a f t e r  d r iv ing .  For dense s o i l s ,  dynamic re-  

s i s t a n c e  is  g r e a t e r  than s t a t i c  r e s i s t a n c e ,  whereas dynamic r e s i s t a n c e  

.- i s  l e s s  t h a n  s t a t i c  f o r  l o o s e  s o i l s .  P i l e  d r i v i n g  d is turbance  of co- 

hes ive  s o i l s  produces t h e  same e f f e c t  as  i n  loose  cohesionless  s o i l ,  

namely, lower dynamic s o i l  r e s i s t a n c e  than subsequent s t a t i c  s o i l  re- 

s i s t a n c e .  

I n  t h i s  t h e s i s ,  s p e c i a l  emphasis i s  placed on t h e  wave equation 

ana lys i s  of p i l e  d r iv ing ,  al though o t h e r  methods a r e  a l s o  d iscussed  i n  

Appendix A.  Recent i n v e s t i g a t i o n s  have shown t h a t  analyses involv ing  

impact and wave transloission theory  r ep resen t  t h e  b e s t  techniques now 

a v a i l a b l e .  The wave equat ion  ana lys i s  provides a  t h e o r e t i c a l  framework 



wi th in  which a l l  p r a c t i c a l  p i l e  d r i v i n g  experience can b e  proper ly  

assessed .  The i n v e s t i g a t i o n s  r e p o r t e d  i n  t h i s  t h e s i s  a r e  based on t h e  

theory  o f  wave propagation and t h e  behav io r  of s i n g l e  p i l e s  driven with 

pure impact hemmers. Diesel  hammers a r e  considered beyond t h e  scope of 

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

1 . 4  Purposes 

- 
Genera l ly ,  t h e  purpose o f  t h i s  d i s s e r t a t i o n  is t o  i n v e s t i g a t e  

a n a l y t i c a l l y  t h e  mechanics of p i l e  d r i v i n g .  More s p e c i f i c a l l y , '  t h i s  

d i s s e r t a t i o n  covers  : 

1. The parameters c o n t r o l l i n g  t h e  fo rce  pu l se  d e l i v e r e d  

t o  t h e  head of a p i l e ,  both  wi th  r e spec t  t o  maximizibg 

energy t ransmiss ion  and maximizing p i l e  p e n e t r a t i o n  

(Chapter  2 ) .  

2 .  S o i l  r e s i s t a n c e  parameters governing p i l e  penet ra-  

t i o n  (Chapter  3 ) .  

3. C h a r a c t e r i s t i c s  of p i l e  hemmer, p i l e  and s o i l  

r e s i s t a n c e  a f f e c t i n g  p i l e  d r i v i n g  behavior ,  namely, 

p i l e  p e n e t r a t i o n  and capac i ty  (Chapter 4 ) .  

14. A comparison of r e s u l t s  from wave t ransmiss ion  theory  

wi th  case  h i s t o r i e s  and a l s o  wi th  commonly used 

dynamic formulas (Chapter 4 ) .  

The foregoing purposes a r e  accomplished by independent i d e a l i z e d  s t u d i e s  

o f  t h e  parameters  c o n t r o l l i n g  t h e  genera ted  fo rce  pu l se  i n  t h e  p i l e  head.  

and t h e  s o i l  r e s i s t a n c e  parameters at t h e  p i l e  t i p .  The behavior  o f  



t h e  hammer-pile-soil system a s  a  whole i s  then  summarized and explained 

u s i n g  bo th  t h e  i d e a l i z e d  t h e o r e t i c a l  s t u d i e s  and t h e  wave equation analy- 

s i s ;  c a s e  h i s t o r i e s  a r e  used t o  support  t h e  summary. The wave equation 

a n a l y s i s  i s  a numerical technique app l i ed  t o  a  lumped mass-spring model; 

it is  an a n a l y s i s  of t h e  e n t i r e  system, b u t  it does not  f a c i l i t a t e  an 

unders tanding of t h e  c o n t r o l l i n g  parameters .  It w i l l  be  shown t h a t  t h e  

i d e a l i z e d  s t u d i e s  i n  Chapters 2 and 3 l e a d  d i r e c t l y  t o  p i l e  design and 

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



CHAPTER 2 

THE PIJX HAMMER AS A FORCE GENERATOR 

2 . 1  In t roduct ion  

The ob jec t ive  of t h i s  chapter  i s  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  

t h e  various parameters c o n t r o l l i n g  t h e  f o r c e  pu l se  de l ive red  t o  t h e  p i l e  

head, with respect  both  t o  maximizing energy transmission and maximizin(: 

- 
p i l e  penet ra t ion .  The shape of t h e  genera ted  fo rce  pulse and t h e  energy 

i n  t h e  p i l e  head a r e  t h e  dec i s ive  f a c t o r s  f o r  overcoming s o i l  r e s i s t a n c e  

and achieving maximum p i l e  pene t ra t ion  ( n e t  s e t  p e r  hammer b low) .  A pro-. 

cedure w i l l .  be developed f o r  matching t h e  d r i v i n g  equipment and p i l e  s o  

a s  t o  impart maximum energy t o  t h e  p i l e  head;  however, a s  maximum t r a n s -  

mi t ted  energy alone does not  guarantee t h e  b e s t  hammer-pile combination 

f o r  maximizing p i l e  p e n e t r a t i o n ,  t h e  shape of t h e  force  pu l se  i s  a l s o  

given considerat ion.  

I n  ordcr t o  e s t a b l i s h  a b a s i s  f o r  i n v e s t i g a t i n g  d r i v i n g  equipment, 

only t h e  generated f o r c e  pu l se  w i l l  be  considered;  no extraneous e f f e c t s  

w i l l .  be included. The e f f e c t s  of wave r e f l e c t i o n s  w i l l  be considered i n  

t h e  following chapter  a f t e r  t h e  b a s i s  of t h e  generated force  p u l s e  i s  

e s t ab l i shed .  

The model of t h e  f o r c e  genera tor  used h e r e i n  i s  shown i n  Figure  

2 .1 .  The dr iv ing  mechanism c o n s i s t s  o f  p o i n t  masses f o r  t h e  rm and 

drivehead, whereas t h e  hammer cushion is assumed massless .  S e v e r a l  d i f -  

f e r e n t  approximations a r e  made regarding  t h e  s t r e s s - s t r a i n  c h a r a c t e r i s -  

t i c s ,  including l i n e a r  e l a s t i c ,  l i n e a r  i n e l a s t i c  and non l inea r  i n e l a s t i c .  
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The ram and drivehead a r e  f o r  p r a c t i c a l  purposes i n f i n i t e l y  s t i f f  corn- 

, pared t o  t h e  hammer cushion; t h e r e f o r e ,  t h e  assumption of lumped masses 

is  j u s t i f i a b l e .  The f o r c e  gene ra to r  ope ra te s  on t h e  head of an i n f i n i t e l y  

long p i l e  which i s  considered t o  have d i s t r i b u t e d  mass and e l a s t i c i t y .  

It w i l l  be  shown t h a t  p i l e  fo rce  is  a  l i n e a r  funct ion  o f  p a r t i c l e  velo- 

c i t y .  The r a t i o  o f  p i l e  force t o  t h e  induced v e l o c i t y  i n  t h e  p i l e  i s  

t h e  mechanical impedance of t h e  p i l e  ( ~ o l s k ~ ,  1963). The p i l e  fo rce  can 

- be w r i t t e n :  

F = ( P C A ) V  (2 .1 )  

where P = f o r c e  i n  t h e  p i l e  

V = p a r t i c l e  v e l o c i t y  i n  p i l e  

pcA = p i l e  c h a r a c t e r i s t i c  impedance h e r e a f t e r  

r e f e r r e d  t o  as  p i l e  impedance 

p = p i l e  mass per  u n i t  volume 

c  = J, v e l o c i t y  o f  wave propagation 

A = c ross - sec t iona l  a r e a  of p i l e  

E = p i l e  modulus of e l a s t i c i t y  

.- 
Equation 2 . 1  can be  r e a d i l y  der ived  from t h e  c l a s s i c a l  one-dimensional 

equat ion o f  wave propagat ion  (Timoshenko and Goodier, 1951) .  

The model of t h e  i n f i n i t e l y  l o n g  p i l e  ( ~ i g u r e  2.1) can b e  used 

t o  i n v e s t i g a t e  t h e  f o r c e  pulse and energy t r ansmi t t ed  t o  t h e  p i l e  head 

without  cons ide ra t ion  o f  r e f l e c t e d  f o r c e  waves from t h e  p i l e  t i p .  The 

e f f e c t  of p i l e  t i p  response on t h e  genera ted  fo rce  pulse  w i l l  b e  pre- 

sen ted  i n  t h e  fo l lowing chapter .  

The i n p u t  parameters  o f  t h e  f o r c e  genera tor  inc lude  t h e  ram and 

drivehead weight, load-deformation r e l a t i o n s h i p  of hammer cushion, i m -  



pedance of t h e  p i l e  and i n i t i a l  v e l o c i t y  of ram a t  impact. Ram impact 

ve loc i ty  is a f u n c t i o n  of r a t e d  hammer e n e r a  and hammer e f f i c i e n c y  and 

normally ranges from 9 t o  1 5  f t / s e c  f o r  t y p i c a l  hammers. 

Experience has  shown t h a t  a hammer cushion is r e q u i r e d  t o  pro- 

t e c t  t h e  h m e r  from damage; however, t h e  inc lus ion  of a cushion a l s o  

a f f e c t s  t h e  f o r c e  pu l se  shape and energy t r ansmi t t ed  t o  t h e  p i l e .  

Housel (1965) showed t h e  e f f e c t  o f  a cushion on t h e  generated f o r c e  pu l se .  
- 

A s  shown i n  Figure 2 .2 ,  t h e  peak fo rce  and pu l se  shape a r e  g r o s s l y  

a f fec ted  by cushion m a t e r i a l .  

Wood, one of t h e  f i r s t  m a t e r i a l s  t o  be  used as  a cushion,  i s  i n  

common use today. Recent ly ,  a l t e r n a t i n g  t h i n  d i scs  of aluminum and 

micar ta  have become prominent.  Other types  of cushion m a t e r i a l s  such as  

wire  rope, a sbes tos ,  e t c .  a r e  employed i n  p r a c t i c e ;  however, t h e  aluminum- 

micar ta  and wood cushions r ep resen t  common l i m i t s  i n  load-deformation 

c h a r a c t e r i s t i c s .  The aluminum-micarta assembly i s  a s t i f f  s p r i n g ,  whereas 

t h e  wood cushion corresponds t o  a s o f t  s p r i n g .  

The s p r i n g  c o n s t a n t s  f o r  var ious  types  of cushion b locks  a r e  ob- .- 
t a i n e d  from t e s t  r e s u l t s .  A t y p i c a l  shape o f  t h e  dynamic load-deformation 

curve f o r  a cushion i s  shown i n  Figure 2.3a. The d i f f i c u l t y  encountered 

i n  so lv ing  a n a l y t i c a l l y  f o r  t h e  r e a l  load-deformation c h a r a c t e r i s t i c s  

warrants  t h e  use o f  an i d e a l i z e d  load-deformation curve ( b i l i n e a r )  a s  

shown i n  Figure 2.3b. The i d e a l i z e d  shape can b e  r e a d i l y  used where a 

loading s t i f f n e s s ,  kt, can b e  based on t y p i c a l  values o f  s e c a n t  moduli 

and t h e  unloading s t i f f n e s s ,  kU, can be  based on t y p i c a l  va lues  of t h e  

c o e f f i c i e n t  of r e s t i t u t i o n ,  e ( s e e  Figure 2.3). The unloading curve i s  

followed a f t e r  t h e  peak l o a d  i s  generated;  t h e  unloading s l o p e  i s  r e l a t e d  
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k¶. 
t o  t h e  loading s l o p e  and c o e f f i c i e n t  o f  r e s t i t u t i o n ,  i . e .  k = - 

u 2 
e 

The c o e f f i c i e n t  of r e s t i t u t i o n  accounts  f o r  t h e  energy l o s s  i n  t h e  

cushion m a t e r i a l .  

The fo rce  gene ra to r  w i l l  b e  i n v e s t i g a t e d  i n  terms of t h r e e  types  

o f  behavior  f o r  t h e  hammer cushion: 1) l i n e a r  e l a s t i c ,  r e fe r red  t o  he re in  

a s  l i n e a r ,  2) l i n e a r  i n e l a s t i c ,  r e f e r r e d  t o  as b i l i n e a r ,  and 3)  nonl inear  

i n e l a s t i c ,  r e f e r r e d  t o  as  nonl inear .  A comparison of common s o f t  (wood) 

L and s t i f f  (aluminum-micarta) nonl inear  and i n e l a s t i c  cushions f o r  t y p i c a l  

p i l e  hammers w i l l  b e  made. The range o f  c r o s s  s e c t i o n a l  p i l e  p roper t i e s  

w i l l  b e  r ep resen ted  by t h e  v a r i a b l e  p i l e  impedance, pcA. 

2.2 Basic  Equations 

The b a s i c  d i f f e r e n t i a l  equat ions governing t h e  fo rce  genera tor -  

p i l e  system a r e  developed on t h e  b a s i s  o f  t h e  model shown i n  Figure 2 . 4 ~ .  

The h m e r  ram and drivehead possess weights  W and W and masses 
1 2 ?L and 

m r e s p e c t i v e l y .  A t  t h e  i n s t a n t  t h e  ram impacts t h e  hammer cushion, 
2 '  

w i th  i n i t i a l  v e l o c i t y  V x i s  considered t o  b e  zero. The hammer - 0' 1 

cushion i s  i n i t i a l l y  t r e a t e d  as  a massless  e l a s t i c  s p r i n g  with s t i f f n e s s  

k ;  t h e  s p r i n g  is cons idered  t o  a c t  i n  compression only. The drivehead 

co-ordinate x i s  cons idered  zero a t  t h e  i n s t a n t  of impact as i s  co- 2 

o r d i n a t e  x desc r ib ing  motion of t h e  p i l e  head.  I t  w i l l  b e  shown t h a t  
3 

t h e  i n f i n i t e l y  l o n g  p i l e  behaves i n  t h e  model as a dashpot;  t h e r e f o r e ,  

x = x and x may b e  e l imina ted .  
2 3 3 

Forces a c t i n g  on t h e  ram and drivehead a r e  shown i n  Figure 2.4b. 

Only g r a v i t y ,  a c c e l e r a t i o n  and s p r i n g  fo rces  a c t  on t h e  ram. S i m i l a r  



(a) Model (b) Free Body D i a g r a m s  

Figure 2.4 FREE-BODY DIAGRAM O F  FORCE GENERATOR MODEL 



- 
forces a c t  on t h e  dr ivehead i n  ~ d d i t i o n  t o  t h e  p i l e  fo rce ,  pcAi2. Be- 

cause the  p i l e  i s  i n f i n i t e l y  lpng  no r e f l e c t i o n s  e n t e r  i n t o  t h e  a n a l y s i s ;  

t he re fo re ,  fo rce  on t h e  p i l e  head i s  con t ro l l ed  only by p i l e  head velo- 

c i t y ,  A2, which i n  t u r n  i s  c o n t r o l l e d  only by t h e  fo rce  gene ra to r .  The 

drivehead weight i s  a s m a l l  fo rce  r e l a t i v e  t o  t h e  fo rces  under d i scuss ion  

and causes unnecessary complicat ions i n  t h e  ana lys i s ;  t h e r e f o r e ,  it has 

been discarded.  Thus, t h e  r e s u l t i n g  equations of equ i l ib r ium become: 

I n i t i a l  condi t ions  a r e  x = x = = 0, and 2 = V . m e  equations 1 2 2 1 0 

a r e  solved under t h e  cond i t ion  t h a t  k ( x  -x ) cannot be negat ive  (no 
1 2  

tens ion  i n  the hammer cush ion) .  

Equation 2 .2  can b e  expressed i n  dimensionless form; t h i s  has been 

accomplished by u t i l i z i n g  t h e  fol lowing d e f i n i t i o n s :  

- 
where T i s  t h e  psuedo p e r i o d  o f  t h e  ram on t h e  cushion and z i s  dimen- 

s ion les s  time. S u b s t i t u t i o n  of t h e s e  d e f i n i t i o n s  i n t o  Equation 2.2,  

and rearranging y i e l d s  t h e  fol lowing expressions:  



2 - Wl 
m - dx " d x - pcAg - w h e r e X = x , X = -  , X = -  
1 , B = - o r - .  The 

dz W2 
m 

dz 2 

i n i t i a l  condit ions become: X = X = X = 0, and X = V T . 
1 2 2 l o  

Equation 2 .3  has been solved us ing an e l e c t r o n i c  analog computer; 

d e t a i l s  of t h e  computer program a r e  given i n  Appendix B. Only t h e  solu-  

t i o n s  involving l i n e a r  and b i l i n e a r  hammer cushions can e f f e c t i v e l y  u t i -  

l i z e  t h e  nondimensional form. For nonl inear  cushions, t h e  nondimensional 

equations were used t o  so lve  a p a r t i c u l a r  case .  
- - 

It i s  noted t h a t  i f  the  hammer cushion s t i f f n e s s  i s  made a function 

of  (X -X ) f o r  purposes of represent ing nonl inear  cushion behavior,  it i s  1 2  

poss ib le  t o  s u b s t i t u t e  t h e  function d i r e c t l y  i n t o  Equation 2 .3  because 

no opera t ions  a r e  performed on t h e  funct ions .  A r b i t r a r i l y  assumed' 

funct ions  a r e  used t o  represent  t h e  a c t u a l  load-deformation re la t ionsh ips  

of nonl inear  cushions. 

2.3 Linear Cushion 

In t roduct ion -. 

- The study of t h e  l i n e a r  hammer cushion w i l l  be used t o  i n v e s t i -  

g a t e  h m e r - p i l e  parameters c o n t r o l l i n g  both maximum eneray and t h e  force  

pu l se  shape t r ansmi t t ed  t o  t h e  p i l e .  I n i t i a l l y ,  maximum t ransmi t t ed  

energy t o  t h e  p i l e  w i l l  be  inves t iga ted  which involves t h e  impedance 

match of h m e r  and p i l e .  Then, t h e  generated p i l e  force shape w i l l  be  

i n v e s t i g a t e d  and re la7ed  t o  t h e  impedance match of  h m e r  and p i l e .  

For the  i n v e s t i g a t i o n  of  p i l e  f o r c e  p u l s e  and energy t h e  co- 

e f f i c i e n t ,  r e l a t i n g  ram weight t o  drivehead weight as shown i n  Equation 

2.3, w a s  s e l e c t e d  t o  cover t h e  range of t h e  p r a c t i c a l  limits of d r iv ing  



- equipment. The 5 c o e f f i c i e n t s  i n v e s t i g a t e d  a r e  1, 3, 5 ,  10 and 20; 

c o e f f i c i e n t s  between 3 and 10  a r e  t y p i c a l  f o r  d r i v i n g  equipment and 5 is 

a reasonable average va lue .  The Zi c o e f f i c i e n t ,  r e l a t i ~ g  p i l e  impedance ". 
and hammer impedance as  shown i n  Equation 2.3, was var ied  f o r  a p a r t i c u l a r  

value of % t o  inc lude  very  high and low p i l e  impedances with r e s p e c t  t o  

t h e  d r iv ing  equipment. The term hammer impedance is  defined h e r e i n  as 

t h e  quan t i ty  f o r  purposes o f  d i scuss ion  even though t h i s  q u a n t i t y  

may not p r e c i s e l y  desc r ibe  t h e  r e a l  impedance o f  t h e  hammer. 

To f a c i l i t a t e  t h e  use  o f  t h e  parameter s tudy r e s u l t s  f o r  a l l  

types of common p i l e  m a t e r i a l s ,  t h e  p i l e  i s  des ignated  simply by i t s  

c h a r a c t e r i s t i c  impedance, pcA. A t a b u l a t i o n  of p i l e  impedance f o r  s t e e l ,  

concre te  and wood p i l e s  and t h e  corresponding dimensions a r e  shown i n  

Table 2.1. The p i l e  impedances l i s t e d  i n  Table 2 . 1  correspond t o  t y p i c a l  

p i l e  dimensions and a r e  r e f e r r e d  t o  i n  t h e  p resen ta t ion  of t h e  r e s u l t s .  

It should be noted t h a t  t h e  low p i l e  impedances correspond t o  l igh t -wa l l  

p ipe  o r  wood p i l e s ,  whereas t h e  high impedances correspond t o  heavy-wall 

p ipe  (mandrels) ,  concre te  o r  H-piles. 

P i l e  Enera-  - 

E n e r a  t r a n s m i t t e d  t o  t h e  p i l e  head can b e  q u a l i t a t i v e l y  considered 

i n  terms of t h e  ram and drivehead motion as shown i n  Figure 2.5. F i r s t ,  

maximum energy can b e  d e l i v e r e d  t o  t h e  p i l e  when t h e  p i l e  impedance i s  

matched with r e spec t  t o  t h e  hammer impedance; t h e  ram and drivehead 

motion continues downward t o  maximum displacement and remains a t  t h a t  

l o c a t i o n  ( ~ i & u r e  2 .5b) .  When t h e  p i l e  impedance is  higher  than  t h e  

matched impedance (h igh  p i l e  impedance with r e s p e c t  t o  t h e  hammer impe- 

dance),  t h e  ram motion cont inues  downward t o  a maximum displacement and 



Table 2 .1  

- 
TABULATION OF PILE IMPEDANCES AND PILE TYPES 

P i l e  P i l e  E k t e r i a l  
Impedance S tee l*  Concrete* Wood* 

P cA Area Area Diameter Width Area Diameter 
lb s - sec / in .  i n .  2 i n .  2  i n .  i n .  i n .  2  i n .  

725 
5(Thin Wall 

P ipe  23.5 5 .5  4.8 82 10 .2  

*The fo l lowing ma te r i a l  p r o p e r t i e s  were used t o  determine p i l e  
dimensions from impedances. Subsc r ip t s  ( s  = s t e e l ,  c  = concrete,  
w = wood) a r e  used. 

c = 16,600 f't/sec (rc); = 1b5 
s i n .  

6 
Concrete E = 4.25 x 10  p s i  

lbs-see2 -- c 
= 4.65 

C 
f t  

d K  = 11,500 f't/sec ( P C . ) ~  = 30.9 i n .  

6 lbs-sec 2 
= 1 . 3 x 1 0  p s i  = 1.24 

ft 
4 
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- 
rebounds while  t h e  drivehead motion is downward as shown i n  Figure 2 . 5 ~ .  

For t h i s  case  when t h e  ram rebounds, some of t h e  i n i t i a l  k i n e t i c  energy 

i s ' l o s t  i n  t h e  rebound; t h e r e f o r e ,  t h e  energy t r ansmi t t ed  t o  t h e  p i l e  i s  

less than t h e  impact energy of t h e  d r i v e r  system. 

For low p i l e  impedance with r e s p e c t  t o  t h e  matched p i l e  impedance 

t h e  ram and drivehead motion cont inues  downward; however, t h e  drivehead 

is  driven downward a t  a f a s t e r  r a t e  than t h e  ram motion (Figure  2 .5a) .  

- 
The ram continues downward as  t h e  drivehead slows again and produces 

another  ram blow, whereupon t h e  drivehead o s c i l l a t o r y  motion i s  re-  

peated.  With t i m e ,  t h e  energy i s  f u l l y  t r a n s m i t t e d  t o  t h e  p i l e ;  however, 

t h e  r a t e  a t  which energy i s  t r a n s m i t t e d  decreases with decrebsing p i l e  

impedance. The i n t e r f e r e n c e  of hammer opera t ions  i n  r e t u r n i n g  t h e  rum 

f o r  another  s t r o k e  can prevent t h e  energy from being  f u l l y  t r ansmi t t ed  

t o  t h e  p i l e  f o r  t h e  condi t ion  of low p i l e  impedance. 

The h m e r  and p i l e  response f o r  ij = 5 and a l i n e a r  e l a s t i c  

cushion can b e  used t o  i l l u s t r a t e  f u r t h e r  t h e  preceding q u a l i t a t i v e  

d i scuss ion .  The response o f  p i l e  cncrpy,  rum d-isplacement, p i l e  d is -  

v 

placement and p i l e  fo rce  versus  d i m e n s i o n 1 . e ~ ~  t ime,  z, i s  shown i n  

Figure 2.6. The energy,  displacements  and force  a r e  expressed i n  terms 

of c o e f f i c i e n t s :  C = p i l e  energy c o e f f i c i e n t ,  C = ram displacement 
E R 

c o e f f i c i e n t ,  Cp = p i l e  head displacement c o e f f i c i e n t ,  and C = p i l e  fo rce  
F1 

c o e f f i c i e n t .  The procedure f o r  conver t ing  t h e  hammer and p i l e  re- 

sponse i n t o  r e a l  q u a n t i t i e s  i s  explained i n  Appendix B .  The indiv idual  

curves a r e  r ep resen ted  by c o e f f i c i e n t s  r e l a t i n g  p i l e  impedance and 

h-er impedance, i . e .  ii = pcA G /  Jmlk'. The hammer and p i l e  response 

shown i n  Figure 2.6 i l l u s t r a t e s  t h e  behavior  f o r  low, matched and high 

p i l e  impedance r e l a t i v e  t o  hammer impedance. 



Dimensionless Time, z Dimensionless Time, z 

fl = Ram Weight W1/Drivehead Weight W2 

Figure 2.6 PILE AND KAMMER RESPONSE FVR B = 5 AND LINEAR CUSHION 



The r e p r e s e n t a t i v e  p l o t  of p i l e  energy shown i n  Figure 2.6 

shows t h a t  when ?i i s  4 a good impedance match o f  hammer and p i l e  e x i s t s .  

The ram and p i l e  displacements  occur as  expected.  I n  t h e  case of energy 

l o s s  due t o  ram rebound as shown f o r  x = 10 ( p i l e  impedance g r e a t e r  than 

matched impedance), t h e  p i l e  energy i s  lower than  f o r  t h e  impedance 

match cond i t ion  of = 4.  

An example of low p i l e  impedance with r e s p e c t  t o  t h e  matched i m -  

- 
pedance i s  shown i n  Figure  2.6 by t h e  curve f o r  ii = 1. The r a t e  o f  en- 

e rgy  t r a n s m i t t e d  t o  t h e  p i l e  i s  l e s s  than  t h a t  f o r  t h e  matched condi t ions  

and t h e  drivehead motion is  o s c i l l a t o r y .  The p i l e  force  pulse  a l s o  shows 

a change i n  pulse  shape a s  compared t o  t h e  cond i t ion  of r\ = 11 and 10. 

It is  noted  i n  Figure 2.6 t h a t  t h e r e  i s  a range i n  c o e f f i c i e n t s  t h a t  

r e p r e s e n t  e s s e n t i a l l y  a match between p i l e  and hammer with r e spec t  t o  

energy.  The energy was determined a t  a t ime approximately equal  t o  four  

t imes  t h e  pseudo per iod  of t h e  ram. 

The most e f f i c i e n t  pile-hammer combinations f o r  energy t m n s -  
1 

mission were determined from t h e  analog computer s t u d i e s  of hammer and 
w 

p i l e  response  f o r  each % c o e f f i c i e n t  i s  shown i n  t h e  runEe band i n  

Figure  2 .7  i n  terms o f  an impedance r a t i o ;  t h e  impedance r a t i o  is  simply 

t h e  r a t i o  o f  t h e  x t o  c o e f f i c i e n t ,  o r  IR = A/% = 6. The range 

band f o r  t h e  matched p i l e  impedance r ep resen t s  an  e f f i c i ency  of energy 

t r ansmiss ion  o f  90 percent  o r  more. The impedance r a t i o  f o r  matched 

p i l e  impedance decreases w i t h  an inc rease  i n  t h e  r a t i o  of ram weight 

t o  dr ivehead weight .  

Above t h e  impedance match condi t ion  shown i n  Figure 2.7, t h e  

p i l e  impedance i s  high r e l a t i v e  t o  hammer impedance with energy l o s s e s  





due t o  ram rebound; t h e r e f o r e ,  a s  previous ly  d iscussed ,  t h i s  i s  not  an 

e f f i c i e n t  energy system. Below t h e  matched condi t ion ,  t h e  p i l e  impedance 

i s  low r e l a t i v e  t o  hammer impedance and t h e  r a t e  of energy t ransmiss ion  

i s  lowered. A low r a t e  o f  energy t ransmiss ion  i s  not t h e  only disadvan- 

t age  of t h e  low p i l e  impedance cond i t ion ;  poss ib le  hammer damage caused 

by dr iv ing  t h e  drivehead out  from beneath t h e  ram should b e  considered.  

Consideration of hammer damage sugges ts  t h a t  it i s  b e t t e r  t o  be  on t h e  
- 

high s i d e  of t h e  impedance r a t i o  than  t h e  low s i d e .  

I n  gene ra l ,  t h e  p r a c t i c a l  range of impedance r a t i o  f o r  matched 

p i l e  impedance is  0.60 t o  1 .10  f o r  t y p i c a l  r a t i o s  o f  ram t o  drivehead 

'weight  ( 5  = 3 t o  1 0 ) .  This means t h a t  f o r  an optimum pile-hammer combi- 

nat ion with r e spec t  t o  maximum energy t r ansmi t t ed  t o  t h e  p i l e ,  t h e  p i l e  

impedance (pcA) i s  r e l a t e d  t o  t h e  hammer impedance ( @ )  by:  

A c losed  form s o l u t i o n  was attempted i n  order  t o  d e f i n e  t h e  con- 

d i t i o n s  of maximum energy t r a n s m i t t e d  t o  t h e  p i l e  f o r  t h e  fo rce  funct ion  - 
generator  descr ibed  h e r e i n .  The homogeneous s o l u t i o n  of Equation 2.3 

may be w r i t t e n  i n  t h e  form of 

r z  r z  
% = c e  1 and X2 = c e 

2 

where c  and c a r e  a r b i t r a r y  c o e f f i c i e n t s  and r rep resen t s  t h e  r o o t s  
1 2 

of a  q u a r t i c  i n d i c i a l  equat ion .  Three condi t ions  can b e  determined from 

t h e  roots  of t h e  i n d i c i a l  equat ion:  
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The condi t ions  of Equations 2 .5 ,  2.6 and 2.7 imply t h e  ram motion 

" t o  be  o s c i l l a t o r y  o r  deadbeat .  With a  high p i l e  impedance wi th  r e s p e c t  

t o  t h e  hammer impedance t h e  ram motion i s  o s c i l l a t o r y  and ram rebound 

occurs;  t h e r e f o r e ,  t h i s  cond i t ion  o f  motion is commonly def ined  a s  a  

s u b c r i t i c a l  damping. The t r a n s i t i o n  of ram mdtion from s u b c r i t i c a l  t o  

s u p e r c r i t i c a l  damping i s  t h e  c r i t i c a l l y  damped condi t ion .  

For t h e  c r i - t i c a l l y  damped system o r  pile-hammer match, t h e  i m -  

pedance r a t i o  of Equation 2 .6  can be determined f o r  p a r t i c u l a r  va lues  of 

t h e  5 c o e f f i c i e n t .  The r e l a t i o n s h i p  between t h e  impedance r a t i o  and 

c o e f f i c i e n t  f o r  t h e  a n a l y t i c a l  s o l u t i o n  i s  shown i n  Figure 2.7; t h e  

a n a l y t i c a l  curve f a l l s  w i t h i n  t h e  matched p i l e  impedance zone a s  d e t e r -  

.- mined from t h e  analog computer r e s u l t s .  The impedance r a t i o s  o f  t h e  

c r i t i c a l l y  damped system f o r  E - > 8  a r e  r e a l  values and t h e  maximum value  

w a s  s e l e c t e d .  For t h e  s p e c i a l  cond i t ion  where t h e  drivehead weight  

approaches zero, i . e .  fi = m, t h e  impedance r a t i o  f o r  t h e  c r i t i c a l l y  

damped pile-hammer system equals  0.5. This  va lue  i s  a  lower bound f o r  

t h e  pile-hammer match. For cases  where fi < 8, t h e  c a l c u l a t e d  impe- 

dance r a t i o s  were imaginary va lues ;  t h e r e f o r e ,  t h e  minimum p o i n t  o f  

Equation 2.6 with r e s p e c t  t o  impedance r a t i o  was s e l e c t e d  as t h e  c r i t i -  



c a l  cond i t ion .  A rull exp lana t ion  of t h e  a n a l y t i c a l  i n t e r p r e t a t i o n  

o f  t h i s  minimum point  c r i t e r i o n  is  beyond t h e  scope of t h i s  p resen ta t ion .  

P i l e  For% - 

In t roduct ion .  The genera ted  p i l e  f o r c e  with respect  t o  peak 

va lue ,  f o r c e  shape, and d u r a t i o n  w i l l  b e  d iscussed  r e l a t i v e  t o  t h e  im-  

pedance match of t h e  p i l e  and hammer, i . e .  high p i l e  impedance, matched 

- - 
impedance and low p i l e  impedance. The hammer v a r i a b l e s ,  such as  ram 

v e l o c i t y ,  ram and drivehead weight ,  and cushion p roper t i e s  w i l l  be  in-  

v e s t i g a t e d  with r e spec t  t o  t h e  p i l e  impedances given i n  Table 2.1. 

I n  order  t o  f a c i l i t a t e  t h e  d iscuss ion  o f  piLe fo rce ,  the  genera ted  

p i l e  f o r c e s  w i l l  be  summarized f o r  B c o e f f i c i e n t s  of 3, 5 ,  10 and 20 a s  

shown i n  Figure 2.8. The f o r c e  pu l se  generated f o r  d i f f e r e n t  5 co- 

e f f i c i e n t s  i s  expressed i n  terms o f  t h e  p i l e  fo rce  c o e f f i c i e n t ,  C ~ l  ' 

and dimensionless time, z. Real  t ime can be  e a s i l y  determined by t h e  

express ion ,  t = zT;.however, t h e  p i l e  fo rce  i s  a funct ion  of severa l  

v a r i a b l e s  as  shown i n  t h e  express ion  below: 

Equation 2.8 shows t h a t  t h e  p i l e  force  is d i r e c t l y  p ropor t iona l  

t o  t h e  f o r c e  c o e f f i c i e n t  and inve r se ly  p ropor t iona l  t o  t h e  5 c o e f f i c i e n t .  

The i n v e r s e  p r o p o r t i o n a l i t y  o f  t h e  Ti c o e f f i c i e n t  does not  a l t e r  t h e  

shape and magnitude o f  an i n d i v i d u a l  fo rce  curve f o r  a  p a r t i c u l a r  

c o e f f i c i e n t ,  b u t  it causes an  apparent  mis rep resen ta t ion  of t h e  r e l a -  

t i v e  magnitude o f  t h e  f o r c e  curves f o r  d i f f e r e n t  x va lues .  For in-  
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stance,  t h e  low va lue  o f  t h e  A c o e f f i c i e n t  has a l a r g e r  peak p i l e  fo rce  

than t h e  h i g h e r  7i c o e f f i c i e n t  value f o r  a  given p i l e  impedance and ram 

veloc i ty .  The r eason  f o r  t h e  apparent  discrepancy i s  t h a t  t h e  E co- 

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

CF1, decreases . 

For E = 5 ,  F igure  2.8, t h e  ji value of 1 represen t s  a  low p i l e  

impedance r e l a t i v e  t o  t h e  hammer impedance; t h e r e f o r e ,  t h e  p i l e  i s  

- 
driven out from under t h e  ram r e s u l t i n g  i n  o s c i l l a t o r y  and damped p i l e  

forces.  With an inc rease  i n  t h e  coe f f i c i en t  t o  3 o r  6 ,  t h e  impedances 

o f  hammer and p i l e  match and t h e  fo rce  pulse  i s  approaching t h e  shape of 

a  damped s i n u s o i d a l  wave. With l a r g e r  c o e f f i c i e n t s  such as  20 o r  40, 

t h e  p i l e  impedance i s  l a r g e r  than  t h e  hammer impedance; t h e r e f o r e ,  t h e  

ram i s  rebounding and t h e  force  pu l se  i s  approaching t h e  shape of a  

s i n e  wave. The p r e s e n t a t i o n  of t h e  p i l e  forces as  shown i n  Fi.gure 2.8 

w i l l  be used t o  a i d  t h e  d i scuss ion  of generated p i l e  f o r c e  with re-  

spect  t o  peak, shape and dura t ion .  

Peak Force.  The peak p i l e  f o r c e  can be summarized f o r  B- - - 
c o e f f i c i e n t s  o f  3, 5, 1 0  and 20 a s  shown i n  Figure 2.9. ,The peak p i l e  

fo rce ,  F  is r e l a t e d  t o  t h e  p i l e  and hammer c h a r a c t e r i s t i c s  by t h e  
P'  

following: 

where C i s  t h e  peak p i l e  f o r c e  c o e f f i c i e n t .  Equation 2.9 and Figure  F2 

2.9 can be  used t o  determine peak p i l e  force  f o r  a  p a r t i c u l a r  p i l e .  

With r e f e r e n c e  t o  Figure 2.9, t h e  E c o e f f i c i e n t  has  a  n e g l i g i b l e  

e f f e c t  on t h e  peak p i l e  fo rce  f o r  a  given hammer and p i l e ;  t h e r e f o r e ,  

generated peak p i l e  fo rces  a r e  nea r ly  independent o f  drivehead weight 
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The r e l a t i o n s h i p  between peak p i l e  f o r c e  and impedance r a t i o  

(Equation 2.9 and Figure 2.9) can b e  used t o  determine t h e  peak f o r c e  

f o r  a  p a r t i c u l a r  p i l e  impedance, ram weight and cushion s t i f f n e s s .  To 

exemplify t h e  i n t e r r e l a t i o n s h i p  of parameters,  p a r t i c u l a r  values o f  

pi1.e impedance were s e l e c t e d  and peak forces  were determined f o r  common 

ram weights  and cushion s t i f f n e s s e s  a s  shown i n  Figure 2.10. Since t h e  

e f f e c t  of drivehead weight on peak f o r c e  i s  n e g l i g i b l e ,  a  common 8 -- 
c o e f f i c i e n t  of 5 was used t o  o b t a i n  t h e r  r e s u l t s  shown i n  Figure 2.10. 

The p i l e  impedances s e l e c t e d  r e p r e s e n t  a range of t y p i c a l  p i l e  s e c t i o n s  

varying from l i g h t  weight ( thin-walled p ipe )  t o  heavy weight (mandrel o r  

11-piles) as t a b u l a t e d  i n  Table 2.1. I n  terms o f  p i l e  impedance, t h e  

s t e e l  p i l e s  can e a s i l y  account f o r  t h e  full range of impedances in -  

l b s .  s e c .  
v e s t i g a t e d ,  namely 725 t o  8700 . Wood p i l e s  f a l l  i n  t h e  

i n .  

impedance range of thin-walled p i p e ,  whereas concre te  s e c t i o n s  corres-  

pond t o  t h e  h ighe r  impedance range of s t e e l  p i l e s .  

Peak p i l e  fo rce  may b e  determined by t h e  fol lowing expression:  

where F i s  a peak force  i n  k i p s ,  CF3 i s  a peak p i l e  f o r c e  c o e f f i c i e n t  
P 

(Figure  2.10) which has u n i t s  of kip-seconds/foot ,  and Vo i s  ram 

v e l o c i t y  a t  impact i n  f ee t l second .  

With reference  t o  Figure  2 .10 ,  t h e  peak p i l e  fo rce  gene ra l ly  

inc reases  wi th  inc reases  i n  ram v e l o c i t y ,  cushion s t i f f n e s s ,  ram 

weight and p i l e  impedance. The ram v e l o c i t y  is  d i r e c t l y  p ropor t iona l  

t o  t h e  peak p i l e  force  as shown i n  Equation 2.10. The v e l o c i t y  a t  
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impact, and t h e r e f o r e  t h e  peak f o r c e ,  can be r e l a t e d  t o  t h e  h e i g h t  of 

ram f a l l  and h m e r  e f f i c i e n c y  f o r  a f r e e - f a l l  drop a s  shown below: 

where V is expressed i n  feet /second and h i s  i n  f e e t .  Equation 2 .11  
0 

can be  expressed g r a p h i c a l l y  a s  shown i n  Figure 2.11 f o r  t h e  p r a c t i c a l  

2 range of hammer e f f i c i e n c y  from 30 t o  100 percent .  The drop h e i g h t ,  h ,  

i s  the  ac tua l  f a l l  d i s t a n c e  o f  t h e  ram f o r  a sing]-e-acting hemmer. For 

a double-acting o r  d i f f e r e n t i a l  hammer, t h e  drop he ight  h i s  t h e  cquiva- 

l e n t  height with cons ide ra t ion  of t h e  downward acce le ra t ion  added by 

a i r  o r  steam pressu re .  

The e f f e c t  o f  ram weight and cushion s - t i f fness  f o r  p a r t i c u l a r  

p i l e  impedances i s  shown i n  Figure 2.10. I n  general ,  t h e  peak f o r c e  in -  

creases with an i n c r e a s e  i n  both cushion s t i f f n e s s  and ran weight  f o r  a 

given p i l e  i.mpedance; however, t h e r e  a r e  l i m i t i n g  condi t ions  beyond 

which t h e  peak fo rces  do not  inc rease .  With respect  t o  t h e  l i m i t a t i o n s  

- of hammer cushion, t h e  peak fo rce  becomes independent of cushion s t i f f -  

ness beyond an upper l i m i t i n g  s t i f f n e s s ,  def ined  h e r e i n  a s  t h e  upper 

I.imit of e f f e c t i v e  cushion s t i f f n e s s .  For t h e  l i m i t a t i o n s  of t h e  r a m  

weight,  peak fo rce  becomes independent of ram weight f o r  low p i l e  impe- 

dances (See Figure  2 .10) .  

I n  order  t o  c l a r i f y  t h e  meaning o f  the  upper l i m i t  o f  e f f e c t i v e  

lbs-sec 
cushion s t i f f n e s s ,  cons ider  t h e  p i l e  impedance of 725 in  a s  shown 

i n  Figure 2.10. For t h e  ram weight o f  10,000 l b s ,  t h e  peak f o r c e  in -  

creases with cushion s t i f f n e s s  up t o  a s t i f f n e s s  of approximately 





6 
1 x 10 l b s / i n . ,  and t h e r e a f t e r  i s  independent of s t i f f n e s s .  The s t i f f -  

6 
ness of 1 x 1 0  l b s / i n .  the re fo re ,  r epresen t s  the  upper l i m i t  of e f f e c t i v e  

s t i f f n e s s .  For t h e  l i g h t  ram (1000 l b s ) ,  t h e  upper l i m i t  of  e f f e c t i v e  

6 
s t i f f n e s s  i s  approximately 4 x 1 0  l b s / i n .  'With reference  t o  p i l e  i m -  

lbs-sec 
pedances g r e a t e r  than  725 --, peak p i l e  force becomes independent 

I n .  

of cushion s t i f f n e s s  a t  higher s t i f f n e s s  l e v e l s .  For i n s t a n c e ,  t h e  upper 

l i m i t  of e f f e c t i v e  cushion s t i f f n e s s  increases  with an i n c r e a s e  i n  p i l e  
- 

impedance as  shown below: 

P i l e  Range i n  Approximate Upper 
Impedance Ram Weights L i m i t  of  E f f e c t i v e  

lbs-sec/ in .  - l b s  . Cushion S t i f f n e s s  

It should be  noted t h a t  t h e  lower cushion s t i f f n e s s  corresponds t o  the  

heavier ram weight and t h e  h igher  s t i f f n e s s  corresponds t o  t h e  l i g h t e r  - 
ram.  

The impedance match of hammer and p i l e  f o r  maximum energy t r ans -  

mission can be  superimposed on t h e  r e s u l t s  of Figure 2.10. For a given 

p i l e  impedance and ram weight, cushion s t i f f n e s s  can be  determined f o r  

the  impedance match of  t h e  hammer and p i l e ;  t h i s  i s  shown cross-hatched 

i n  Figure 2.10. For comparison, t h e  range i n  cushion s t i f f n e s s e s  f o r  

the  impedance match condit ion w i l l  be  t abu la ted  along with t h e  approxi- 

mate upper l i m i t  o f  cushion s t i f f n e s s  f o r  maximum p i l e  peak f o r c e  as 



shown i n  Table 2.2.  The cushion s t i f f n e s s  a t  which t h e  upper l i m i t  of 

peak p i l e  fo rce  occurs i s  cons iderably  l a r g e r  than t h a t  f o r  t h e  impedance 

match cond i t ion .  A s  p i l e  impedance i n c r e a s e s ,  t h e  cushion s t i f f n e s s  f o r  

e f f i c i e n t  energy t ransmiss ion  approaches t h a t  f o r  t h e  approximate l i m i t  

of peak p i l e  fo rce .  The cushion s t i f f n e s s  a t  which t h e  approximate peak 

p i l e  fo rce  is  first a t t a i n e d  corresponds t o  an energy t ransmiss ion  

e f f i c i e n c y  o f  approximately 80%. 
. - 

The e f f e c t  of ram weight can be  represented  by a r e l a t i o n s h i p  he- 

tween p i l e  impedance and peek p i l e  f o r c e  as  shown i n  Figure 2.12. The 

peak f o r c e ,  expressed i n  terms of t h e  impact v e l o c i t y ,  Vo ,  was arb i -  

6 
t r a r i l y  determinbd at a cushion s t i f f n e s s  o f  20 x 10  l b s / i n .  A s  shown 

i n  Figure 2.12, t h e  peak fo rce  i s  independent of ram weight a t  low p i l e  

impedances; however, t h e  ram weight becomes more s i g n i f i c a n t  with re- 

spect  t o  t h e  generated peak f o r c e  a s  t h e  p i l e  impedance inc reases .  

F igure  2.12 is  a l s o  r e p r e s e n t a t i v e  of t h e  e f f e c t  of p i l e  impedance 

on t h e  generated peak fo rce .  Peak p i l e  fo rce  inc reases  with an inc rease  

i n  p i l e  impedance. For low values  o f  p i l e  impedance, t h e  generated peak - 
force  spproaches a  d i r e c t  p ropor t ion  t o  t h e  inc rease  i n  p i l e  impedance, 

i . e .  a  50% i n c r e a s e  i n  p i l e  impedance w i l l  produce a 50% inc rease  i n  

peak fo rce .  For high p i l e  impedances, peak p i l e  fo rce  inc reases  a t  a  

r a t e  l e s s  t h a n  t h e  i n c r e a s e  i n  p i l e  impedance. The p ropor t iona l  r e l a -  

t i o n s h i p  between peak fo rce  and p i l e  impedance i s  superimposed on 

Figure 2.12 i n  o rde r  t o  eva lua te  t h e  l ack  of p r o p o r t i o n a l i t y  a t  high 

p i l e  impedances. With t h e  p ropor t iona l  r e l a t i o n s h i p  l i n e  as  r e fe rence ,  

it i s  seen  t h a t  t h e  p r o p o r t i o n a l i t y  between peak fo rce  and p i l e  impe- 

dance decreases  wi th  an i n c r e a s e  i n  p i l e  impedance. Also, t h e  propor- 



Table 2 .2  

A COWARISON OF CUSHION STIFFNESSES 
FOR IWEDANCE MATCH ARD LIKT OF 

PEAK PILE FORCE 

P i l e  Ram Hammer Cushion S t i f f n e s s ,  Percent  Change 
Impedance, Weights k ,  x 106 l b s / i n .  i n  P i l e  Force 

l b s  .-sec l b s  . from Matched t o  
i n .  Impedance Match Approximate Limit Limit Condition 

of Peek Force 

12 t o  1 4  78-23% 
Below Match 

16 Condition 

69-Below 
Match 
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t i o n a l i t y  decreases wi th  a decrease i n  ram weight .  For high p i l e  i m -  

pedances, a  t y p i c a l  lower l i m i t  of p r o p o r t i o n a l i t y  may b e  60%, i - e .  a 

50% i n c r e a s e  i n  p i l e  impedance w i l l  produce a  30% inc rease  i n  peak f o r c e .  

Shape and Durat ion.  The e f f e c t  o f  p i l e  and hammer parameters 

on t h e  genera ted  p i l e  fo rce  shape and dura t ion  w i l l  now be  considered.  

Although t h e  drivehead weight has  a n e g l i g i b l e  e f f e c t  on t h e  

peak p i l e  f o r c e ,  t h e  shape of t h e  fo rce  p u l s e  is  not iceably  a f f e c t e d .  
- - 

For t h e  condi t ions  of high p i l e  impedance (high 21 values)  as shown i n  

Figure 2.8, t h e  fo rce  pulses  f o r  a l l  B c o e f f i c i e n t s  a r e  nea r ly  s inu-  

s o i d a l  and t h e  pulse  dura t ions  a r e  nea r ly  equal .  As p i l e  impedance 

approaches t h e  matched cond i t ion ,  t h e  pu l se  becomes skewed and approaches 

a  damped s i n u s o i d a l  shape. I n  add i t ion ,  d u r a t i o n  o f  pulse i s  l a r g e r  as  

t h e  B c o e f f i c i e n t  inc reases  ( o r  drivehead weight decreases) .  The 

skewed t r e n d  i s  a l s o  p reva len t  f o r  t h e  low p i l e  impedance condi t ion  

( lower than  impedance match) and t h e  f o r c e  becomes o s c i l l a t o r y .  

For t h e  fo rce  pu l se  curves shown i n  Figure  2.8,  it can b e  seen 

t h a t  t h e  fo rce  curves i n t e r s e c t  a t  a  va lue  of dimensionless time ( 2 )  - 
approximately equal  t o  n; t h i s  i s  not t r u e  f o r  low imoedance r a t i o s  

where o s c i l l a t i o n s  occur.  This poin t  o f  i n t e r s e c t i o n  can be used a s  a 

guide t o  t h e  dura t ion  o f  t h e  force  pu l se .  For t y p i c a l  B c o e f f i c i e n t s  

of 3  t o  1 0 ,  t h e  dura t ion  o f  t h e  fo rce  p u l s e  can b e  represented by 

t h e  i n t e r s e c t i o n  po in t  f o r  all condi t ions  o f  impedance r a t i o ,  Eli;; 

however, o s c i l l a t i o n s  of t h e  fo rce  pu l se  occur wi th in  t h e  range of 

t h i s  i n t e r s e c t i o n  f o r  low impedance r a t i o s .  



-. If t h e  dimensionless  d u r a t i o n  is converted i n t o  r e a l  t ime f o r  

t h e  i n t e r s e c t i o n  p o i n t ,  t hen  r e a l  du ra t ion ,  td,  w i l l  be :  

It is of i n t e r e s t  t o  no te  t h a t  t i n  Equation 2.12 i s  equ iva len t  t o  one- 
d  

ha l f  t he  r e a l  p e r i o d  o f  t h e  ram and cushion.  i . e .  2 n E .  

The d u r a t i o n  given i n  Equation 2.12 i s  d i r e c t l y  p r o p o r t i o n a l  t o  
> - 

t he  square r o o t  of t h e  ram weight and inve r se ly  p ropor t iona l  t o  t h e  

square r o o t  of t h e  cushion s t i f f n e s s .  This means t h a t  by i n c r e a s i n g  t h e  

ram mass by a f a c t o r  o f  2, t h e  p u l s e  l eng th  i s  increased  by a  f a c t o r  o f  

, o r  1.1. Also, an i n c r e a s e  i n  s t i f f n e s s  by a  f a c t o r  o f  2  produces n 

decrease i n  p u l s e  l e n g t h  by a  f a c t o r  o f  E, o r  1.111.  

The d u r a t i o n  as  a  func t ion  of hammer and p i l e  c h a r a c t e r i s t i c s  

i s  g raph ica l ly  shown i n  Figure 2.13. The p i l e  impedances of Table 2.1 

are superimposed on t h e  hammer c h a r a c t e r i s t i c s  f o r  matched cond i t ions .  

It i s  seen t h a t  f o r  a given ram weight ,  t h e  dura t ion  decreases  with an 

increase i n  p i l e  impedance. Durat ion i s  approximately t h e  i n v e r s e  pro- ' - 
p o r t i o n a l i t y  t o  p i l e  impedance, i . e .  a  50% inc rease  i n  p i l e  impedance 

r e s u l t s  i n  an approximate 50% dec rease  i n  time dura t ion .  It should be 

noted t h a t  t h e  aforementioned d u r a t i o n  f o r  low p i l e  impedance r e l a t i v e  

t o  h m e r  impedance does not  inc lude  t h e  t o t a l  length  o f  f o r c e  pulse  

with a l l  t h e  damped o s c i l l a t i n g  peaks,  b u t  only g ives  approximately t h e  

durat ion of t h e  f i rs t  o s c i l l a t o r y  p u l s e  cycle .  

The f o r c e  p u l s e  shape and t h e  dura t ion  a r e  independent o f  t h e  

ram v e l o c i t y  a t  impact f o r  a l i n e a r  cushion.  



Figure 2.13 TIME DURATION OF FDRm PUIf;E AS A FUNCTION OF HAMMER AND PILE CHARACITEI1ISTICS 



2.4 - B i l i n e a r  Cushion 

P i l e  En- 

The e f f e c t  of energy l o s s  i n  a b i l i n e a r  cushion w i l l  now be in -  

ves t iga ted .  F i r s t ,  it should b e  po in ted  out  t h a t  i n e l a s t i c  behavior does 

not i n v a l i d a t e  t h e  concept o f  impedance match of hammer and p i l e ;  however, 

i n e l a s t i c  behavior  i s  a s soc ia t ed  wi th  energy l o s s e s  wi th in  t h e  cushion. 

The e f f e c t  of 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  on t h e  percentage of energy 
. - 

l o s s  i n  t h e  hammer cushion i s  shown i n  Table 2.3 f o r  g c o e f f i c i e n t s  of 

3, 5 and 20; = 5 i s  a t y p i c a l  ram t o  drivehead weight r a t i o .  The co- 

e f f i c i e n t s  of r e s t i t u t i o n  were v a r i e d  between 1 / 3  and 1 ( e  - 1 i s  l i n e a r  

e l a s t i c ) ,  whereas p i l e  impedance was v a r i e d  from low t o  high r e l a t i v e  

t o  t h e  hammer. 

With reference  t o  Table 2 .3 ,  it can b e  seen t h a t  t h e  energy l o s s  

inc reases  a 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  decreases.  As t h e  coeff i -  

c i e n t  i n c r e a s e s ,  t h e  energy l o s s  wi th  r e spec t  t o  a p a r t i c u l a r  c o e f f i c i e n t  

of r e s t i t u t i o n  decreases f o r  t h e  impedance match and low p i l e  impedance 

condi t ion .  For t h e  high p i l e  impedance cond i t ion ,  t h e  energy l o s s  - 
f o r  a p a r t i c u l a r  c o e f f i c i e n t  of r e s t i t u t i o n  i s  independent of B.  For 

t y p i c a l  va lues  of t h e  energy l o s s  i n  t h e  cushion f o r  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  o f  1 t o  314, which correspond t o  s t i f f e r  cushions such a s  

aluminum-micarta, v a r i e s  from 0 t o  20%. For c o e f f i c i e n t s  of r e s t i t u t i o n  

of 112 t o  1 / 3 ,  which correspond t o  s o f t  cushions such as  wood, t h e  

energy l o s s  i n  t h e  cushion,  v a r i e s  from 20 t o  40%. 



Table 2.3 

ENERGY LOSS OF BILINEAR CUSHION 

Coefficient Percentage of Energy Loss in Cushion 
of High Pile Impedance Matched Impedance Low Pile Impedance 

Restitution* x = 10 E = 3  F.=1 

Coefficient Percentage of Energy Loss in Cushion 
o f High Pile Impedance Matched Impedance Low Pile Impedance 

Restitution* ii = 10 x = 4  A = 1  

Coefficient 
of 

Restitution* 

Percentage of Enera Loss in Cushion 
High Pile - Impedance Matched - Impedance Low Pile Impedance 

A = 40 A = 15 E = 4  

* See Figure 2.3 



P i l e  Force 

The e f f e c t  of a b i l i n e a r  cushion w i l l  b e  i n v e s t i g a t e d  with r e spec t  

- t o  peak p i l e  f o r c e ,  fo rce  shape and d u r a t i o n .  The v a r i a b l e s  a r e  t h e  same 

-considered i n  t h e  d i scuss ion  of energy l o s s e s .  

I n e l a s t i c  behavior  of t h e  cushion has  t h r e e  d i s t i n c t  e f f e c t s  on 

:.the generated fo rce  p u l s e ,  namely: 1 )  it lowers t h e  peak fo rce  only 

::'cr t h e  low p i l e  impedance cond i t ions ,  2 )  it a t t e n u a t e s  t h e  dura t ion  of 

- 
-$he force  p u l s e ,  and 3) it causes p o s s i b l e  minor o s c i l l a t i o n  of t h e  fo rce  

p u l s e  f o r  t h e  matched and h igh  p i l e  impedance cond i t ions .  The e f f e c t s  

c,f vary ing  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  f o r  3 = 5 a r e  considered t y p i c a l ;  

-t;ne r e s u l t s  a r e  p resen ted  i n  Figure 2.14. 

The e f f e c t  of an i n e l a s t i c  cushion on peak p i l e  fo rce  i s  t a b u l a t e d  

ir?. Table 2.4 f o r  d i f f e r e n t  c o e f f i c i e n t s  and t h e  va r ious  c o e f f i c i e n t s  

0: r e s t i t u t i o n  considered h e r e i n .  The peak p i l e  fo rce  is  expressed as a 

percen tage  of t h e  peak force  generated wi th  a n  e l a s t i c  cushion ( e  = 1). 

1% i s  noted i n  Table  2.4 t h a t  peak p i l e  f o r c e  i s  independent of t h e  de- 

g r e e  o f  i n e l a s t i c  behavior  f o r  t h e  impedance match and high p i l e  impe- - 
daqce  condi t ions .  However, t h e  peak f o r c e  decreases wi th  an inc rease  i n  

i n e l a s t i c  behavior  (lower 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  low p i l e  

impedance condi t ion .  

With r e fe rence  t o  Figure  2.14, it can be  seen t h a t  a  decrease  i n  

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  r e s u l t s  i n  a  decrease i n  dura t ion  of t h e  

.. . f o r c e  pu l se .  I n  Table 2.4, t h e  dura t ion  is  expressed i n  dimensionless  

t ime ( 2 )  which i s  d i r e c t l y  p ropor t iona l  t o  r e a l  t ime. The dimensionless 

du ra t ion  o f  t h e  f o r c e  p u l s e  i s  a r b i t r a r i l y  s e l e c t e d  a t  a va lue  o f  10% 
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Matched Pile 

0 

Dimensionless Time, z Dimensionless Time, z 

E = 5  

Figure 2.14 EFFECT OF BILINEAR CUSHIOM ON PILE FORCE 



Table 2.4 
t i v  

EFFl3CT OF BILIY3R9 CUSHION ON PEAK PILE RIRCE AND PULSE DURATION 

1 5 = 3  1 
Percentage of Peak Pile Force 

Generated with an Elastic Cushion 

Coefficient Impeda~ce 
o f High Pile Impedance Match Low Pile Impedance 

Restitution ii = 10 z = 3  A = l  

e=l(elastic) 100 100 100 
e=3/4 100 99 94 
e=1/2 100 97 86 
e=1/3 100 96 81 

Dimensionless Time Pulse Duration** 

Impedance 
High Pile Impedance Match Low Pile Impedance 

ii = 10 A = 3  I = l  

3.2 3.3 4.2* 
2.8 2.9 3.9" 
2.6 3.9* 3.3" 
2.1 3.5* 2.9' 

( ~ = 5  1 
Percentage of Peak Pile Force 

Generated with an Elastic Cushion 

Coefficient Impedance 
of High Pile Impedance Xattch Low Pile Impedance 

Restitution ;1 = 10 z = 4  x = l  

e=l(elastic) 100 100 100 
e=3/4 100 99 9 3 
e=1/2 100 96 8 5 
e=1/3 100 94 80 

1$=201 

Dimensionless Time Pulse Duration*" 

Impedance 
High Pile Impedance Match Low Pile Impedance 

x = 10 A = 4  ii=1 

3.2 3.3 >6 
2.8 3.3" >6 
2.5 3.9* >6 
2.5" 4.0* >6 

Percentage of Peak Pile Force 
Generated with an Elastic Cushion 

Coefficient Impedance 
of High Pile Impedance Match Low Pile Impedence 

Restitution = 40 = 15 ii=4 
e=l(elastic) 100 100 100 
e=3/4 100 100 -- 
e=l/2 100 100 -- 
e=1/3 100 100 90 

Dimensionless Time Pulse Duration** 

Impedance 
High Pile Impedance Match Low Pile Impedance 

E = 40 A = 15 A = 4  
3.2 3.6 >5.0* 
2.9 3.6 -- 
2.5 3.8* -- 
2.4 4.0* >5.0* 

*Denotes oscillating force pulse. **Dimer.sionless time taken at a load 10% of peek. 
vl 
u 



of  t h e  peak force .  For a  g iven  p i l e  impedance, dura t ion  decreases wi th  

an i n c r e a s e  i n  t h e  degree o f  i n e l a s t i c i t y  (decrease i n  c o e f f i c i e n t  o f  

r e s t i t u t i o n )  except f o r  t h e  s p e c i a l  case of fo rce  pulse  o s c i l l a t i o n s  a t  

t h e  impedance match cond i t ion .  

Small o s c i l l a t i o n s  o f  t h e  p i l e  fo rce  f o r  t h e  impedance match con- 

d i t i o n  ( 3  = 4 )  and low c o e f f i c i e n t s  of r e s t i t u t i o n ,  as shown i n  Figure  

2.14, i n d i c a t e  d i s c o n t i n u i t y  i n  o s c i l l a t o r y  behavior .  It i s  b e l i e v e d  

t h a t  a  r e l a y  i n  t h e  analog computer system was responding e r r a t i c a l l y  

only dur ing  unloading o f  t h e  cushion;  t h e r e f o r e ,  d i scon t inu i ty  of t h e  

fo rce  pulse  e x i s t s .  I n  o rde r  t o  v e r i f y  t h e  r e s u l t s  of t h i s  b i l i n e a r  

s tudy ,  t h e  l i n e a r  cushion s tudy  was compared w i t h  t h e  b i l i n e a r  s tudy  f o r  

c o e f f i c i e n t s  of r e s t i t u t i o n  equa l  t o  u n i t y  ( e l a s t i c  case ) .  The comparison 

showed no d i f ference  i n  t h e  generated fo rce  pu l se ;  t h e r e f o r e ,  t h e  gene ra l  

conclusions based on t h e  b i l i n e a r  s tudy a r e  assumed t o  be unaffec ted  

by t h e  discontinu-i ty i n  t h e  f o r c e  pulse  o s c i l l a t i o n s .  It should be  noted  

t h a t  t h e  d i s c o n t i n u i t i e s  occur long  a f t e r  t h e  i n i t i a l  peak force .  

2.5 Nonlinear Cushion 

Scope 

The importance o f  t h e  hammer cushion i n  determining peak p i l e  

fo rce  and dura t ion  was demonstrated i n  the  preceding s e c t i o n s .  This 

s e c t i o n  w i l l  f u r t h e r  exemplify t h e  e f f e c t  of t h e  hammer cushion by com- 

pa r ing  t h e  behavior  a s s o c i a t e d  wi th  t y p i c a l  s o f t  and hard  nonl inear  

cushions,  namely, p i n e  plywood and aluminum-micarta. The e f f e c t  o f  s o f t  

and h a r d  nonl inear  cushions w i l l  b e  i n v e s t i g a t e d  i n  two p a r t s ;  1) com- 



- 
parison of generated p i l e  force peak, shape and duration,  2) comparison 

of l i n e a r  and nonlinear cushion behavior. 

Nonlinear cushions were investigated f o r  t yp i ca l  hammer s i ze s ,  i . e .  

Vulcan 2 t o  Vulcan 010, and normal ram veloc i t ies  ranging from 9 t o  

1 5  f t / s e c .  The hemmer and cushion de t a i l s  investigated a re  tabulated 

i n  Table 2.5. A drivehead weight of 1000 lbs  was selected as typ ica l  f o r  

the hammer range studied.  

- 
Load-deformation cha rac t e r i s t i c s  for  pine plywood cushions were 

taken from t h e  invest igat ion by Hirsch, e t  al . (1966) as shown i n  Figure 

2.1%. This re la t ionsh ip  can be approximated by a s e r i e s  of s t r a igh t  

l ines  as shown i n  Figure 2.15b t o  obtain the assumed load-deformation 

cha rac t e r i s t i c s  u t i l i z e d  herein  (Appendix B ) .  The unloading slope i s  re- 

l a ted  t o  t h e  coeff ic ient  of r e s t i t u t i o n  ( e  = 0.27 for  t h e  pine plywood 

cushion). Similar  approximate curves for  other hammer s izes  are shown 

i n  F i y r e  2.16. 

The load-deformation re la t ionsh ip  for  t he  aluminum-micarta 

cushion was obtained from a s t a t i c  t e s t .  The s t a t i c  properties for  - 
typical  cushion materials agreed remarkably wel l  with those determined 

under impact loads (Hirsch, e t  al. 1966). Both the  r e a l  and assumed 

load-deformation charac te r i s t ics  a r e  shown i n  Figure 2.17 and the  

approximate loading curves for  t h e  hammer s izes  considered herein are  

presented i n  Figure 2.18. The aluminum-micarta cushion approaches an 

e l a s t i c  cushion with a coef f ic ien t  of r e s t i t u t i o n  of 0.95. 

Before discussing the  e f f e c t s  of pine plywood and aluminum- 

micarta cushions, t h e i r  load-deformation re la t ionships  are  cornpaced f o r  



t I> 
Table 2.5 

TABULATION OF PROBE% INVESTIGATED FOR NONLINEAR CUSHIONS 

Problem Rm Drivehead 
Rarn 

wt . wt . E Velocity 

No. b e  13s .  13s .  Coeff. Y o ,  f t l s e c  

Hammer Cushion 

h e  S ize  

Cushion 
Data 
Used 

" A  

1 Vulcan 010 10,000 1,000 10  9 Pine Plywood 1 3  1f2" d - 10" A t .  314'' Pine Plywood 
2 Vulcan 010 10.000 1.000 10 12 Pine P l w w d  1 3  112" d - 10" H t .  9" d - 9" H t .  

vulcan 010 

Vulcan 08 
vulcan 08 
Vulcan 08 

vulcan 06 
vulcan 06 
vulcan 06 

Pine Plywood 
. .  ~ 

li 112" 4 - 10" H t .  Dynamic B l w  

1 3  112" b - 10" H t .  
No. 80 

13 112" d - 10" H t .  
e = 0.27 

1 3  112" d - lo"  H t .  

Pine Plywwd 
Pine Plywood 
Pine Plywwd 

Pine Plywood 
Pine Plywood 
Pine Plywwd 

li" d - 8" H t .  Dynamic Test  
11" 6 - 8" H t .  (Hirsch e t  al., 19%) 
Y " 4 -  8 " H t .  

u" d -  8 " H t .  
11" d - 8 " H t .  
11" d - 8 " H t .  

lo"  4 - 8 " H t .  
lo"  d - 8" ~ t .  
10" d -  8 " H t .  

vulcan 1 
vulcan 1 
vulcan 1 

Vulcan 2 
Vulcan 2 
vulcan 2 

Pine Plywood 
Pine Plywood 
Pine Plywood 

Pine Plywood 
Pine Plywood 
Pine Plywood 

13 1/2" 6 - 10" H t .  Aluminum-Hcarta 
13 112" d - 10" H t .  13.4" d 4" d 
1 3  112" d - 10" H t .  Concentric Holes 

Vulcan 010 
vulcan 010 
vulcan 010 

Aluminum-Micarta 
Aluminum-Mi c a r t  a 
Aluminum-Micarta 

19  v a c a n 0 8  8,000 1,000 8 9 7.3" H t .  
Aluminum-Micarta 13 112'' d - 10" H t .  1,16,, Disc 

20 Vulcan 08 8,000 1,000 8 12  Aluminum-Micarta 1 3  112" d - 10" A t .  
8 112" Alum. Disc 

21 Vulcan 08 8,000 1,000 15 Aluminum-Micarta 13 112" 8 - 10" H t .  e = 0.95 
~ ~ 

22 ~ u l c a n  06 6,500 1,000 6.5 9 Aluminum-Micarta 11" d - 8 " H t .  
23 Vulcan 06 6,500 1,000 6 . 5  12 Aluminum-Micarta 11" 4 - 8" ~ t .  
24 v d c a n  06 6,500 1,000 6.5 15  Aluminum-Micarta 11" d - 8" H t .  S t a t i c  Test  

25 Vulcan 1 5,000 1,000 5 9 Aluminum-Micarta 11" 6 - 8" H t .  
26 vulcan 1 5,000 1,000 5 12 Alumin-Gn-Micarta 1 1 " d -  8 " H t .  
27 Vulcan 1 5 ?OOO 1 ,.OOO 5 15 Aluninum-Micarta l l " 6 -  8 " ~ t .  
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Figure 2.15 .REAL AND ASSUMED CURVES FOR PINE PLYWOOD CUSHION 
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Figure 2.16 ASSUMED PINE PLYWOOD CUSHIONS FOR DIFFERENT HAMMERS 
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Figure 2.17 REAL AND ASSUMED CVAVES FOR ALUMINUM-KSCARTA CUSHION 
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a  Vulcan No. 1 h m e r  (Figure  2.19).  The comparison shows t h e  marked 

d i f f e rence  i n  s t i f f n e s s  between t h e  cushions as  w e l l  as t h e  d i f f e r e n c e  

i n  t h e  degree o f  i n e l a s t i c i t y .  These cushions represent  t h e  range  of 

p r o p e r t i e s  normally encountered i n  p r a c t i c e .  

P i l e  Force 

Peak .?orce. The peak p i l e  f o r c e  w a s  i nves t iga ted  f o r  va lues  o f  - 

- impact ve loc i ty  equal  t o  9 ,  1 2  and 1 5  f t / s e c ,  which represents  a t y p i c a l  - 

range i n  v e l o c i t i e s .  For comprtrison, t h e  t abu la t ed  impact v e l o c i t i e s  

f o r  s e v e r a l  hammers a long wi th  t h e  a s soc ia t ed  e f f i c i e n c i e s  a r e  given 

below: , 

Impact Veloci ty,  Vo , f t  . /s ec . 

I i m e r  Drop Height ,  f t  . e  = 100% f  e  = 75% f  
e  = 50% 

f  

Vulcan 01.0 3.25 

Vulcan 08 3.25 

~ u l . c a n  06 3.00 

Vulcan 1 3.00 

- 
Vulcan 2 2.50 

P i l e  peak f o r c e s  vary  l i n e a r l y  with impact v e l o c i t y ;  t h e r e f o r e ,  

t h e  peak forces can a l s o  r e p r e s e n t  t y p i c a l  values o f  hammer e f f i c i e n c y  

f o r  t h e  d i f f e r e n t  hammers t a b u l a t e d  above. P i l e  peak force  ve r sus  p i l e  

impedance r e l a t i o n s h i p s  f o r  d i f f e r e n t  hammers with pine plywood and 

aluminum-micarta cushions a r e  shown i n  Figure 2.20. The r e l a t i o n s h i p s  

between p i l e  force  and impedance a r e  expressed i n  terms of t h e  u s e f u l  

range of hammer e f f i c i e n c i e s ,  namely, 50 and 100%. Because peak f o r c e  
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and impact v e l o c i t y  a r c  l i n e a r l y .  r e l a t e d ,  peak fo rce  f o r  o ther  e f f i c i e n c i e s  

can be  r e a d i l y  determined by i n t e r p o l a t i o n  i n  terms of t h e  square r o o t  o f  

hammer e f f i c i ency  (Jef' ) .  

With reference  t o  Figure  2.20, it i s  shown t h a t  f o r  a  given h m e r  

and e f f i c i e n c y  t h e  peak f o r c e  i n c r e a s e s  with an inc rease  i n  p i l e  impedance 

f o r  both cushion ma te r i a l s .  However, t h e  i n c r e a s e  i s  more pronounced f o r  

t h e  aluminum-micarta (ha rd )  than  f o r  t h e  pine plywood ( s o f t )  as  t h e  p i l e  - 
impedance approaches high va lues .  Also, t h e  peak fo rce  generated i n  t h e  

p i l e  with t h e  aluminum-micarta cushion i s  approximately double t h a t  gene- 

r a t e d  with t h e  pine plywood cushion.  

The optimum pile-hammer match f o r  maximum endrgy t r ansmi t t ed  t o  

t h e  p i l e  head i s  superimposed on Figure  2.20. I t  i s  seen ,  as expected,  

t h a t  t h e  b e s t  match f o r  t h e  s o f t e r  cushion (p ine  plywood) i s  t h e  low 

p i l e  impedance range of 600 t o  2600 lbs - sec / in .  ( equ iva len t  s t e e l  a r e a  

2 
o f  4 t o  18 i n .  ) .  The ha rde r  cushion (aluminum-micarta) i s  matched wi th  

high p i l e  impedances, o r  equ iva len t  s t e e l  a reas  o f  approximately 20 t o  

2 
80 i n .  . 

Shape and Duration. The p i l e  fo rce  shape and dura t ion  i s  a l s o  

a f f e c t e d  by d i f f e rences  i n  cushion m a t e r i a l .  Force pulses  generated by 

a Vulcan hammer f o r  t h e  aluminum-micarta and p ine  plywood cushions a r e  

compared i n  Figure 2.21 i n  t e r m  of t h e  p i l e  fo rce  c o e f f i c i e n t ,  CFl. 

The Vulcan 1 hammer with d i f f e r e n t  cushion m a t e r i a l s  and an impact 

v e l o c i t y  o f  12  f t / s e c  ( e f  = 71+.5%) was chosen as r e p r e s e n t a t i v e  of 

t y o i c a l  hammer behavior .  





For t'ne range i n  v e l o c i t i e s  i n v e s t i g a t e d ,  9 t o  1 5  f t / s e c ,  t h e r e  

was a dec rease  i n  dura t ion  a s soc ia t ed  with t h e  h i g h e r  v e l o c i t i e s ;  however, 

t h e  v a r i a t i o n  was l e s s  than  10%. The pu l se  shape is assoc ia t ed  with t h e  

cushion load-deformation c h a r a c t e r i s t i c s .  I f  t h e  cushion loading curve 

is g radua l  and t h e  unloading i s  ab rup t ,  t hen  t h e  f o r c e  pulse  loading and 

unloading p a t t e r n  i s  analogous i n  behavior .  Comparison of t h e  f o r c e  

pu l ses  i n  Figure  2.21 shows t h e  more gradual  l o a d i n g  and more abrupt  un- - 
l oad ing  o f  t h e  p ine  plywood a s  opposed t o  t h e  aluminum-micarta cushion.  

The ab rug t  unloading p a t t e r n  i s  caused by inc reased  cushion s t i f f n e s s  

upon unloading as soc ia t ed  with t h e  low c o e f f i c i e n t  o f  r e s t i t u t i o n  of t h e  

p ine  plywood cushion ( e  = 0.27) 5s compdred t o  t h e  aluminum-micarta 

cushion ( e  = 0.95) .  The abrupt  unloading of t h e  p ine  plywood cushion 

causes f o r c e  pu l se  o s c i l l a t i o n s  near  t h e  impedance match condi t ion  o f  

hammer and p i l e .  This o s c i l l a t o r y  force  behavior  f o r  condit ions of i m -  

pedance match and low 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 l s o  occurred i n  t h e  

b i l i n e a r  s tudy .  

- The. p u l s e  dura t ion  f o r  t h e  s o f t  cushion ( u i n e  plywood) a s  com- 

pared t o  t h e  ha rd  cushion (aluminum-micarta) i s  l a r g e r  by a  f a c t o r  o f  

3 t o  5. The r e a l  du ra t ion  a t  10% of  peak f o r c e  i s  t a b u l a t e d  below f o r  

t h e  Vulcan No. 1 hammer and va r ious  p i l e  impedances. 



Pulse  Duration a t  10% of Peak, 

- mil l i seconds  

Matched P i l e  Low P i l e  
High P i l e  Impedance Impedance Impedance 

Vulcan 1 X = 4 0  X = 2 0  x = 1 0  1 = 8  x = 6  A = 4  x = 2  

Pine Plywood 1 6  18 24 27 29 36 50 

For t h e  impedance match o f  hammer and p i l e ,  t h e  dura t ion  of t h e  

pulse f o r  t h e  p ine  plywood cushion i s  approximately 5 t imes longer  than  

t h a t  f o r  t h e  aluminum-micarta cushion.  The r e l a t i o n s h i p  is similer f o r  

o the r  hammers as  shown below: 

Vulcan 2 

Impedance Match Conditions Only 
Time Pulse Durat ion a t  10% Peak - 

Pine Plywood Aluminum-Mi c a r t  a 

25-35 ms -- 

Vulcan 1 - Vulcan 010 30-50 m s  6-12 m s  

.- 
The longer  dura t ion  corresponds t o  t h e  hammer with t h e  h e a v i e s t  

ram (Vulcan 010) .  

The pronounced d i f f e r e n c e s  i n  behavior  between a t y p i c a l  s o r t  

cushion (p ine  plywood) and a t y p i c a l  hard cushion (aluminum-micarta) 

poin t  t o  t h e  importance of t h e  hammer cushion i n  p i l e  d r iv ing .  Pine 

and aluminum-micarta were chosen t o  encompass t h e  p o t e n t i a l  range i n  

behavior o f  t h e  generated f o r c e  pu l se .  As a practical cons ide ra t ion ,  

t h e  hammer cushion can b e  r e a d i l y  changed. Thus, cushion s t i f f n e s s e s  

can be  chosen s o  a s  t o  a t t a i n  t h e  des i r ed  pile-hammer impedance match 



o r  generated p i l e  fo rce  pu l se  l e a d i n g  t o  maximum p i l e  penet ra t ion  

p e r  blow. 

E u i v a l e n t  Linear  Cushion 9-- 

In t roduc t ion .  I n  t h i s  s e c t i o n ,  nonl inear  and l i n e a r  cushion -- 

behavior  a r e  compared with r e s p e c t  t o  generated p i l e  fo rce  pul.se, i . e .  

peak f o r c e  and dura t ion ,  f o r  purposes o f  developing a method of repre-  

- -sent ing  nonl inear  cushions wi th  equ iva len t  l i n e a r  cushions. The non- 

l i n e a r  cushions considered a r e  p i n e  plywood and aluminwn-micarta. The 

comparisons o f  cushion behavior  a r e  made with respect  t o  a range i n  

hammer s i z e s ,  us ing  t h e  Vulcan 1 and Vulcan 010 hammers with a drive-  

head weight of 1000 l b s  and an impact v e l o c i t y  of 12  f't/sec ( e f  = 74.5%). 

Peak Force. F i r s t ,  equ iva len t  l i n e a r  cushioris a r e  s e l e c t e d  

t h a t  l e a d  t o  t h e  same generated peak p i l e  fo rce .  The equivalent  l i n e a r  

cushion s t i f f n e s s  r e f e r s  t o  t h e  l o a d i n g  s t i f f n e s s  only.  A s  shown i n  

t h e  b i l i n e a r  cushion s tudy,  t h e  unloading s t i f f n e s s  has a n e g l i g i b l e  

e f f e c t  on t h e  generated peak f o r c e  except  f o r  t h e  condi t ion  o f  very low 

.- 
p i l e  impedances and low c o e f f i c i e n t s  of r e s t i t u t i o n  f o r  t h e  cushion. 

Even f o r  extreme condi t ions ,  t h e  unloading s t i f f n e s s  a f f e c t s  t h e  peak 

force  by less than  20%. 

Equivalent  l i n e a r  s t i f f n e s s e s  f o r  a range of p i l e  impedances and 

t h e  p ine  plywood and aluminum-micarta cushions of t h e  Vulcan 1 and 010 

hammers a r e  t a b u l a t e d  i n  Table 2.6. The equivalent  l i n e a r  cushion 

s t i f f n e s s  i n c r e a s e s  with an i n c r e a s e  i n  p i l e  impedance f o r  both hammers 

and both  cushion types .  It should b e  noted t h a t  a l l  equivalent  s t i f f -  

nesses  a r e  bounded by t h e  lowest  (kl) and h ighes t  (k ) l oad ing  s t i f f n e s s e s  
3 



Table 2.6 

EQUIVALENT LINEAR CUSHION FOR PEAK PILE FORCE 

L vulcnn I I 
Area of Equivalent  Linear  Cushion 

Impedance P i l e  S t e e l  Pine Plywood Aluminum-Micarta 

Condition Inpadance,* lb9-E 6 6 
i n  in .2  knx10 l b s l i n .  Percent of k x  knx10 l b s l i n .  Percent  of  k, 
... . - F 

Low 725 5 0.13 2 3  2.0 29 

1450 1 0  0.27 46 4 . 1  58 

Medium 2900 20 0.41 -71 5.6 79 

H i @  5800 40 0.45 78 6 .8  95 
8700 60 0.47 8 1  7.1 100 

Note: Assumed nonl inear  cuehion s t  ffnesses for Vulcan 1: 

- b Pine Plywood k l  = 0 .076~10  l b s / i n .  Aluminum-Micarta kl = 0 . 2 6 ~ 1 0 ~  l b s / i n .  
k2 = 0 .36~106  l b s f i n .  k2 = 4 . 0 ~ 1 0 ~  l b s / i n .  
k3 = 0 . 5 8 ~ 1 0 ~  l b s l i n .  k3 = 7 . 1 ~ 1 0 ~  l b s l i n .  

I vulcan 010 I 
Area of Equivalent Linear  Cushion 

Impedance P i l e  lbs-sec S t e e l  Pine Plywood Aluminum-Micarta 
7 Condition Impedance,* -- 6 6 

i n .  
in.' k x l 0  l b s l i n .  Percent  of k3 k xlO l b s l i n .  Percent  of k 

P 3 
. ,  ! Low 125 5 0.11 1 5  1 . 4  18 

1450 1 0  0.25 36 4 .1  53 

Medium 2900 20 0.44 6 3  5.7 73 

. . Hiah 5800 40 0.51 73 6.4 82 
8700 60 0.52 75 7 . 1  9 1  

-Note :  Assumed nonl inear  cushion s t i f f n e s s e s  for  Vulcan 010: 
Pine Plwood kl = 0 .092~106  l b s / i n .  Aluminum-Micarta kl = 0 . 2 8 ~ 1 0 6  i b s / i n .  

k2 = 0 . 4 3 ~ 1 0 ~  l b s l i n .  k, = 4 . 4 ~ 1 0 6  l > s / i n .  
k 3  = 0 . 7 0 ~ 1 0 6  l b s / i n .  k; = 7 . 8 ~ 1 0 ~  l b s / i n .  

*Refer t o  Table 2 .1  for comparison of p i l e  inpedances with dimensions of o t h e r  p i l e  
tvoe?. concrete and uoorl. 



( ~ i g u r e  2.15 and 2.17) of t h e  nonlinear cushioks (See Table 2 . 6 ) .  

The equivalent  l i n e a r  cushion s t i f f n e s s  i s  shown i n  Table 2.6 as 

a percentage of t h e  h ighes t  loading s t i f f n e s s  (k ) .  The range of low p i l e  
3 

impedances, 725 t o  1450 lbs-sec/ in . ,  can be covered by a s t i f f n e s s  range 

of 20 t o  60 % f o r  both  hammers and cushions inves t iga ted ;  the  higher 

percentage corresponds t o  t h e  h igher  p i l e  impeda~ce.  !The interme'diate 

- a p i l e  impedance i s  covered by a range of  60 t o  80%, whereas 75 t o  100% 

of t h e  s t i f f e s t  por t ion  of t h e  nonlinear cushion i s  required t o  cover 

the  h igher  p i l e  impedances. The l a r g e r  percentages correspond t o  t h e  

s t i f f e r  cushion,  i .e .  aluminum-micarta. 

Duration. The durat ions of  t h e  force  pulses can be compared 

i n  order t o  o b t a i n  an equivalent  l i n e a r  cushion, i . e . ,  one g iving t h e  

same dura t ion.  The e f f e c t  of t h e  i n e l a s t i c  behavior ( h y s t e r e s i s )  of -. 
the  nonl inear  cushion makes t h e  analog/ with t h e  l i n e a r  rushi.on d i f f i -  

c u l t  because o f  a t t enua t ion  of t h e  pulse  dura t ion caused by i n e l a s t i c  

behavior. Therefore ,  an equivalent  l i n e a r  cushion ( l i n e a r  and e l a s t i c )  

w i l l  be r e l a t e d  t o  t h e  nonlinear cushion (nonl inear  and e l a s t i c )  f o r  t h e  

determination o f  dura t ions .  It i s  assumed t h a t  i n e l a s t i c  behavior 

(same c o e f f i c i e n t  of r e s t i t u t i o n )  f o r  both t h e  b i l i n e a r  and nonlinear 

cushions w i l l  a t t e n u a t e  t h e  pulse  dura t ions  i n  a s i m i l a r  manner 

The p u l s e  dura t ion i s  based on t h e  point  of i n t e r s e c t i o n  of  t h e  

nonlinear and e l a s t i c  force  curves where dimensionless time z approximately 

equals n ;  t h e r e f o r e ,  t h e  r e a l  dura t ion is approximated by t h e  re la t ion-  

sh ip ,  td = n (same as Equation 2.12). Equivalent l i n e a r  cushion 

s t i f f n e s s e s  f o r  t h e  approximated t i m e  pulse  l eng th  f o r  all  p i l e  impe- 

dances a r e  t a b u l a t e d  below: 



Equivalent  L inea r  S t i f f n e s s  f o r  Durat ion,  
6 

k x 1 0  l b s / i n .  

Pine Plywood Equivalent  Aluminum-Mi c a r t  a  Equivalent 

Vulcan 1 0.20 5.0 

Vulcan 010 0.40 5.0 

It i s  seen from t h e  above t a b u l a t i o n  t h a t  t h e  equivalent  l i n e a r  load ing  

s t i f f n e s s  (k ) f o r  t h e  dura t ion  corresponds t o  t h e  l i n e a r  load ing  s t i f f -  
t d - - 

nesses (k ) f o r  t h e  peak p i l e  f o r c e  o f  t h e  low t o  medium p i l e  impedances 
P 

(Figure  2.22b).  This means t h a t  t h e  equivalent  l i n e a r  s t i f f n e s s  i s  

reasonably matched f o r  both peak f o r c e  and dura t ion  with r e spec t  t o  t h e  

low t o  medium p i l e  impedances. 

For t h e  very low and t h e  h igh  p i l e  impedances, equivalent  l i n e a r  

cushions f o r  du ra t ion  and peak f o r c e s  a r e  not equal .  For very low p i l e  

impedances, t h e  equivalent  l i n e a r  cushion ( k  ) f o r  peak p i l e  fo rce  
P 

r ep resen t s  the  a c t u a l  peak f o r c e ,  b u t  t h e  dura t ion  f o r  t h i s  equivalent  

cushion i s  longer  than t h e  a c t u a l  d u r a t i o n  (Figure  2 ,228) .  The equiva- 

l e n t  l i n e a r  cushion (k t&)  f o r  t h e  d u r a t i o n  r ep resen t s  t h e  a c t u a l  dura- .- 
t i o n ;  however, t h e  peak fo rce  as  determined by t h i s  equ iva len t  cushion 

i s  l a r g e r  than t h e  a c t u a l  pcak f o r c e .  For high p i l e  impedances, t h e  

opposi te  e f f e c t  e x i s t s  wherein t h e  s h o r t e r  t ime pulse  i s  as soc ia t ed  with 

t h e  equivalent  cushion ( k  ) f o r  t h e  peak fo rce ,  and t h e  lower peak f o r c e  
P 

i s  as soc ia t ed  with t h e  equivalent  cushion ( k  ) f o r  t h e  dura t ion  
t d 

( ~ i ~ u r e  2 . 2 2 ~ ) .  

Recommended Secant Modulus. The equivalent  l i n e a r  cushion s t i f f -  

ness can a l s o  be  obtained from recommended secant  moduli va lues  given 



k = Equivalent  Linear  Loadinp S t i f f n e s s  f o r  
Peak P i l e  Force. 

= Equivalent  b inear  Loading S t i f f n e s s  f o r  
Time Durat ion.  
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Impedance 
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Figure 2.22 SCHEMATIC COMPARISON OF EQUIVALEFJT LINEAR CUSIiION 
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TI rn  DURATION 
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by Lowery e t  a l .  (1969) which a r e  supposed t o  b e  v a l i d  f o r  p r e d i c t i n g  

bo th  f o r c e  pulse  shape and magnitude. Equivalent  l i n e a r  s t i f f n e s s  ve.lues 

c a l c u l a t e d  from these  recommended secan t  moduli w i l l  be evalua ted  on 

t h e  b a s i s  o f  t h e  l i n e a r  s t i f f n e s s  values determined previously f o r  matching 

peak p i l e  fo rce  and d u r a t i o n .  The ca1.culated 'values of l i n e a r  load ing  

s t i f f n e s s  ( k  ) f o r  t h e  hammers and cushions considered i n  t h i s  s e c t i o n  
C 

a r e  t a b u l a t e d  below: 

Calculated Linear  Cushion S t i f f n e s s ,  

6 
k x 10 l b s l i n .  

c  . 
Pine  Plywood* Muminurn-?ticartaX* i 

Vulcan 1 0.30 5.3 

V d c a n  010 0.36 6.4 

*E ( s e c a n t )  = 25,000 p s i  **E ( s e c a n t )  = 450,000 p s i  

The ca lcu la t ed  va lues  of thc  l i n e a r  s t i f f n e s s e s  (k ) correspond 
C 

t o  t h e  peak force equ iva len t  cushion (k ) given e a r l i e r  f o r  t h e  i n t e r -  
P 

mediate range of p i l e  irnpedanccs. The dura t ion  equ iva len t  cushion .- 
(k ) given e a r l i e r  i s  i n  gene ra l  ngreement with t h e  c a l c u l a t e d  cushion 

t d 

s t i f f n e s s  ( k c ) .  

I n  gene ra l ,  it appears  t h a t  t h e  equ iva len t  l i n e a r  cushions as  

c a l c u l a t e d  from recommended secant  moduli given by  Lowery e t  a l .  (See 

Appendix A )  can give va lues  i n  c lose  agreement wi th  t h e  r e a l  behavior  of 

n o n l i n e a r  cushions with c e r t a i n  exceptions a s  shown below. 



Very Low Low and Medium High 
P i l e  Impedance P i l e  Impedance P i l e  Impedance 

Peak Durat ion Peak Duration Peak Durat ion - 
Calculated Too High Match Match Match TooLow Match 
Linear  S t i f f n e s s ,  (15-25%k 

'ou h", 
(5-15%) 

kc 
-1-m low 

For very low impedance, t h e  peak fo rces  o r  s t r e s s e s  ca lcu la t ed  us ing  

. t h e  secan t  modulus a r e  l a r g e r  than  t h e  r e a l  peak forces  o r  s t r e s s e s .  A t  -- 
t h e  very low p i l e  impedance, t h e  maximum induced s t r e s s e s  a re  c r i t i c a l  

because o f  t h e  s u s c e p t i b i l i t y  of t h e  p i l e  t o  damage. By c o n t r a s t ,  f o r  

h i @  impedance p i l e s ,  a c t u a l  induced s t r e s s e s  a r e  normally low r e l a t i v e  
1 

t o  t h e  y i e l d  poin t  o f  t h e  p i l e  m a t e r i a l ;  however, t h e  real. peak fo rces  o r  

s t r e s s e s  a r e  l a r g e r  than  t h e  c a l c u l a t e d  values based on t h e  recommended 

secant  moduli. 



CHAPTER 3 

PILE AND SOIL ESFONSE 

3.1 In t roduc t ion  ---- 

P i l e  pene t ra t ion  i s  accomplished only  by genera t ing  a  p i l e  fo rce  

t h a t  w i l l  overcome s o i l  r e s i s t a n c e  a t  t h e  p i l e  t i p .  Therefore,  emphasis 

- - is p laced  on t h e  p i l e  and s o i l  response a t  t h e  p i l e  t i p .  The inves t iga-  

t i o n  of t h e  s o i l  and p i l e  t i p  response inc ludes  a  s tudy o f  t i p  d isp lace-  

ment, t r a n s m i t t e d  and r e f l e c t c d  f o r c e  p u l s e s ,  end t r a n s m i t t e d  and re-  

f l e c t e d  ene rg ies .  I n  add i t ion ,  t h e  e f f e c t  of s o i l  r e s i s t a n c e  along t h e  

p i l e  l e n g t h  ( s k i n  f r i c t i o n  r e s i s t a n c e )  w i l l  be  q u a l i t a t i v e l y  con i i s ide red  

wi th  r e s p e c t  t o  a t t e n u a t i o n  o f  t h e  genera ted  p i l e  fo rce  a s  it approaches 

t h e  t i p .  

The model of p i l e  and s o i l  t i p  used i n  t h i s  i n v e s t i g a t i o n  i s  

shown i n  Figure 3.1. Viscous damping ( c o ) ,  an e l a s t i c - p l a s t i c  s o i l  

s p r i n g  (k , and a  concent ra ted  mass ( m )  a r e  used t o  approximate t h e  
s 

- r h e o l o g i c a l  behavior  o f  t h e  s o i l  under dynamic loading.  Therefore,  t h e  

s o i l  r e s i s t a n c e  t akes  i n t o  account: 1. e l a s t i c  deformation, 2. perma- 

nent  deformation,  3. s t a t i c  r e s i s t a n c e ,  4. viscous damping-strain r a t e  

e f f e c t .  Without t h e  concent ra ted  mass, t h e  s o i l  model i s  analogous t o  

t h e  Kelvin-Voigt model and Smith 's  model (Smith, 1962). 

3.2 &namic - Behavior o f  S o i l s  

The main o b s t a c l e  t o  p r e d i c t i n g  p i l e  pene t ra t ion  response and 

s t a t i c  u l t i m a t e  cavac i ty  i s  s imula t ing  t h e  s o i l  mechanism dur ing  d r i v i n g  
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wi th  t h e  proper  dynamic c h a r a c t e r i s t i c s  of t h e  s o i l .  I n  an at tempt t o  

determine t h e  dynamic p roper t i e s  of t h e  s o i l ,  a l i t e r a t u r e  search  was 

made f o r  l a b o r a t o r y  and f i e l d  d a t a  t h a t  might l ead  t o  understanding t h e  

n a t u r e  o f  dynamic s o i l  r e s i s t a n c e .  The a p p l i c a t i o n - o f  l a b  r e s u l t s  such 

as t r i a x i a l  unconfined compression, d i r e c t  shear  and model t e s t s  

should be  considered only as  i n d i c a t i v e  of t h e  general  na tu re  o f  dynamic 

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

- Experimental Resul t s  

According t o  Schimming e t  a l .  (1966) ,  a French engineer ,  A. 

C o l l i n ,  f i r s t  recognized t h e  time-dependent na ture  of s o i l  s t r e n g t h  i n  

1846. For many y e a r s ,  only s t a t i c  s t r e n g t h  and creep prohlerns o f  s o i l s  

rece ived a t t e n t i o n  u n t i l  t h e  needs o f  p r o t e c t i v e  s t r u c t u r e s  requi red  a 

b e t t e r  understanding o f  dynamic s o i l  behavior .  Casagrnnde and Shannon 

(1948) i n i t i a t e d  a t e s t  program t o  s tudy  t h e  e f f e c t s  of t h e  r a t e  of 

l o a d i n g  on s o i l s  such a s  c l a y s ,  s h a l e s  and dense dry sand. The t e s t s  

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

h e s i v e  s o i l s  and only  a s l i g h t  e f f e c t  on s t r e n g t h  f o r  dry sand.  Seed 

and Lundgren (1954) s t u d i e d  t h e  s t r a i n - r a t e  e f f e c t  on s t r e n g t h  and 

deformation c h a r a c t e r i s t i c s  of s a t u r a t e d  sands.  Whitman (1957) measured 

t h e  i n c r e a s e  i n  compressive s t r e n g t h s  o f  cohesive s o i l s .  S ince  1957, 

cons ide rab le  a t t e n t i o n  has been devoted t o  dynamic s o i l  p r o p e r t i e s .  A 

swmnary o f  s o i l  dynamic t e s t  r e s u l t s  i s  presented  i n  Table 3.1. The 

summary is  div ided i n t o  two genera l  s o i l  c l a s s i f i c a t i o n s ,  cohes ionless  

and cohes ive .  

The review of research  shown i n  Table 3.1 i n d i c a t e s  t h a t  both 

t h e  s t r e n g t h  and modulus of t h e  s o i l  i n c r e a s e  with an i n c r e a s e  i n  s t r a i n  





r a t e .  However, t h e  change i n  s o i l  p r o p e r t i e s  due t o  s t r a i n  r a t e  e f f e c t  

a re  more pronounced i n  cohesive s o i l s  than  i n  cohesionless  s o i l s .  

For d r y  cohes ionless  s o i l s  t h e r e  i s  a  minimal d i f f e r e n c e  between 

dynamic and s t a t i c  behavior  c h a r a c t e r i s t i c s .  The i n v e s t i g a t i o n s  on sa tu-  

ra ted  cohes ionless  s o i l s  show a  v a r i a t i o n  i n  s t r a i n  r a t e  e f f e c t  from 

minimal t o  s i g n i f i c a n t  and approaching t h a t  of t h e  cohesive s o i l s .  This 

va r i a t ion  can b e  a t t r i b u t e d  t o  t h e  time dependency of excess pore pres- 
- 

sures.  Nhitman and Healy (1962) s t a t e d  t h a t  s ince  the  f r i c t i o n  angle i s  

e s s e n t i a l l y  independent of t i n e  t o  f a i l u r e ,  t h e  s t r e n g t h  of sand v a r i e s  

with time t o  f a i l u r e  when excess pore pressures  a r e  time dependent.  

The time dependency of pore p res su res  and s t r a i n - r a t e  e f f e c t  o re  a  func- 

t i o n  of t h e  mois ture  con ten t ,  g r a i n  s i z e  d i s t r i b u t i o n ,  chemical composition, 
L- 

and dens i ty  o r  compactness of t h e  s o i l  ma te r i a l .  

The p o s s i b i l i t y  t h a t  c a v i t a t i o n  may occur i n  some samples and 

not i n  o t h e r s  might exp la in  some o f  t h e  v a r i a t i o n  of s t r a i n - r a t e  e f f e c t  

i n  sands (Jones  e t  a l . ,  1966).  According t o  Jones e t  a l . ,  c a v i t a t i o n ,  

developing at  t h e  expected reduced p ressu re  of -1li p s i  i n  sands ,  imposes 
P 

a  l i m i t  on i n c r e a s e s  i n  s t r e n g t h  due t o  s t r a i n - r a t e  e f f e c t ,  b u t  t h i s  

l i m i t a t i o n  does no t  apply t o  c l a y s  i n  which c a v i t a t i o n  does not  normally 

occur dur ing  s h e a r   isho hop and B l i g h t ,  1963).  

The s t r a i n  r a t e  e f f e c t  o f  cohesive s o i l s  i s  more d e f i n i t i v e  

than f o r  cohes ion les s  s o i l s .  This s t r a i n  r a t e  e f f e c t  could be  caused 

by a  combination o f  f a c t o r s  such as a change i n  t h e  i n t e r - p a r t i c l e  

mechanism o f  y i e l d  i n  c l a y  and a  change i n  pore pressures  due t o  nonuniform 

s t r e s s  cond i t ions .  Whitman (1957) poin ted  out t h a t  t h e  s t r a i n - r a t e  

e f fec t  of cohes ive  s o i l s  i s  t h e  r e s u l t  of viscous phenomena except when 

f a i l u r e  occurred  by s p l i t t i n g .  The dynamic p roper t i e s  of cohesive s o i l s  



a r e  dependent upon moisture content  o r  degree of s a t u r a t i o n ,  s t r u c t u r a l  

conf igura t ion ,  po re  f l u i d  type  and degree o f  consol ida t ion .  The moisture 

content or  degree o f  s a t u r a t i o n  appears t o  be t h e  most p e r t i n e n t  s o i l  

property. Viscous c h a r a c t e r i s t i c s  a r e  most pronounced above t h e  optimum 

v a t e r  content and decrease  t o  a n e g l i g i b l e  e f fec t  a t  no wa te r  con ten t .  

Also, t e s t  r e s u l t s  by Schimming e t  a l .  (1966) i n d i c a t e d  t h a t  a pore 

f l u i d  v i s c o s i t y  r a d i c a l l y  d i f f e r e n t  than t h a t  of water  would produce - 
r ad i  ca l ly  d i f f e r e n t  behavior .  

The preceding summary of dynamic s o i l  behavior  does not  permit 

pos tu la t ing  a f a i l u r e  mechanism dur ing  p i l e  d r iv ing ,  b u t  it i n d i c a t e s  two 

' b a s i c  requirements f o r  t h e  model s imula t ion  of dynamic s o i l  behavior ,  

namely: 1) under ins tantaneous  appl ied  l o a d ,  t h e  s o i l  model should under- 

go instantaneous deformation and ob ta in  a l i m i t i n g  value of capaci ty  t h a t  

i s  equal t o  o r  i n  excess  o f  t h e  s t a t i c  va lue ,  2 )  t h e  s o i l  model should 

ind ica te  an i n c r e a s e  i n  s o i l  s t i f f n e s s  with an i n c r e a s e  i n  loadinp, r a t e .  

The s o i l  model shown i n  Figure  3 .1  s a t i s f i e s  t h e s e  two requirements .  The 

s o i l  spr ing  i s  normally assumed t o  be  e l a s t i c - p l a s t i c  and independent 
F 

of time of loading whereas v iscous  damping and s o i l  mass in f luence  t h e  

s t r a i n  r a t e  behavior .  The s t a t i c  and dynamic load-deformation cha rac te r i s -  

t i c s  of t h e  s o i l  a r e  shown i n  Figure 3.2. The s t r a i n s  a t  f a i l u r e  a r e  

shown t o  be ap;?roximately independent of s t r a i n - r a t e ;  t h i s  independence 

has been proven by  t h e  t e s t  r e s u l t s  previously summarized. 

F ie ld  Resu l t s  

Severa l  i n v e s t i g a t o r s  have attempted t o  c o r r e l a t e  t h e  wave equa- 

t i o n  analys is  u s i n g  Smith ' s  lumped-mass model (Appendix A )  with p i l e  load 
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- t e s t s .  I n  a  l i m i t e d  number of s t u d i e s ,  a t tempts were made t o  determine 

t h e  dynamic p r o p e r t i e s  of t h e  s o i l  model by t r ia l  and e r r o r  procedures. 

This s e c t i o n  w i l l  show t h e  c o r r e l a t i o n  with t h e  f i e l d  r e s u l t s  and cons ider  

the  r e s u l t s  of some model p i l e  t e s t s .  

F i r s t ,  however, t h e  s o i l  model used i n  Smith's wave equation 

analysis  i s  reviewed. The model js s i m i l a r  t o  t h a t  model shown i n  

Figures 3 . 1  and 3.2 except t h a t  t h e  s o i l  mass i s  not  inc luded.  The s o i l  

-A r e s i s t ance  equat ion  proposed by Smith i s  shown below: 

R - - 
dynamic R s t a t i c  

( ~ + J v )  ( 3 . 1 )  

where R = dynamic s o i l  r e s i s t a n c e ,  R = s t a t i c  s o i l  r e s i s -  
dynamic s t a t i c  

tance,  J is  a  v iscous  damping f a c t o r  and V i s  t h e  instant,aneous v e l o c i t y  

of the  p i l e .  This  means t h a t  t h e  r e a l  viscous damping cons tant  c  equn.7~ 
0 

t h e r e f o r e ,  t h e  J f a c t o r  i s  r e l a t e d  not only t o  v e l o c i t y  bu t  a l s o  
J R s t a t i c 7  

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

equa l s  k x ;here x i s  t h e  e l a s t i c  s o i l  
S 

deformation. The y i e l d  poin t  deformation i s  r e f e r r e d  t o  as quake, Q. 

Smith proposed t h e  same s o i l  model f o r  both t h e  s o i l s  at t h e  p i l e  t i p  

and along t h e  s i d e s ;  however, t h e  s o i l  d o n g  t h e  s i d e s  could  a c t  i n  

tension a s  w e l l  as compression whereas t h e  ' s o i l  a t  t h e  t i p  d i d  not have 

tension r e s t r a i n t .  

On t h e  b a s i s  of a  l i m i t e d  number o f  load  t e s t  d a t a ,  Smith (1960) 

proposed t h e  fol lowing values f o r  t h e  s o i l  parameters: 

- - 
Qside  %oint  

= 0.1  inch 



Side  damping w a s  considered t o  b e  much l e s s  important than  damping a t  t h e  

p i l e  po in t  because of t h e  d i f f e r e n c e  i n  t h e  phys ica l  mechanism of  t h e  

s o i l  f a i l u r e .  The s i d e  damping was a r b i t r a r i l y  taken a s  one-third of 

t h e  demping at  t h e  p i l e  poin t .  

Forehand and Reese (1964) c o r r e l a t e d  s o i l  parameters used i n  t h e  

wave equat ion  ana lys i s  with load  t e s t  d a t a .  Three d i f f e r e n t  types  of 

p i l e s ,  conc re te ,  s t e e l  p ipe  and s t e e l  11-sections, were i n v e s t i g a t e d  f o r  
- 

bo th  sand and c l a y  s o i l s .  Becuase most of t h e  hammer and p i l e  va r i ab les  

could be s a t i s f a c t o r i l y  evalua ted ,  t h e  s o i l  parameters could be  varied 

and c o r r e l a t e d  with t h e  load t e s t  d a t a .  Because of lack  of knowledge, 

t h e  s i d e  damping f a c t o r  was assumed t o  be  one-thrid o f  t h e  po in t  damping 

i n  t h i s  s tudy .  The r e s u l t s  of t h e  c o r r e l a t i o n  attempts f o r  p i l e s  driven 

i n  sand were c o n s i s t e n t  with Smith ' s  recommended values .  The range i n  

va lues  of p o i n t  and s i d e  quake w a s  0.05 t o  0.15 i n .  and t h e  range i n  

p o i n t  damping was 0.05 t o  0.2 s e c / f t .  For p i l e s  driven i n t o  c l ay ,  t h e  

c o r r e l a t i o n  va lues  of t h e  s o i l  parameters  were much wider spread  and not  

i n  accord wi th  Smith 's  values.  On t h e  assumption t h a t  quake l i e s  wi th in  - 
t h e  range o f  0 . 1  t o  0 .2  inches ,  t h e  range o f  t h e  damping f a c t o r s  at t h e  

p o i n t  was 0.5 t o  1 .0  sec/f% f o r  Q = 0 . 1 i n .  and 0.3 t o  0.5 sec / f t  f o r  

Q = 0.2  i n .  These damping f a c t o r s  f o r  c l s y s  a r e  g r e a t e r  than  Smith 's  

recommended va lues .  

Cor re l a t ion  o f  t h e  wave equa t ion  ana lys i s  with f i e l d  l o a d  t e s t  

d a t a  was a l s o  performed by Lowery e t  a l .  (1968). The p i l e -d r iv ing  prob- 

lems i n  t h i s  s tudy were i n v e s t i g a t e d  i n  t h r e e  general  l o c a t i o n s ,  t h e  

Texas G u l f  c o a s t ,  t h e  Arkansas R ive r ,  and t h e  s i t e s  o f  t h e  Michigan P i l e  



Load Test programs. Nine d i f f e r e n t  hammers were used t o  d r i v e  p r e s t r e s s e d  

-~ concrete,  s t e e l  H-sections, f lu ted- taper  and p ipe  p i l e s  wi th  lengths  

ranging from 30 t o  180 f e e t .  The s o i l  condit ions v a r i e d  from sands i n  t h e  

Arkansas River  P r o j e c t  (Mansur e t  a l . ,  1964) t o  c l ays  i n  t h e  Michigan 

Program (Michigan S t a t e  Highway Commission, 1965) and combinations o f  

sands and c l a y s  i n  t h e  Michigan Program and Texes Gulf Coast. According 

-+to t h i s  c o r r e l a t i o n  s tudy,  t h e  s o i l  quake ranged from 0.05 t o  0 .2  i n .  

with 0 .1  i n .  beirlg t h e  most t y p i c a l  value fo r  average d r i v i n g  condi t ions .  

The s o i l  d m p i n g  f a c t o r ,  J . recommended f o r  sands was 0 . 1  s e c j f t ;  
po ln t  ' 

f o r  c l ays  it i s  0.3 s e c j f t .  The s o i l  parameters f o r  t h e  combinations o f  

sand and c l a y  were propor t ioned r e l a t i v e  t o  t h e  t y p e  and amount of ma- 

t e r i a l  suppor t ing  t h e  p i l e .  The s i d e  damping f a c t o r  was assumed one- 

t h i r d  o f  t h e  p o i n t  damping. 

P i l e  l o a d  t e s t  r e s u l t s  on t h e  Arkansas River  P r o j e c t  i n  medium 

t o  f i n e  s i l t y  sands below t h e  water  t a b l e  i n d i c a t e d  s o i l  quake along t h e  

s i d e  of t h e  p i l e  equal  t o  0 . 1  t o  0.2 inches (Coyle and Suiamin, 1967) .  

- A study of l o a d  t r a n s f e r  of p i l e s  i n  c lay  i n d i c a t e d  t h a t  t h e  s o i l  quake 

along t h e  p i l e  v a r i e d w i t h  depth;  recommended values  of quake were 

equal t o  0.15 inches t o  a depth of 20 f e e t  and 0.07 inches  f o r  depths 

g r e a t e r  t h a n  20 f e e t  (coyle  and Reese, 1966). 

Cor re l a t ion  s t u d i e s  between f i e l d  d a t a  and s o i l  model para- 

meters a r e  somewhat l i m i t e d ;  however, t h e r e  % r e  some t r e n d s  t h a t  c a n  b e  

deduced. F i r s t ,  t h e  r e s u l t s  f o r  sands seem t o  b e  i n  genera1 agreement 

with Smith's recommended values  o f  s o i l  parameters.  Secondly, t h e  c l ay  

p roper t i e s  a r e  more v a r i e d  and damping f a c t o r s  f o r  c l a y  a r e  h ighe r  t h a n  



Smith 's  values; however, t h e  complexity o f  cohesive s o i l s  due t o  th ixo-  

t ropy  and pore p res su re  e f f e c t s  with r e s p e c t  t o  time make an a n a l y s i s  

dur ing  dr iv ing  very  d i f f i c u l t .  Because o f  t h i s  complexity wide v a r i a -  

t i o n s  i n  clay p r o p e r t i e s  a r e  expected. The r e s u l t s  of t h e  l a b  s t r e n g t h  

t e s t s  a l s o  agree wi th  t h e s e  general  conclusions.  

Dynamic t r i ' a x i a l  t e s t  r e s u l t s  by Coyle and Gibson (1970) i n d i -  

. ca ted  t h a t  the  damping f a c t o r  ( 3 )  a s  def ined  by Smit;h is not a  cons tan t  - 
f o r  a p a r t i c u l a r  s o i l  b u t  i s  a  func t ion  of t h e  loading v e l o c i t y  r a t e  f o r  

both sand and c l a y  s o i l s .  This s tudy shows t h e  nonlinear  r e l a t i o n s h i p  

between t h e  r a t i o  o f  dynamic t o  s t a t i c  r e s i s t a n c e  and loading v e l o c i t y ,  

and possibly he lps  e x p l a i n  some o f  t h e  v a r i a t i o n  i n  t h e  s o i l  parameter 

s t u d i e s .  For normal l o a d i n g  v e l o c i t i e s  of 2 t o  12  fps ,  t h e  damping 

f a c t o r  f o r  sands v a r i e s  from 0 . 1  t o  0.4 s e c l f t ;  f o r  c l ays  it ranges from 

0.15 t o  0.6 s e c l f t .  The lower damping f a c t o r s  corresponfi t o  t h e  h ighe r  

loading r a t e s .  Coyle and Gibson (1970) suggested t h e  fo l lowing modifi- 

c a t i o n  of Smith's r e l a t i o n s h i p  t o  ob ta in  a  constant  value o f  3 ' :  

R 
1 dynamic J '  = - ( - 1) SJ * s t a t i c  

An acceptable c o n s t a n t ,  J ' ,  f o r  s a t u r a t e d  sands i s  der ived  i f  N i s  0.20 

and f o r  clays if N is  0.18. For t h e  s o i l s  i n v e s t i g a t e d ,  J '  ranges from 

0.5 t o  0.9 f o r  s a n d s ,  and 0 .7  t o  1.1 f o r  c l ays .  These s o i l  damping 

cons tants  a r e  r e l a t e d  t o  common s o i l  p r o p e r t i e s  o f  both sand and c l a y .  

The s o i l  model chosen h e r e i n  i s  r e p r e s e n t a t i v e  o f  s o i l  behavior  

based on research  on dynamic s o i l  p r o p e r t i e s  i n  both t h e  l abora to ry  and 

t h e  f i e l d .  A t  p r e s e n t ,  t h e r e  a r e  d e f i n i t e  t r e n d s  f o r  t h e  s o i l  model 



parameters with s o i l  index p roper t i e s .  Of course,  t h e  c o r r e l a t i o n  i s  

complicated by t h e  d i f f e r e n c e s  i n  s o i l  behavior  during and a f t e r  p i l e  

dr iv ing .  There i s  no a t tempt  i n  t h i s  t reatment  t o  c o r r e l a t e  s o i l  para- 

meters with index p r o p e r t i e s ;  however, t h i s  s tudy w i l l  i n v e s t i g a t e  t h e  

e f f e c t  of t h e  s o i l  parameters  with r e spec t  t o  generated fo rce  pulses  i n  

p i l e  dr iv ing .  

- 
3.3 -- Basic Equations 

The equat ions  of equi l ibr ium of t h e  p i l e  and s o i l  t i p  can be  

w r i t t e n  f o r  t h e  s o i l  model as  previous ly  Bescribed and shown i n  Figure 

3.3. The inc iden t  f o r c e  pulse  i n  t h e  p i l e  descr ibes  t h e  v e l o c i t y  (VI) 
.. 

a t  a point  i n  t h e  p i l e  as shown below: 

F  = pcA VI I ( 3 . 3 )  

where pcA i s  p i l e  impedance. Equation 3.3 i s  s i m i l a r  t o  Equation 2.1, 

b u t  subsc r ip t s  I and R a r e  requi red  t o  d i s t i n g u i s h  between i n c i d e n t  and 

I - r e f l e c t e d  waves. 

'Then t h e  i n c i d e n t  wave encounters  a  d i s c o n t i n u i t y  o f  material 

and a r e a  such as  t h e  s o i l  a t  t h e  p i l e  t i p ,  t h e  i n c i d e n t  wave is  t r a n s -  

i mit ted  t o  t h e  s o i l  and /o r  r e f l e c t e d  back through t h e  p i l e .  The condi t ions  

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

1 both force  and p a r t i c l e  v e l o c i t y  (Figure  3 . 3 ) ;  



F = Incident  
I Force 

Pulse 

S o i l  
Spr ing ,  

Model Free-Body Diagram 

Figure 3.3 FREE-BODY DIAGRAM OF PILE AND SOIL TIP MODZL 



where VI and Y r e f e r  t o  t h e  p i l e  p a r t i c l e  v e l o c i t y  of t h e  i n c i d e n t  and R 

r e f l e c t e d  waves, m i s  t h e  s o i l  mass, c  i s  t h e  s o i l  damping, and k i s  
0 s 

t h e  s o i l  sp r ing  s t i f f n e s s  which can be  v a r i e d  from e l a s t i c  t o  nonl inear  

i n e l a s t i c .  

Simultaneous s o l u t i o n  of Equations 3.4 and 3.5 y i e l d s  t h e  f o l -  

lowing expression between t h e  inc ident  f o r c e  pulse  and t h e  s o i l  t i p  

response : - 
m~ + ( c o  + p c ~ )  i + k s x  = 2 D C A  v I ( 3 . 6 )  

The s o l u t i o n  of Equation 3.6 i s  used f o r  t h e  determinat ion of t i p  d i s -  

placement,  t r ansmi t t ed  and r e f l e c t e d  f o r c e  pu l se ,  and t r a n s m i t t e d  and 

r e f l e c t e d  energy. The r e f l e c t e d  fo rce  pu l se  can be  shown t o  b e  

The f o r c e  r e f l e c t i o n s  depend upon t h e  fo l lowing cases :  

1) If i matches VI, no r e f l e c t i o n s  occur 

2 )  If < V compressive r e f l . ec t ions  occur I' 

- 3) If 2 > VI, t e n s i l e  r e f l e c t i o n s  occur. 

The t r a n s m i t t e d  e n e r a ,  i . e .  t h e  energy t r ansmi t t ed  t o  t h e  s o i l ,  

can b e  def ined  i n  terms o f  t h e  inc iden t  and r e f l e c t e d  energy a s  shown 

below: 

Transmitted Energy (E ) = I n c i d e n t  Energy (E ) - Reflec ted  T I 

Energy ( E ~ )  



The so lu t ions  of Equations 3.6, 3.7 and 3.8 were obta ined  wi th  

t h e  use o f  the  analog computer a s  descr ibed  i n  Appendix C .  Attempts were 

made t o  nondimensionalize t h e s e  euqat ions ;  however, t h e  r e s t r i c t i o n s  of 

t h e  i n i t i a l  and boundary cond i t ions  d i d  no t  permit tak ing  advantage o f  

t h i s  approach. Therefore,  p a r t i c u l a r  problems were chosen and s t u d i e d  

ind iv idua l ly .  

3.4 T k R e s p o n s e  of P i l e  and S o i l  

In t roduct ion  -- 

The response of t h e  p i l e  t i p  was i n v e s t i g a t e d  f o r  varying  p i l e  

impedances, force pu l se  shapes and ene rg ies ,  and s o i l  parameters .  The 

p i l e  impedances s e l e c t e d  a r e  1000, 3000 and 6000 lbs - sec l in . ,  which r ep re -  

s e n t  thin-wall  pipe t o  a heavy-wall p i p e ,  H-piles and mandrels. The .- 
impedances and equ iva len t  s e c t i o n  s i z e s  f o r  p i l e  types  such a s  s t e e l ,  

concre te  and wood a r e  shown i n  Table 3.2. These t h r e e  impedances were . . 

s e l e c t e d  t o  represent  t h e  range  of p i l i n g  i n  comon use.  The energy 

l e v e l s  were varied from 6250 t o  25,000 f t - l b s ,  which represent  t h e  com- 

mon range of hammer ene rg ies  a f t e r  cons ide ra t ion  o f  hammer e f f i c i e n c i e s .  

The primary wave shape considered i n  t h i s  i n v e s t i g a t i o n  is  t h e  

s i n e  wave, which corresponds t o  t h e  impedance match condi t ion  desc r ibed  

i n  Chapter 2. Other wave shapes such a s  r ec tangu la r  and t r i a n g u l a r  a r e  

a l s o  included i n  o rde r  t o  determine t h e  e f f e c t  o f  wave shape on p i l e  



Table 3.2 

PILE IMPEDANCE AND PILE TYPES FOR THE TIP 
MODEL INVESTIGATION 

Impedance, 
l b s - sec  

PCA, in.  

S t e e l  
Area. 

Concrete Wood 
Area. Diameter.  Width Area. Diameter. 

2  2 ( square)  
i n  i n  i n .  i n  

2 
i n .  

i n .  

1000 6 .9  32.4 6 .4  5.7 113 12.0 
(Thin-wall P ipe )  

3000 20.7 9'7.2 11.1 9.9 339 20.0 
(P ipe  o r  B-Pile) 

6000 41. .I+ 194.4 15.7  13.9 678 29.4 
(Mandrel.) 



p e n e t r a t i o n  ( n e t  s e t )  and capaci ty .  Considering t h e  dura t ion  of t h e  

f o r c e  p u l s e  f o r  t h e  matched condi t ion  o f  p i l e  impedance and hammer, 

as  shown i n  Figure  3.4 and described i n  Chapter 2, t h e  peak fo rce  

f o r  t h e  s i n e  wave can be  determined from t h e  fo l lowing r e l a t i o n s h i p :  

- 
where pcA i s  impedance, E i s  t h e  i n c i d e n t  energy and t i s  t h e  dura- 

I 1 

t i o n  of t h e  f o r c e  pu l se .  The dura t ion  t was va r i ed  according t o  t h e  1 

range i n  hammer weight and cushion s t i f f n e s s  f o r  t h e  matched condi t ion  

as shown i n  Figure  3.4; t h e  corresponding peak f o r c e s  used i n  t h i s  

s tudy a r e  referenced by c a s e  number as given i n  Table 3.3. The dura- 

t i o n  and t h e  corresponding peak fo rce  were v a r i e d  wi th  r e spec t  t o  a 

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

t i p  response .  These peak fo rces  correspond t o  t h e  peak va lues  shown i n  

Figure 2.10 ( C h a p t e r . 2 )  determined on t h e  b a s i s  of a three- foot  hwnmer 

drop. 

F 

It i s  a s s m e d  t h a t  t h e  inc iden t  force wave can f u l l y  develop 

without  i n t e r r u p t i o n  from t h e  r e f l e c t i o n s  at t h e  p i l e  head; t h e r e f o r e ,  

t h e  p u l s e  l e n g t h  can be  no longer  than  twice  t h e  p i l e  l eng th .  The p u l s e  

l e n g t h  and corresponding p i l e  length  can be  def ined  as fo l lows:  

1 1 
c t  

1 
P i l e  Length > - Pulse Length = - (-) f t .  - 2 2 1000 (3.10) 

where c i s  t h e  v e l o c i t y  of wave propagation and t i s  t h e  pu l se  dura- 
1 

t i o n  i n  mi l l i s econds .  For s t e e l ,  t h e  v e l o c i t y  o f  wave propagation i s  





Table 3 .3  

INCIDENT FORCE PULSE AND ENERGIES FOR TIP MODEL 

P i l e  Impedance Energy, f t- lbs 
lbs-sec 

P C A ,  in. 6,250 12,500 25,000 

Case 1-1 Case 1-2 Case 1-3 
F = 1 4 1  112 kips F = 1 4 1  112 kips F = 1 4 1  112 kips 
P P P 

tl = 7 112 ms tl = 1 5  m s  tl = 30 ms 

Case 1-4 Case 1-5 
F = 100 kips F = 100 kips -- 
P P 

tl = 1 5  m s  tl = 30 ms 

Case 1-6 
F = 70.7 kips -- 
P 

tl = 20 ms 

Case' 3-1 Case 3-2 Case 3-3 
F = 425 kips ' F = 425 kips F = 425 kips 
P P P 

tl = 2 112 ms tl = 5 ms t = 10 m s  1 

Case 3-A Case 3-B Case 3:C 
F = 300 kips F = 300 kips F = 300 kips 
P P P 

t = 5 m s  
1 

tl = 10 ms tl = 20 m s  

Case 3-4 Case 3-5 
F = 212 kips F = 212 kips -- 
P P 

tl = 10 m s  tl = 20 ms - 
case 6-1 Case 6-2 Case 6-3 
F = 850 kips F = 850 kips F = 850 kips 
P P P 

tl = 1 1 / 4  ms tl = 2 112 ms t l = 5 m s  

Case 6-4 Case 6-A Case 6-B 
F = 600 kips F = 600 kips  F = 600 kips  

P P P 
tl = 2 1 / 2  ms t 1 = 5 m s  tl = 10 ms 

case 6-5 case 6-6 Case 6-7 
F = 425 kips  F = 425 kips F = 425 kips 

D u P 
t A = 5 m s  

- 
1 

t = l O m s  
1 

t -  = 20 ms 
1 

Note: 1. Force pulse i s  a s ine  wave with  tl representing t he  time 
durat ion and F representing t h e  peak force.  

2. S o i l  mass (w/$ equals 1 / 4 ;  equivalent s o i l  weight i s  97 l b s .  
3. S o i l  spr ing i s  e l a s t i c -p l a s t i c  with a s o i l  quake equal t o  0 .1  i n .  
4 .  S o i l  damping i s  var ied over a wide range. 



about 16,600 f t / s e c ,  whereas f o r  both concre te  and wood t h e  propagation 

v e l o c i t y  is  approximately 12,000 f t / s e c .  The maximum dura t ion  of a  

force  pu l se  was chosen t o  be  30 mi l l i seconds .  Some of t h e  ~ c t u a l  dura- 

t i o n s  f o r  low p i l e  impedances coupled with high energy l e v e l s  exceeded 

t h i s  30 mi l l i s econd  c r i t e r i o n  ( ~ i g u r e  3 .4 ) ;  they  were not included i n  

t h i s  s tudy because they r ep resen t  imprac t i ca l  cond i t ions .  

- The s o i l  parameters inc lude  s t i f f n e s s ,  mass and damping. The 

s o i l  s p r i n g  commonly employed i s  e l a s t i c - p l a s t i c  i n  behavior  with t h e  un- 

loading p a r a l l e l  t o  t h e  loading curve. The s o i l  quake o r  s o i l  y i e l d  

po in t  d e f l e c t i o n  i s  v a r i e d ;  however, experimental  and f i e l d  r e s u l t s  show 

t h a t  a  v a l u e  of 0.1 i n .  i s  common. A nonl inear  i n e l a s t i c  s p r i n g  was 

a l s o  i n v e s t i g a t e d  f o r  comparison. The s o i l  mass was var ied  t o  r e p r e s e n t  

a  s o i l  weight  (W) of 0  t o  386 pounds. T h e s o i l  dmping  was va r i ed  over  

a wide range  f o r  each parameter s tudy and i n d i v i d u a l  problem. The 

lbs-sec 
dmping  cons tan t  c  was v a r i e d  from 0  t o  20,000 in .  f o r  t h e  low p i l e  

0 

lbs-sec 
impedance and from 0 t o  50,000 

in.  
f o r  t h e  high p i l e  impedance. 

S o i l  Mass 

The in f luence  of s o i l  mass on t h e  dynamic behavior  o f  t h e  p i l e  

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

s o i l  mass i s  an a d d i t i o n a l  r e s i s t a n c e  t o  p i l e  motion o r  pene t ra t ion .  

The s o i l  m a s s  was va r i ed  according t o  t y p i c a l  zones of inf luence  of t h e  

s t r e s s  d i s t r i b u t i o n s  and i n v e s t i g a t e d  with r e s p e c t  t o  p i l e  impedance. 

The problems i n v e s t i g a t e d  a r e  shown i n  Table 3.4. 

The s o i l  mass r e s t r a i n t  i s  expected t o  be more i n f l u e n t i a l  f o r  

low impedance p i l e s  than  f o r  p i l e s  wi th  high impedances; t h e r e f o r e ,  



. . Table 3.4 

CASES INVESTIGATED FOR SOIL MASS EFFECT 

P i l e  Impedance, Case Energy Peak Time S o i l  Mass, m 

lbs-sec  Force, Duration,  
f t - l b s  k ips  m s  lbs-sec 

P C A ,  in. w, 
l b  s 

F 

Note: 1. Sinusoidal  Force Pulse 

2.  E l a s t i c - P l a s t i c  S o i l  Spring wi th  Quake = 0.1 i n .  



. - 
t h e  s o i l  mass e f f e c t  was i n i t i a t e d  f o r  a  p i l e  wi th  low impedance, namely, 

lbs-sec 1000 . . This s tudy (Table 3.4)  included a  s i n e  f o r c e  pulse  wi th  
I n .  

an energy of 16,680 f t - l b s .  and s o i l  masses ( ~ / g )  o f  0 ,  l / 4  and 1, which 

a r e  equivalent  t o  s o i l  weights ,  0 ,  97 and 386 l b s ,  r e spec t ive ly .  The 

e f f e c t  of s o i l  mass on t h e  ne t  s e t  of t h e  p i l e  t i p  f o r  t h e  above de- 
I 

scr ibed  cond i t ions  i s  n e g l i g i b l e  a s  shown i n  Figure  3.5. 

It should  be  noted t h a t  t h e  s o i l  mass w a s  assumed a t tached t o  - - 
t h e  p i l e  t i p .  Consequently, t h e  mass undergoes both pene t ra t ion  m d  

i 

1 rebound. I n  t h e  r e a l  case ,  t h e  p i l e  can s e p a r a t e  from t h e  mass dur ing  

rebound o r  du r ing  impact when the  mass i s  dr iven  f a s t e r  than  t h e  p i l e  

t i p  motion. However, because t h e  mass had a  n e g l i g i b l e  effect .  on p i l e  

t t i p  pene t ra t ion  (Figure  3 .5 ) ;  it was assumed t h a t  t h e  e f f e c t  of mass 

i s  a l s o  n e g l i g i b l e  i f  t h e  p i l e  - t i p  c m  sepa ra te  from t h e  s o i l  mass. 

lbs-sec 
Transmit ted energy f o r  t h e  low p i l e  impedance, 1000---i-n , 

was a l s o  compared f o r  d i f f e r e n t  mass cons tants  and t h e  d i f f e rences  were 

found t o  be n e g l i g i b l e .  However, t h e  mass caused a  delayed response of 

* t h e  n e t  t r a n s m i t t e d  energy; s i m i l a r  behavior occurred  f o r  t h e  r e f l e c t e d  

force pulse .  This delayed response can be seen by comparing t h e  r e f l e c t e d  

force  f o r  t h e  d i f f e r e n t  mass cons tan t s  (Figure 3 .6) .  A s  shown i n  Figure  

3.6, t h e  l a r g e r  s o i l  mass has an ins tantaneous  r e s i s t a n c e  e f f e c t  f o r  

low damping va lues  and thereby delays t h e  peak r e f l e c t e d  t e n s i l e  f o r c e  

and changes t h e  r e f l e c t e d  force  shape. With an i n c r e a s e  i n  r e s i s t a n c e ,  

lbs-sec  
e  .g. damping ( c o )  of 2000 --- , t h e  m a s s  e f f e c t  becomes n e g l i g i b l e  

i n .  

with r e s p e c t  t o  t h e  response p a t t e r n .  The response p a t t e r n  was shown 

f o r  no s o i l  s p r i n g  r e s i s t a n c e ;  however, t h e  behavior  c h a r a c t e r i s t i c s  





Force 
Kips 

Force 
Kips 

Force 
Kips 

. . .. . 

0 

Time,  m s  

Time, ms 

1bs-sec 
i n .  

Note: 1. P i l e  Impedance = 

1000 
l b s - s e c  

i n .  
2. Energy = 

16,680 f t - l b s  
3. S i m s o i d a l  Force 

Time, ms Pulse 
4. No Spring 

Resistance 

Figure 3.6 COMPARISON OF REELECTED FORCE PULSE RESPONSE 
FOR DTFFERENT SOIL MASSES 



were t h e  same wi th  d i f f e r e n t  s p r i n g  f o r c e s  a s  evidenced by t h e  n e g l i g i b l e  

e f f e c t  of s o i l  mass on t h e  n e t  s e t  o f  p i l e  t i p  f o r  d i f f e r e n t  s o i l  s p r i n g  

r e s i s t ances  (Figure 3 .5 ) .  The o t h e r  cases  l i s t e d  i n  Table 3.4 r e s u l t e d  

i n  s i m i l a r  conclusions.  

Because t h e  range i n  s o i l  mass inves t iga ted  d i d  not  have a s i g n i -  

f i c a n t  e f f e c t  on p i l e  t i p  response,  a  s o i l  mass of 1 / 4  o r  an  equ iva len t  

weight of 97 l b s .  was used f o r  t h e  fol lowing parameter s tudy  as a  s t an -  

dard allowance. 

Incident  Force Pulse  

I n  t h e  most e f f i c i e n t  p i l e  d r i v i n g  technique,  t h e  i n c i d e n t  fo rce  

i s  e f f e c t i v e  a g a i n s t  t h e  s o i l  r e s i s t a n c e  i n  such a  way t h a t  maximum 

pene t ra t ion  ( n e t  s e t )  o r  minimum d r i v i n g  t ime occurs along wi th  t h e  de- 

s i r e d  p i l e  performance. The e f f e c t i v e n e s s  of t h e  inc iden t  f o r c e  pu l se  is 

inves t iga ted  by varying  t h e  energy,  peak fo rce  and dura t ion  of a sinu-  

s o i d a l  wave, and by varying  t h e  wave shape.  

The e f f e c t s  o f  a s i n u s o i d a l  i n c i d e n t  force wave wi th  d i f f e r e n t  

energies  and d i f f e r e n t  dura t ions  f o r  t h e  same energy w i l l  b e  i n v e s t i -  
F 

gated .  The cases i n v e s t i g a t e d  a r e  summarized i n  Table 3.3; however, t h e  

lbs-sec 
behavior  p a t t e r n  f o r  a p i l e  impedance o f  3000 is r e p r e s e n t a t i v e  i n .  

of dl cases and, hence,  i s  t h e  only d a t a  presented.  The n e t  s e t  r e -  

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

(RU) and energy l e v e l s  a r e  shown i n  Figure  3.7. The s o i l  s p r i n g  is  

e l a s t i c - p l a s t i c  wi th  a quake va lue  of 0 .1  i n . ,  and s o i l  damping is  v a r i e d .  

It should be  noted t h a t  f o r  a  given s o i l  damping value t h e  n e t  s e t  in-  

c reases  with an i n c r e a s e  of i n p u t  energy provid ing  t h e  peak f o r c e  i s  

more than one-half of t h e  u l t i m a t e  s p r i n g  fo rce .  



lbs-sec Damping Constant, c x 1000, in. 
0 

Note: S o i l  Spring Elwtio-Plast ic  and Quake = 0 . 1  i n .  

Figwe 3.7 NET SET RESPONSE OF THE PILE TIP FOR PILE 
lbs-sec IMPEDANCE OF 3000 in. 



. - 
The f o r c e  pulses  with l o n g e r  dura t ions  f o r  a  given enerrg  l e v e l  

a r e  more e f f i c i e n t  f o r  p i l e  p e n e t r a t i o n  provided t h e  peak p i l e  force  i s  

equal  t o  o r  g r e a t e r  than  t h e  u l t i m a t e  s o i l  sp r ing  r e s i s t a n c e .  For ex- 

ample, compare t h e  condi t ions  where t h e  s o i l  s p r i n g  u l t i m a t e  equals  100 

and 300 k i p s  a s  shown i n  Figure  3.7. The d i f f e r e n t  fo rce  pulses  working 

a g a i n s t  a  s o i l  s p r i n g  r e s i s t a n c e  o f  100 k i p s  c l e a r l y  show t h a t  maximum 

n e t  s e t  occurs with an inc rease  i n  f o r c e  dura t ion  f o r  t h e  same enerrg  
- - 

l e v e l .  However, a l l  t h e  peak p i l e  f o r c e s  considered a r e  g r e a t e r  than 

t h e  100 k i p s .  For t h e  condi t ion  o f  300 k i p s  r e s i s t a n c e ,  t h e  cases 

wherein t h e  peak fo rces  equal  o r  exceed t h e  s p r i n g  r e s i s t a n c e  a r e  more 

e f f i c i e n t  f o r  p i l e  p e n e t r a t i o n  than  t h e  longer  t i m e  pu l ses 'w i th  peak 

f o r c e s  lower than  t h e  u l t ima te  s p r i n g  r e s i s t a n c e .  The condi t ion  of 

400 kips r e s i s t a n c e  f u r t h e r  exempl i f ies  t h e  in f luence  of t h e  generated 

peak force  versus  t ime pulse  l e n g t h .  Also,  t h e  p i l e  t i p  deformation i s  

completely e l a s t i c  i f  twice  t h e  peak p i l e  fo rce  i s  equal  t o  o r  l e s s  than  

t h e  u l t ima te  s p r i n g  r e s i s t a n c e .  Based on t h e  previous example, and t h e  

analogous behavior  of t h e  o t h e r  p i l e  impedances i n v e s t i g a t e d ,  t h e  
F 

fol lowing cond i t ions  can be  summarized f o r  a given e n e r a  inpu t :  

1. For t h e  condi t ion  F ( p i l e  peak f o r c e )  
+ , maximum 

R u ( s o i l  s p r i n g  u l t i m a t e )  

p i l e  pene t ra t ion  occurs  wi th  no s o i l  r e s i s t a n c e .  

2. For t h e  condi t ion  F ( p i l e  peak fo rce )  , l ,  maximm 
R u ( s o i l  s p r i n g  u l t i m a t e )  

p e n e t r a t i o n  i n c r e a s e s  wi th  an inc rease  i n  dura t ion  and i s  

in f luenced  l i t t l e  by t h e  peak force .  



3. %r t h e  condi t ion  ' (p i l e  peak f o r c e )  < , 
R . .  u ( s o l 1  spr ing  u l t i m a t e )  

maximum p i l e  pene t ra t ion  i s  pr-imarily dependent on t h e  peak 

f o r c e  and i s  inf luenced l i t t l e  by t h e  dura t ion .  

peak f o r c e )  4 .  Fo r  t h e  condi t ion  - - < 1 /2 ,  no ne t  p i l e  
R u ( s o i l  sp r ing  u l t i m a t e )  

p e n e t r a t i o n  occurs;  t h e  deformations a r e  pure ly  e l a s t i c .  

- 
An i n v e s t i g a t i o n  was a l s o  made of t h e  e f f e c t  of f o r c e  pulse  shape. 

The wave shapes- - t r iangular ,  s i n e  and square--are compared f o r  a  cons tant  

inc ident  energy o f  12,500 f t - l b s  and a  cons tant  peak f o r c e  f o r  a  p a r t i c u -  

l a r  value of p i l e  impedance; t h e r e f o r e ,  t h e  dura t ion  i s  d i f f e r e n t  f o r  

each wave shape. The t r i a n g u l a r  pulse  i s  symmetric i n  shape as  shown i n  

Table 3.5. The cases  compared f o r  t h e  e f f e c t  of wave shape a r e  t a b u l a t e d  

i n  Table 3.5; however, t h e  behavior  p a t t e r n  f o r  a  p i l e  impedance of 3000 

lbs-sec . i s  r e p r e s e n t a t i v e  o f  a l l  cases  and, hence, i s  t h e  only d a t a  pre-  
i n .  

sented.  The e f f e c t  o f  wave shape on p i l e  p e n e t r a t i o n  i s  shown i n  

Figure 3.8. .- lbs-sec 
For t h e  p i l e  impedance of 3000 

in.  
, t h e  longer  pulse  ( t r i -  

angular wave) is t h e  most e f f i c i e n t  f o r  p i l e  p e n e t r a t i o n  provided t h e  

p i l e  peak f o r c e  is g r e a t e r  than  t h e  s o i l  s p r i n g  r e s i s t a n c e  a s  shown i n  

Figure 3.8 f o r  a  s o i l  s p r i n g  u l t i m a t e  (R ) equal  t o  100 k ips .  This be- 
u  

havior i n d i c a t e s  t h a t  t h e  e f f i c i e n c y  o rde r  of t h e  wave shape is t r i angu-  

l a r  (most e f f i c i e n t ) ,  s i n e  and square  ( l e a s t  e f f i c i e n t )  f o r  t h e  condi- 

t i o n  o f  t h e  peak p i l e  fo rce  g r e a t e r  than  R . As t h e  peak p i l e  force  
U 

approaches and becomes l e s s  than  t h e  s o i l  s p r i n g  r e s i s t a n c e  (R ) ,  t h e  
u  

order of e f f i c i e n c y  reve r ses  wi th  t h e  square wave be ing  t h e  most e f f i -  



Tab le  3.5 

CASES INVESTIGATED FOR WAVE S W E  EFFECT 

P i l e  Imnedance. Case Wave Energv Peak Time 

lbs-sec  
PCA, in. 

- 
Shape Force,  Durat ion 

f t - l b s  k ips  tl, m s  

Wave 

1-13 Spiked 12,500 1 4 1  1 / 2  22 112 '" kips 

2 S ine  12,500 1 4 1  1 / 2  1 5  r\ lL1 1/2 kips 

1 4 1  1 / 2  k i p s  
1 - 1 4  Square 12,500 1 4 1  1 / 2  7 1 / 2  

7 1 / 2  ms 

3-12 Spiked 12,500 300 1 5  
1 5  ms 

3-B S ine  12,500 300 10  n 300 kips 
10 ms  

6-9 Spiked 12,500 600 7 1 / 2  

600 k i p s  
6000 6-A S ine  12,500 600 5 

5 m s  

600 k i p s  
6-10 Square 12,500 600 2 1 / 2  

2 1 / 2  m s  

Note: 1 )  E l a s t i c - p l a s t i c  s p r i n g  w i t h  Quake = 0 . 1  i n .  

2) S o i l  Mass, u / ~  = 1 1 4  
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Figure  3.8 EFFECT OF WAVE SHAPE ON PILE PFNETRATION FOR 
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- - c i e n t  and t h e  t r i a n g u l a r  wave t h e  l e a s t  e f f i c i e n t ,  as shown i n  Figure 

3.8 f o r  t h e  condi t ion  o f  RU equa l  t o  400 k i p s .  This behavior  i n d i c a t e s  

t h a t  du ra t ion  nea r  t h e  peak p i l e  f o r c e  i s  s i g n i f i c a n t  f o r  t h e  condi t ion  

o f  peak p i l e  f o r c e  l e s s  than t h e  s o i l  s p r i n g  r e s i s t a n c e .  

Based on t h e  previous example, and t h e  analogous behavior  of 

t h e  o t h e r  p i l e  impedances i n v e s t i g a t e d ,  t h e  following condi t ions  can be  

summarized f o r  d i f f e r e n t  wave shapes wi th  a  p a r t i c u l a r  energy: 

- - F 
( p i l e  peak fo rce )  

1. For t h e  condi t ion  of -t -, maximum 
F ( s o i l  s p r i n g  u l t i m a t e )  

p i l e  pene t ra t ion  occurs  wi th  no s o i l  r e s i s t a n c e .  

F  
2 .  For t h e  condi t ion  o f  

( p i l e  peak > 1, maximum 

F s o i l  s p r i n g  u l t ima te )  

p i l e  pene t ra t ion  occurs  f o r  t h e  force pulse  shape with 

t h e  longes t  du ra t ion .  

F ( n i l e  peak force)  < and > 3 .  For t h e  condi t ion  of , 

s o l 1  s p r i n g  u l t ima te )  

maximum p i l e  p e n e t r a t i o n  occurs f o r  t h e  fo rce  pu l se  shape 

with t h e  longes t  d u r a t i o n  near  t h e  peak g i l e  fo rce .  

4. For t h e  condi t ion  o f  F ( p i l e  peak fo rce )  < no net 
- 

F ( s o i l  s p r i n g  u l t i m a t e )  

p i l e  pene t ra t ion  (on ly  e l a s t i c  deformation) occurs ;  

t h e r e f o r e ,  wave shape i s  not  p e r t i n e n t .  

It i s  be l i eved  t h a t  t h e  fo rego ing  behavior i s  genera l ly  v a l i d  

f o r  o t h e r  wave shapes,  p i l e  impedances and energy l e v e l s .  



S o i l  P r o p e r t i e s  

The s o i l  p r o p e r t i e s  a r e  r ep resen ted  by t h e  s o i l  sp r ing ,  damping 

and mass r e s i s t a n c e .  The s o i l  mass e f f e c t  has been previous ly  discussed 

and w i l l  n o t  b e  inc luded i n  t h i s  s e c t i o n ;  however, t h e  e f f e c t s  of both 

damping and t h e  s o i l  s p r i n g  on p i l e  t i p  response w i l l  be  discussed h e r e i n .  

Before t h e  numerical r e s u l t s  a r e  considered,  t h e  response be- 

hav io r  o f  a p i l e  t i p  with r e s p e c t  t o  t h e  s o i l  r e s t r a i n t  w i l l  be d is -  - 
cussed q u a l i t a t i v e l y .  For damping r e s t r a i n t  only wi th  no s o i l  sp r ing  re-  

s i s t a n c e  (free-end cond i t ion )  t h e  i n c i d e n t  compressive wave i s  re- 

f l e c t e d  a s  a  t e n s i l e  wave with t h e  same penk fo rce  and shape a t  zero 

damping, and no t r a n s m i t t e d  wave e x i s t s .  A s  t h e  damping r e s t r a i n t  i s  

inc reased ,  t h e  r e f l e c t e d  wave passes from a  t e n s i l e  t o  a  compressive 

wave with no r e f l e c t i o n s  occurr ing  when t h e  p i l e  impedance and t h e  

damping cons tant  a r e  equal .  A compressive wave r e f l e c t i o n  equal t o  t h e  

inc iden t  wave corresponds t o  a  fixed-end condi t ion .  The no-ref lec t ion  

condit ion r ep resen t s  t h e  optimum match between p i l e  and s o i l  f o r  maxi- 

- mizing t r a n s m i t t e d  energy. 

When a  s o i l  s p r i n g  i s  inc luded a long with damping, t h e  damping 

cons tant  r equ i red  f o r  maximum energy t ransmiss ion  decreases  with in-  

c reases  i n  s p r i n g  r e s i s t a n c e .  S o i l  damping and t h e  s o i l  s p r i n g  con- 

t r o l  both t h e  r e f l e c t e d  f o r c e  wave and t r a n s m i t t e d  energy. With re- 

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

ciency i s  more s i g n i f i c a n t  than  energy e f f i c i e n c y ;  however, t h e  con- 

cept  of t r a n s m i t t e d  energy e f f i c i e n c y  can b e  used a s  a  r e fe rence  frame- 

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



The foregoing b r i e f  q u a l i t a t i v e  behavior  of p i l e  t i p  response 

can b e s t  be exemplified by cons idera t ion  o f  a p a r t i c u l a r  problem, namely, 

lbs-sec 
Case 3-B with a  p i l e  impedance o f  3000 

i n .  . The r e f l e c t e d  f o r c e  

wave f o r  t h i s  case due t o  an i n c i d e n t  s inuso ida l  wave i s  shown i n  

Figure  3.9. The s e t  shown by  t h e  curves f o r  a  s p r i n g  fo rce  equal  t o  

zero  c l e a r l y  shows t h e  t r a n s i t i o n  of t e n s i l e  t o  compressive r e f l e c t i o n ;  

no r e f l e c t i o n  occurs a t  a  damping constant  o f  3000 lbs-sec 
which equals  

i n .  
- 

t h e  p i l e  impedance. 

With t h e  a d d i t i o n  of t h e  e l a s t i c - p l a s t i c  s o i l  s p r i n g ,  t h e  wave 

shape f o r  low damping va lues  is  con t ro l l ed  by t h e  sp r ings ,  whereas f o r  

high damping values t h e  r e f l e c t e d  wave is dominated by t h e  damping re- 

s t r a i n t .  The first b reak  i n  t h e  low damping va lue  r e f l e c t i o n s  a s  shown 

i n  Figure  3.9 ( R  = 100 k i p s )  s i g n i f i e s  t h e  beginning of p l a s t i c  s p r i n g  
u  

behavior ,  and the  cross-point  o f  t h e  r e f l e c t e d  waves (Figure 3.9 and 

RU 
= 100 k i p s )  s i g n i f i e s  t h e  unloading of t h e  sp r ing .  The beginning of  

t h e  p l a s t i c  behavior o f t h e  s o i l  s p r i n g  occurs more rapid ly  with t h e  

sma l l e r  s o i l  spr ing  r e s i s t a n c e s  (R ), whereas t h e  unloading condi t ion  
u  - 

occurs more rapid ly  wi th  t h e  h ighe r  s o i l  sp r ing  r e s i s t a n c e  ( R  ) .  
U 

It can be seen  by t h e  r e f l e c t e d  forces  (Figure 3 .9)  t h a t  as  t h e  

s o i l  s p r i n g  u l t imate  ( R  ) i n c r e a s e s  t h e  damping cons tant  decreases from 
U 

3000 
Ibs-sec 

t o  zero f o r  t h e  condi t ion  o f  l e a s t  r e f l e c t i o n ;  t h e r e f o r e ,  
i n .  

t h i s  condi.tion a l s o  a p p l i e s  t o  t h e  maximum t ransmi t t ed  energy o f  t h e  

s o i l .  The s o i l  damping va lues  at maximum t ransmi t t ed  energy and t h e  

corresponding t r ansmi t t ed  energy e f f i c i e n c i e s  (percentage of t r a n s -  

m i t t e d  t o  inc ident  energy)  have been t a b u l a t e d  f o r  t h e  cases of t h e  
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b a s i c  parameter s tudy l i s t e d  i n  Table  3.3 as  we l l  as  t h e  Case 3-B p resen ted  

he re in  (Table 3.6). A s  seen  from Table 3.6, s o i l  damping va lues  at 

maximum t r a n s m i t t e d  energy f o r  d i f f e r e n t  p i l e  impedances and s o i l  s p r i n g  

r e s i s t a n c e s  ( R  ) correspond t o  t h e  gene ra l  behavior  a s  previous ly  de- 
U 

sc r ibed .  The t r ansmi t t ed  energy e f f i c i c i e n c y  has  a  value of 100% a t  ze ro  

s o i l  s p r i n g  r e s i s t a n c e  and reduces  t o  a  minimum value of approximately 70% 

a s  t h e  s o i l  s p r i n g  r e s i s t a n c e  approaches t h e  value of t h e  p i l e  peak 
- 

fo rce .  With a  s o i l  s p r i n g  f o r c e  i n  excess o f  t h e  peak force  i n  t h e  p i l e ,  

t h e  e f f i c i e n c y  o f  t h e  t r a n s m i t t e d  energy reduces markedly. This r educ t ion  

i n  energy t ransmiss ion  i s  i n d i c a t i v e  of t h e  p i l e  pene t ra t ion ,  i . e . ,  p i l e  

p e n e t r a t i o n  decreases with a dec rease  i n  t r ansmi t t ed  e n e r a .  However, 

it should be  noted t h a t  maximum energy t ransmiss ion  does not guarantee 

maximum p i l e  pene t ra t ion .  M a x i m u m  p i l e  pene t ra t ion  i s  a l s o  dependent on 

t h e  f o r c e  pu l se  shape with r e s p e c t  t o  t h e  s o i l  r e s i s t a n c e  as  descr ibed  

previous ly .  

The r e l e c t e d  fo rce  p u l s e s  shown i n  Fi.gure 3.9 a r e  r e p r e s e n t a t i v e  

of t h e  behavior  o f  t h e  o t h e r  cases  s t u d i e d .  The r e f l e c t e d  wave co r res -  
F 

ponds t o  t h e  inc iden t  wave form, i . e .  a longer and lower peak i n c i d e n t  

wave produces a  corresponding r e f l e c t e d  wave. Also,  t h e  r e f l e c t e d  wave 

shape corresponds t o  t h e  i n c i d e n t  wave as shown by t h e  exanples used f o r  

t h e  t r i a n g d a r  and square wave i n v e s t i g a t i o n .  

The e f f e c t  of damping on p i l e  pene t ra t ion  i s  c l e a r l y  defined 

by t h e  cond i t ion  t h a t  any a d d i t i o n a l  r e s t r a i n t  impedes pene t ra t ion ;  

the re fo re ,  an inc rease  i n  e i t h e r  t h e  damping cons tant  o r  s p r i n g  ulti- 

mate reduces t h e  p i l e  t i p  s e t  f o r  a given problem. This f a c t  i s  r e a d i l y  



. . Table 3 .6  

SOIL DiiMPlNC AT OPTIMD( ENERGY TWINSMISSION 

I r i l e  Ir!pdancr = 1000 I 
a m " l n i r v e i u e V  "ere, imnsm,sr lon .  c . ibs-in/.l... 

Energy Per& Tlme Transmlrted Energy Erf lc iency,  $ ' '  

Input Force, h i a t l o " ,  
C,brc r t - l b s .  k ip s  m ~ .  

R = 0 Ru = 50' Ru = look Ru = 200k 

1-1 6.250 141 1 /2  1 1 / 2  100G 1000 8 500 222 252  
100 9 3  92 L6 

1-4 6.250 100 1 5  1000 - 0 
88 .. 

100 

1-6 6,250 70.1  30 1000 - 
100 4 . g  

1-2 12,500 111 112 15 1000 s ,  2% - 0 
loo  98 95 55 

1 - 5  1?,500 100 30 1000 s % .. 
100 93 

I-? 25,000 141 112 30 1000 -- % 0 -. 
100 55 I i ' l l c  impedance = 3000 I - "lulplng value e nx,mun rner rsnsm2ssion I.," $PC 

Energy YeR* Time Tr:n%rtFd Zrr ic iency.  P + l U  
Input Force. Durerion. 

ClS" r t - l b s .  k ips  ".5 
R = ok R = 108 nu = 200k nu = 300k R" = book n = 600k 

- 1  6.250 425 2 1 / 2  
3000 3000 & 2000 2000 2000 k 1000 6000 

100 96 90 83  1 7  -17 
3-A 6.250 300 5 3000 %' 3%' 0 - a 0 0 0  

100 $ 50 z r 7  
3-h 6.250 212 10  0000 2000 k 1000 2 0 6000 m 76 -- 

100 911 81 
3-2 12.500 425 5 3000 3000 k 2000 2000 & 1000 .- 0 3 ,  -- 

loo  98  9 3  90 83  51 

3-8 12,500 300 10  3000 - 2000 - 1000 - 0 0 - 20 
100 91 92 59 

= 2 0 , 0 0 0  
ii; 

3-5 12,500 212 20 
3000 3000 6 1000 2 - 0 .. 

100 97 90 55 9 

3-3 25,000 425 10 3000 3000 k 2000 2000 S 1000 I000 0 0 
-133 

- 
T i c 0  -..- DT 

3000 0 0 
55 

3-C 25,000 300 10  - - 
6T .. 

100 99 95 85 

[ F i l e  Impeesnce = 6000 - I 
in. 

DrnDl"R value et naximwn Eneipy Trsnsmi.sia,,, c , Ibb- i i / s"c  
~ ~ ~ r g y  peak ~ i m e  Transmitted ene ra  Err ie iency.  $ 

Input  Force, n w a t i o n ,  
Case r r - l b r .  k ip s  ".5 

R = O  R" = look R" = 200k A" = 300k nu = i200k n = sooh n = OOG" - 
6-1 6,250 850 1. l / b  

6000 6000 - 6000 - 6000 %? 6 k 1 0 ~ 0 0 0  6 & 10,000 

100 100 95 90 1 9  7 1  

6-Li 6,250 600 2 1 / 2  - 6000 6000 - 6000 6 6 3000 6 s 3000 .. ?!20? 
7 -  100 92 18 55 

3000 
6 5  6,250 1425 5 @g - 6000 - y$? -- 3 k 1000 A?&!?? .. 

100 99 92 11 

6-2 12,500 850 2 1 / 2  
6000 @ - 6000 3ooo F' 3000 -- - loo  99 95 9 1  89 l o  

G-n 12,500 600 5 6000 - 6000 3000 - 3000 - I000 k 0 -. 0 
100 98 9 3  92 85 - 7 3  50 

6 6  12,500 1125 10  6ooo - 6000 - 3000 - 1000 G .. 
100 99 91 82 

5 
6000 - 6000 +' - 3000 lo00 1000 L 0 

. 6-3 25.000 850 100  99 95 89 h i  

6-9 25.000 600 10  6ooo @g - 3000 - 3000 0 0 
100 98 97 95 9 1  8i t6 

6-1 25,500 b21 20 
6000 - 3000 6 - 0 

Bi -- 
100 100 53 



.. - 
shown i n  t h e  r e s u l t s  of  t h e  i n v e s t i g a t i o n  such as t h e  p a r t i c u l a r  case  

previously d iscussed and shown i n  Figure 3.7. 

S o i l  s p r i n g  quake and s p r i n g  force-deflect ion shape w i l l  now be 

inves t igated .  The cases i n v e s t i g a t e d  f o r  t h e  quake and sp r ing  shape 

e f fec t  a r e  shown i n  Table 3.7. The s o i l  quake e f f e c t  was inves t iga ted  

with respec t  t o  an e l a s t i c - p l a s t i c  s o i l  spr ing and a  s i n e  fo rce  pulse  

with an energy l e v e l  of  12,500 ft. l b s .  The range i n  quake values 

- 
( 0  t o  0.40 i n . )  covered both s t i f f  s o i l s  t o  s o f t  s o i l s .  E f f e c t s  of  

the s o i l  quake on t h e  ne t  pene t ra t ion  a r e  shown i n  Figures 3.10, 3.11 

lbs-sec 
and 3.12 f o r  p i l e  impedances of  1000, 3000, and 6000 , re-  

i n .  

spectively.  A l l  p l o t s  show a  decrease  i n  net  penet ra t ion  with an in-  

crease i n  s o i l  quake. This decrease i n  ne t  penet ra t ion  with a  s o f t e r  

s o i l  sp r ing  can be a t t r i b u t e d  t o  t h e  l a r g e r  e l a s t i c  s t r a i n  enerey re-  

quired t o  reach t h e  y i e l d  p o i n t ,  Q. 

The problems previously d iscussed have been assoc ia ted  with an 

e l a s t i c - p l a s t i c  s o i l  sp r ing ;  however, t h e  behavior of  a  d i f f e r e n t  force-  

deformation shape w i l l  a l s o  be  considered here in .  The range of t h e  in-  - 
vest igat ion wi th  respect  t o  t h e  s p r i n g  force  shape i s  l i - s t e d  i n  Table 

3.7. The i n c i d e n t  force  pulses and p i l e  impedances a r e  t h e  same as f o r  

the quake s tudy.  The nonl inear  and i n e l a s t i c  sp r ing  can be  compared t o  

the  e l a s t i c - p l a s t i c  sp r ing  f o r  t h e  e f f e c t  of penet ra t ion  (Figure  3.13);  

s o i l  quake a t  t h e  break i n  s p r i n g  load-deformation curve was h e l d  con- 

s t a n t  (0 .1  i n . ) .  The s t i f f e r  nonl inear  sp r ing  increases  t h e  s o i l  re-  

s i s tance;  t h e r e f o r e ,  t h e  nonl inear  s p r i n g  w i l l  reduce pene t ra t ion  as  

shown i n  Figure 3.13. It should be  noted t h a t  at high damping constants  



Table 3.7 

CASES ASSOCIATED WITH SOIL SPRING QUAKE 
AND SPRING FORCE DEFLECTION SHAPE 

EPFECT OF SOIL QUAKE* 

Pile Case Input Peak Force 
Impedance, Energy Force, Time 

lbs-sec Duration, 
ft-lbs kips m6 in. in. 

EFFECT OF,SPRING FORCE SHAPE*" 1 
Pile Case Input Peak Force Soil Spring Type 

Impedance, Energy Force, Time 

lbs-sec Duration, - 
in. ft-lbs kips ms 

R - .  
1-2 12,500 141 1/2 15 elastic-plastic "YE7 a 

1000 1-8 12,500 141 112 15 nonlinear and inelastic 

1-9 12,500 141 112 15 elastic 

R - 
3-8 12,500 300 10 elastic-plastic "0 A 

Q=0.1" 

3000 3-7 12,500 300 10 nonlinear and inelastic 

3-8 12.500 300 10 elastic 

6-A 12,500 600 5 elastic-plastic A s  
Q=o. 1" 

6000 6-14 12,500 600 5 nonlinear and inelastic 

6-15 12,500 600 5 elastic 
Q=0.lM 

1. Elastic-plastic soil spring 
2. Sinwoidal force pulse 

** Sinusoidal force pulse 



F i g u r e  3.10 EFFECT OF SOIL QUAKE ON PENETRATION FOR PILE IMPEDANCE OF 1000 lbs-sec 
i n  .' 

Damping Constant,  c x 1000, lbs-scc/ in .  
0 

I n c i d e n t  Force Wave: S i n e  Wave w i t h  Fp = 1 4 1  1 / 2  k i p s  a d  tl = 

1 5  ms. EI 12.500 f t - lbs  

- 

11" = 200 
k 



1- .. a-.. .. . 4-4 

Damping Constant. c x 1000, lbs-sec 
o in. 

Incident  Force Wave: S ine  Wave with F 1300 k ips  t -10 m s .  E =12,500 f t - l b s  
P 1 I 

Figure 3.11 EFFECT OF SOIL QUAKE ON PENETRATION FOR 
PILE IMPEDANCE OF 3000 lbs-sec/fn. 



0.8 k. ; ,  --;NO+; I 1 : Dif ferent  Scale I Vert ical - - -  , 

C u r v e  ( i n c h e s )  

0 4 8 1 2  16 20 
lbs - sec  Damping Cons tant ,  c  x 1000, 

o i n .  

Inc iden t  Force  Wave: S ine  Wave F - 600 k i p s  tl = 5ms EI = 12.500 +t-lbs 
P 

Ngure 3.12 EFFECT OF SOIL QUAKE ON PENETRATIO!I FOR PILE 
IMPEDANCE OF 6000 lbe-sec/ in.  



ertical Scale 

U 
0 4 8 12 16 20 

Damping Constant c x 1000,  lbs-sec 
o i n .  

Figure 3.13 EFW%CT OF SOIL SPRING FORCE SHAPE ON PILE PEN'ETRATION 



' p e n e t r a t i o n  i s  not inf luenced by t h e  s p r i n g  fo rce  shape. The r e f l e c t e d  

f o r c e  a l s o  changes l i t t l e  f o r  d i f f e r e n t  s p r i n g  fo rce  shapes wi th  h igh  

damping. 

This study has i n d i c a t e d  t h e  in f luence  on p i l e  p e n e t r a t i o n  o f  

t h e  parameters of t h e  i n c i d e n t  f o r c e  wave with respect  t o  t h e  s o i l  r e -  

s i s t a n c e  p r o p e r t i e s .  The i n v e s t i g a t i o n  of p i l e  response was devoted t o  

t h e  p i l e  t i p  only;  t h e  e f f e c t  of s o i l  r e s i s t a n c e  along t h e  p i l e  ( s k i n  

- 
f r i c t i o n )  was not included.  

3.5 E f f e c t  of S o i l  Res is tance  Along P i l e  Length 

In t roduc t ion  

The purpose of t h i s  s e c t i o n  i s  t o  i n v e s t i g a t e  q u a l i t a t i v e l y  

the  e f f e c t  of t h e  s i d e  s o i l  r e s i s t a n c e  ( s k i n  f r i c t i o n )  on t h e  a t t e n u a t i o n  

and shape o f  t h e  inc iden t  fo rce  pu l se .  It i s  t h e  a t tenuated  f o r c e  

pu l se  t h a t  reaches t h e  p i l e  t i p  and causes pene t ra t ion .  

I n  order  t o  s tudy a t t e n u a t i o n  o f  t h e  inc iden t  force  p u l s e  

- an i l l u s t r a t i v e  problem with s e l e c t e d  hammer, p i l e  and s o i l  c h a r a c t e r i s t i c s  

w i l l  b e  solved with t h e  use o f  Smith ' s  lumped-mass and spr ing  model 

( see  Appendix A ) .  The problem shown i n  Figure 3.14 considers a 150 ft 

lbs-sec 
long p i l e  with an impedance o f  3000 in .  dr iven with a  hammer wi th  

an energy de l ive ry  a t  impact o f  12,500 f t - l b s .  The s o i l  sk in  f r i c t i o n  

r e s i s t a n c e  i s  considered uniformly d i s t r i b u t e d  along t h e  p i l e ;  however, 

va lues  o f  t h e  s o i l  r e s i s t a n c e  parameters w i l l  be  v a r i e d .  The s o i l  re -  

s i s t a n c e  d i s t r i b u t i o n  inc ludes  a v a r i a t i o n  i n  t h e  r e l a t i v e  amounts of 

t o t a l  s k i n  f r i c t i o n  and po in t  bear ing .  The s o i l  r e s i s t a n c e  i s  repre-  



Enerey a t  Impact = 12,500 f t - lbs .  

H m e r  
Cushion 

6 
k = 1x10 l b s / i n .  and e = 1 . 0  
W2 = 1000 l b s  

Side S o i l  Resistance - Uniform 
Varied from 0 t o  100% 
Q = 0.05 t o  0.20 i n .  Normally 0.10 i n .  
s sec  s e c  

J = O t o 0 . 1 5 ,  Normally 0.05 - 
S ft 

lbs-sec P i l e :  Impedance = 3000 in .  

Area of S t e e l  = 20.7 i n .  2 

Length = 150 f t  

P i l e  Model: Lumped-Masses and Springs 
Segment Length = $ ft 
?.rt - - 6 i b s  
Se& 

- 353 l b s  Kseg=lOx10 

- Tip S o i l  Resistance 
Varied from 0 t o  100% 

0.10 i n .  J - 0.15 s e c / f t  
P t  

Note: Tota l  S o i l  Resistance Equals 100 k i p s  

f igure 3.14 EXAMPLE PROBLEM FOR THE EFFECT OF SOIL RESISTANCE ALONG PILE 



- .  
sen ted  by an e l a s t i c - p l a s t i c  sp r ing  and damping. De ta i l s  of t h e  example, 

problem a r e  shown i n  Figure 3.14. 

D i s t r i b u t i o n  of S o i l  Resistance . .. 

The a t t enua t ion  of t h e  inc iden t  force  pu l se  a t  t h e  p i l e  head 

was inves t iga ted  with respec t  t o  a  range i n  uniform s o i l  r e s i s t a n c e  along 

t h e  p i l e  length  of 0% (point-bearing) t o  100% ( f r i c t i o n )  u t i l i z i n g  t h e  

s o i l  parameters recommended by Smith (1960). From t h i s  s tudy ,  t h e  

generated peak force  pulse  was a t t enua ted  by approximately one-half t h e  

t o t a l  of t h e  s i d e  f r i c t i o n  load .  The t o t a l  s i d e  f r i c t i o n  load  i s  proba- 

b l y  a  l i m i t  of a t t enua t ion .  

The e f f e c t  of  a t t enua t ion  by f r i c t i o n a l  s o i l  r e s i s t a n c e  i s  not 

as c r i t i c a l  t o  p i l e  pene t ra t ion  as t h e  e f f e c t  o f  t h e  t i p  r e s i s t a n c e  be- 

cause of t h e  physica l  na tu re  of t h e  s o i l  r e s i s t a n c e  d i s t r i b u t i o n .  S o i l  

r e s i s t a n c e  along t h e  p i l e  i s  d i s t r i b u t e d  i n  p a r t s ,  i . e .  a percentage 

o f  r e s i s t a n c e  at each lumped mass segment; the re fo re ,  t h e  e f f e c t  of t h e  

t o t a l  s o i l  sp r ing  r e s i s t a n c e  f o r  a l l  segments i s  smal ler  f o r  a given 

quake value  than if t h e  same r e s i s t a n c e  occurred at  one segment ( ~ i l e  

tip). 

Also, t h e  t i p  r e s i s t a n c e  damping is assumed higher  than  t h e  

s i d e  r e s i s t a n c e  damping because of  t h e  physica l  mechanism o f  t h e  s o i l  

f a i l u r e ;  hence, r e s i s t a n c e  t o  pene t ra t ion  i s  g r e a t e r  a t  t h e  p i l e  t i p .  

Therefore,  d r iv ing  a  po in t  bear ing p i l e  would b e  t h e  more d i f f i c u l t  

( l e s s  s e t  p e r  blow) and d r i v i n g  a  f r i c t l o n  p i l e  would b e  t h e  l e s s  d i f -  

f i c u l t  (more s e t  pe r  blow). Other p i l e  d r iv ing  condi t ions  a r e  i n t e r -  

mediate between those  o f  pure f r i c t i o n  and po in t  bea r ing  p i l e s .  



S o i l  Parameters - 
The e f f e c t  of s o i l  parameters,  quake and damping, along t h e  p i l e  

l eng th  w i l l  now be inves t igated .  This s o i l  parameter s tudy makes use of 

t h e  i l l u s t r a t i v e  problem (Figure 3.14) with a  uniform s o i l  sk in  f r i c t i o n  

d i s t r i b u t i o n  amounting t o  50% of t o t a l  p i l e  load capacity.  S o i l  quake 

and s o i l  damping along the  p i l e  l eng th  were varied.  The s o i l  proper t ies  

at t h e  t i p  were held  constant .  
- 

I n  order  t o  compare the  e f f e c t s  of  s o i l  parameters, the  t o t a l  

fo rce  response ( inc iden t  and r e f l e c t e d  added toge the r )  a t  t h e  p i l e  t i p  

were compared f o r  t h e  va r ia t ions  i n  s o i l  parameters. It i s  assumed t h a t  

any! changes i n  t h e  s o i l  parameters along t h e  p i le ,would  produce a  change 

i n  t h e  t o t a l  force response a t  t h e  p i l e  t i p .  

The s i d e  s o i l  quake was va r ied  between 0.05 and 0.20 i n .  a s  shown 

i n  Figure 3.15, and t h e  d i f ference  i n  t o t a l  force response was found t o  

be  neg l ig ib le .  

Also shown i n  Figure 3.15 i s  t h e  e f f e c t  of s i d e  s o i l  damping, 

which w a s  va r i ed  between l i m i t s  of 0 and 0.15 s e c / f t .  The change i n  - 
response f o r  t h e  s idedamping i s  s l i g h t l y  more not iceable  than t h e  

e f f e c t  of quake; however, t h e  fo rce  pulse  i s  s t i l l  not p a r t i c u l a r l y  

s e n s i t i v e  t o  the  s i d e  damping term. 

The r e l a t i v e  percentage of  t o t a l  r e s i s t ance  a t  t h e  p i l e  t i p  

and along t h e  p i l e  length i s  s i g n i f i c a n t  f o r  evaluation o f  p i l e  penetra- 

t i o n .  P i l e  penet ra t ion  behavior i s  not p a r t i c u l a r l y  s e n s i t i v e  t o  s o i l  

parameters along t h e  p i l e  l eng th ;  t h e r e f o r e ,  these  parameters a r e  not of 

major importance t o  t h e  evaluat ion of p i l e  penet ra t ion .  



Time Af te r  Ram Impact, miLliseconds 

Note: Refer  t o  Figure 3.14 f o r  P i l e  and S o i l  Data R = 50% 
t i p  

Figure 3.15 EFFECT OF QUAKE AND DAMPING ALONG THE PILE ON PILE TIP FORCE 



CHAPTER :r 

CHARACTERISTICS OF HAMMER-PILE-SOIL SYSTEM 
AFFECTING PILE D R I V I N G  BEHAVIOR 

I 4 . 1  In t roduct ion  

I The purpose of t h i s  chap te r  i s  t o  8ummarize t h e  e f f e c t s  of t h e  

I 
var i ab les  a f fec t ing  p i l e  d r i v i n g  behavior  by looking a t  t he  hammer-pile- 

I s o i l  system a s  a  whole. The v a r i a b l e s  of t h e  hammer, p i l e  and s o i l  w i l l  - - 
be summarized and explained wi th  t h e  use of parameter s tud ies  ( chap te r s  

I 
1 2  and 3 )  and i l l u s t r a t i v e  examples from f i e l d  case  h i s t o r i e s .  A corres-  

1 ponding analys is  us ing  t h e  wave equat ion  (Smith 's  lumped mass-spring model) 

w i l l  a l s o  be  shown f o r  each f i e l d  case  h i s t o r y .  F i e l d  s tud ies  with d i e s e l  

I hammers w i l l  b e  included where t h e  v a r i a b l e  under cons idera t ion  i s  inde- 

pendent o f  combustion force  u n c e r t a i n t i e s .  Comparison of wave equation 

1 .  analyses with f i e l d  case  h i s t o r i e s  w i l l  i l l u s t r a t e  t h e  power of t h i s  ana- 

I l y t i c a l  t o o l ,  and lend f u r t h e r  v a l i d i t y  t o  t h e  use o f  wave propagation 

I theory  i n  p i l e  dr iv ing .  Dynamic e n e r a  formulas w i l l  be compared t o  t h e  

wave equation a n a l y s i s ,  and t h e  l i m i t a t i o n s  of energy formulas w i l l  b e  
. - 

del inea ted .  

4.2 P i l e  Hammer 

Energy 

The p i l e  hammer i s  an  e n e r a  source used t o  genera te  a fo rce  pu l se  

i n  t h e  p i l e  i n  order  t o  oliercome s o i l  r e s i s t a n c e  and achieve pene t ra t ion .  

The p o t e n t i a l  energy o f  t h e  hammer i s  a funct ion  of t h e  ram weight and 

s t r o k e ,  o r  equivalent  s t r o k e  a t  impact. Hammer p o t e n t i a l  e n e r a  has  two 



sources o f  l o s s e s ,  namely, energy l o s s  dur ing  ram f a l l  and l o s s  i n  t r ans -  

mission through t h e  cushion and drivehead t o  t h e  p i l e .  Energy l o s s e s  p r i o r  

t o  impact include mechanical l o s s e s  such as  f r i c t i o n ,  preadmission of 

steam o r  air e t c . ,  whereas t h e  t r ansmi t t ed  energy losses  include t h e  in-  

e l a s t i c  behavior o f  t h e  hammer cushion and con tac t s ,  and ram rebound. 

It should be  noted t h a t  it i s  not only necessary t o  t ransmit  energy 

i n  order  t o  achieve maximum pene t ra t ion  and load  capaci ty ,  bu t  it i s  a l s o  

necessary t h a t  t h e  shape of  t h e  generated force-time pulse be proper. I n  

- t h i s  s e c t i o n  t r ansmi t t ed  energy w i l l  be considered f i r s t  and t h e  e f f e c t  of 

force  pulse  shape w i l l  follow. 

Considering t r ansmi t t ed  energy only, p i l e  penet ra t ion  and load  

capac i ty  inc rease  with an inc rease  i n  t r ansmi t t ed  energy f o r  a  given p i l e  

provided t h e  peak fo rce  generated is  g r e a t e r  than one-half t h e  u l t ima te  

s o i l  s p r i n g  r e s i s t a n c e  a t  t h e  p i l e  t i p .  The e f f e c t  of energy on t h e  re -  

sponse of  p i l e s  with impedances of 1000, 3000 and 6000 lbs-sec 
(equiva- 

i n .  

l e n t  p i l e  types and s i z e s  a re  shown i n  Table 3.2) i s  shown i n  Figure 4.1. 

The p i l e  response i s  taken from some of t h e  cases inves t iga ted  i n  Chapter 

3 f o r  a s inuso ida l  inc iden t  wave a c t i n g  a g a i n s t  a  viscous damping f a c t o r ,  

J = 0.15 s e c / f t ,  and s o i l  quake, - p t  
&pt = 0.10 i n . ,  which a r e  commonly 

assumed i n  wave equation analyses.  l'he s o i l  sp r ing  i s  e l a s t i c - p l a s t i c  

wi th  a v a r i a b l e  u l t i m a t e  r e s i s t a n c e  (nu) .  The curves on Figure 4.1 

were obtained by s e l e c t i n g  t h e  p i l e  ne t  s e t  (Chapter 3)  f o r  various ulti- 

mate s p r i n g  r e s i s t a n c e s  ( R  ) and t h e  damping value r e l a t e d  t o  t h e  J 
u 

f a c t o r ;  t h e  number of  hammer blows p e r  u n i t  s e t  i s  t h e  rec ip roca l  of 

p i l e  n e t  s e t .  

A s  shown i n  Figure 4 . 1 ,  p i l e  pene t ra t ion  and capacity inc rease  

wi th  an increase  i n  t r ansmi t t ed  energy f o r  a  given p i l e  impedance. Fur- 





t h e r ,  u l t imate  p i l e  capaci ty  inc reases ,  with an increase  i n  energy, at a 

-. - 
grea te r  r a t e  f o r  h i g h e r  p i l e  impedances. 

I n  order  t o  compare t h e  e f f e c t  of t ransmit ted  energy on p i l e  i m -  

pedance (Figure 4 . 1 ) ,  t h e  u l t imate  p i l e  r e s i s t a n c e  was determined a t  t e n  

blows per inch,  which was a r b i t r a r i l y  se lec ted  as a p r a c t i c a l  l i m i t  t o  

dr iv ing res i s t ance .  With t h e  energy input  doubled, u l t ima te  p i l e  capaci ty  

increased more s i g n i f i c a n t l y  f o r  t h e  high p i l e  impedance than f o r  t h e  low 

impedance. For example, t h e  u l t ima te  capacity f o r  t h e  p i l e  impedance o f  
- 6000 lbs-sec 

i n .  inc reases  approximately 180 percent  when t h e  inpu t  energy 

doubles (6250 t o  12,700 ft l b s ) ;  whereas, t h e  u l t imate  capaci ty  inc reases  

lbs-sec 
approximately 40 and 1 5  percent  f o r  impedances of  3000 and 1000 

in .  , 
respect ively .  Inc reas ing  tde  energy from 12,500 t o  25,000 ft l b s  inc reases  

the  u l t imate  capac i ty  approximately 50 percent f o r  an impedance of  

6000 lbs-sec lbs-sec , and 25 percent  f o r  an impedance of 3000 
in. , . i n .  

It was noted i n  Chapter 3 t h a t  a f i n i t e  t i p  displacement was ob- 

served f o r  t h e  cond i t ion  of  zero u l t imate  p i l e  capacity.  This occurred 

because only one pass  of t h e  force pulse was considered. I n  r e a l i t y ,  

l a r g e r  t i p  displacements would occur because of  r e f l e c t i o n s  and t r a n s l a t i o n  - 
of t h e  p i l e ;  at zero  damping t h e  displacement would be  i n f i n i t e  (Kolsky, 

1963).  Therefore, i n  p l o t s  of hammer blows per inch versus u l t ima te  p i l e  

capacity,  as shown i n  Figure 4 . 1 ,  t h e  curve s t a r t s  at t h e  o r i g i n .  This 

a l s o  explains t h e  reverse  curvature near the  o r i g i n .  

The p i l e  t i p  model (Chapter 3)  i s  used t o  i n v e s t i g a t e  t h e  e f f e c t  

of  t h e  f i r s t  cycle  o f  t h e  force pulse.  Displacement of  t h e  p i l e  t i p  with 

a free-end condi t ion  due t o  the  inc iden t  and r e f l e c t e d  pu l se  can b e  r e a d i l y  

determined by t h e  expression:  

6 = 2  Impulse 
P cA 



where 6 i s  the  maximum free- t ip  displacement. For the  s ine  force pulses -. . 
used i n  Figure 4 . 1 ,  t h e  displacement of t he  free-end t i p  can be writ ten: 

where 6 is the maximum f ree- t ip  displacement, F i s  peak force and tl 
S P 

i s  pulse duration. 

As seen from Equation 4.2, t h e  t i p  displacement f o r  the  high 

p i l e  impedance i s  smaller than for  low p i l e  impedance. Longer durations 

- 
associated with lower p i l e  impedances cause a la rger  net  s e t ,  o r  a 

smaller number of hammer blows. Therefore, more reverse curvature near 

the  or igin  i s  noted f o r  high p i l e  impedance than low p i l e  impedance. 

The calculated t i p  displacements (Equation 4.2) matched t h e  displacements 

determined i n  Chapter 3   quati ti on 3 . 6 ) .  

The e f f ec t  of energy losses  such as mechanical and transmitted i s  

important t o  t he  p i l e  response. The determination of t he  mechanical 

losses and the corresponding energy a t  impact were previously discussed. 

More information i s  needed on h m e r  eff ic iencies  for  t he  purpose of i m -  

proving input data  t o  wave equation analyses - 
The t ransmit ted energy i s  a function of the  impedance r a t i o ,  

- -  ''A , and t h e  coef f ic ien t  of r e s t i t u t i o n  of the hammer cushion. For 

normal drivehead weights t h e  condition of maximum energy transmission 

occurs when I equals 0.6 t o  1.1. For high impedance r a t i o s ,  transmitted R 

energy is reduced because of ram rebound, whereas t h e  low impedance r a t i o  

causes a slower r a t e  of energy transmission. Energy losses  increase with 

a decrease i n  t he  coef f ic ien t  of r e s t i t u t i o n  of t he  cushion mater ia l .  

Coefficients of r e s t i t u t i o n  ranging from 1 t o  3/4 (equivalent t o  an 

aluminum-micarta cushion) y i e ld  energy losses  of 0 t o  20%, respect ively,  



whereas coef f ic ien ts  of 112 t o  113 (equivalent t o  a wood cushion) y i e ld  
* .  

energy losses  of  20 t o  40%, respectively.  

Lost energy can not drive p i l e s ,  but losses  can be minimized by 

ensuring proper hammer operation and proper match of t he  hammer and p i l e  

The hammer cushion plays a v i t a l  ro l e  i n  energy t r ans fe r ;  an i d e a l  cushion 

would have a coeff ic ient  of r e s t i t u t i o n  equal t o  uni ty  (no hys t e re s i s ) .  

All  present cushion materials exhibi t  hys te res i s ;  sof t  materials such as 

wood lead  t o  t h e  highest  energy losses .  A more e f f i c i e n t  low-stiffness 
- 

cushion than wood could be obtained by the  use of a longer aluminum- 

micarta s t ack ,  o r  possibly by the  use of other mater ia ls .  

Field  Study 1. This f i e l d  invest igat ion exemplifies the  improve- 

ment of  d r iv ing  eff ic iency with grea te r  hammer energy. 0; course, t h i s  

g rea te r  hammer energy should not cause p i l e  damage 

The s o i l  p ro f i l e  consis ts  of 10 ft of alluvium, dense sand and 

gravel,  underlain by a very dense sand with t h in  layers  of s i l t y  clay.  

The p i l e s  were 14BP89, 90 ft long. Soroe were driven with a Vulcan 08 

and some with a Vulcan 014 hammer. Both hammers had a standard aluminum- 

micarta cushion. Test drives with t h e  two hammers were made 1 5  ft apart .  .- 
The dr iv ing  records are  shown i n  Figure 4.2. The Vulcan 014 hammer has 

a ra ted  energy approximately 60% grea te r  than t h e  Vulcan 08, and the  

driving records ind ica te  an improved dr iving eff ic iency for  the  Vulcan 

014 approximately proportional t o  t he  difference i n  t h e  ra ted energies.  

Results of a wave equation analysis shown i n  Figure 4.2 a r e  i n  

accord with t h e  dr iving records and the  e f f ec t s  of g rea te r  input energy. 

On the  bas i s  o f  t h e  f i n a l  driving res i s tance  a t  an e levat ion of 206 ft, 

the  wave equation analysis  predicts  a capacity of 250 tons f o r  t h e  p i l e  

driven with t h e  Vulcan 014 hammer and 210 tons f o r  t h e  p i l e  driven with 
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t h e  Vulcan 08. (This discrepancy may be  accounted f o r  by v a r i a t i o n s  i n  

s o i l  p r o f i l e ;  no load t e s t s  were per;'ormed.) Thus, t h e  wave equation 

analys is  has t h e  a b i l i t y  t o  t r e a t  proper ly  major changes i n  t h e  v a r i a b l e s .  

Generated Force Pulse 

Energy is not t h e  only considera t ion f o r  t h e  determination of  p i l e  

dr iv ing behavior;  t h e  form o f  t h e  generated force pulse can be v a r i a b l e  

f o r  a  given energy i n p u t .  The r e l a t i v e  shape of t h e  force pulse,  whether 

-- a high peak value with s h o r t  dura t ion  o r  a  low peak with long dura t ion ,  

has an important inf luence  i n  overcoming t h e  s o i l  r e s i s t ance  and achieving 

p i l e  penet ra t ion .  

A s  determined i n  t h e  parameter study of Chapter 3, t h e  force  

pulse with a longer dura t ion  f o r  a  given energy l e v e l  i s  more e f f i c i e n t  

f o r  penet ra t ion  (more s e t  p e r  blow) when t h e  peak p i l e  force i s  equal  t o  

o r  g r e a t e r  than t h e  s o i l  sp r ing  r e s i s t a n c e .  When t h e  peak p i l e  force  is  

l e s s  than t h e  s o i l  s p r i n g  r e s i s t a n c e ,  penet ra t ion  e f f i c iency  is l a r g e r  f o r  

t h e  l a r g e s t  peak fo rces ;  dura t ion  is  no t  c r i t i c a l  i n  t h i s  case.  The 

penet ra t ion  w i l l  be  completely e l a s t i c  when t h e  peak force i s  equal  t o  

- o r  l e s s  than one-half t h e  s o i l  s p r i n g  res i s t ance .  

The behavior p a t t e r n  of a  po in t  bear ing p i l e  driven with va r ious  

force pulses  i s  i l l u s t r a t e d  by t h e  example i n  Figure 4.3. This example 

Ibs-sec 
assumes a p i l e  impedance o f  3000 and an energy l e v e l  of 12,500 i n .  

f t - lbs .  The generated f o r c e  pu l se  with t h e  longer  pulse  l eng th  and 

smal ler  peak f o r c e  i s  more e f f i c i e n t  f o r  d r iv ing  at low s o i l  s p r i n g  re-  

s i s t a n c e s ;  however, maximum p i l e  capac i ty  can be  obtained wi th  t h e  

l a r g e r  peak force.  This example p o i n t s  out the  improvement i n  d r i v i n g  

e f f i c iency  with high peak forces  at  h igh s o i l  r e s i s t ances  
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An extreme example of the  foregoing behavior p a t t e r n  is  shown i n  
- .  

lbs-sec and an energy o f  6,250 Figure 4.4 f o r  a p i l e  impedance of  6000 in. 

f t - lbs .  This example t y p i f i e s  t h e  behavior p a t t e r n  when t h e  inpu t  e n e r a  

i s  too low f o r  p r a c t i c a l  dr iv ing.  A t  d r iv ing  res i s t ances  beyond t h e  

p rac t i ca l  l i m i t  (10 t o  20 blows/inch),  e f f i c i e n c y  i s  higher  f o r  t h e  force 

pulse with the  l o n g e r  dura t ion.  However, the  pulse with t h e  h igher  peak 

force s t i l l  becomes t h e  most e f f i c i e n t ,  eventually,  bu t  only a t  extremely 

high driving r e s i s t a n c e s .  Thus, as a  genera l  r u l e ,  f o r  easy d r i v i n g  t h e  
- 

pulse length i s  impor tant ,  whereas f o r  hard  dr iv ing the  peak force  i s  i m -  

portant  f o r  d r i v i n g  e f f i c i e n c y  provided s u f f i c i e n t  input  energy i s  

available.  

The force p u l s e  can be var ied  by varying hammer parameters ( s e e  

Chapter 2) .  Energy at  impact can be w r i t t e n  i n  t h e  following form: 

1 
Energy @ Impact = - 

2 
2 ml vo (4.3) 

where y is ram mass and V i s  t h e  ram v e l o c i t y  a t  impact. For t h e  same 
0 

input  energy, an i n c r e a s e  i n  ram mass by a f a c t o r  a r e s u l t s  i n  a decrease 

i n  ram veloci ty  by a f a c t o r  14; t h e r e f o r e ,  both ram weight and v e l o c i t y  - 
a r e  variables t h a t  should be  inves t iga ted  i n  r e l a t i o n  t o  t h e  generated 

p i l e  force pulse. Ram v e l o c i t y  i s  d i r e c t l y  propor t ional  t o  p i l e  peak 

force provided t h e  p i l e  behaves e l a s t i c a l l y ;  however, t h e  dura t ion of 

t h e  pulse i s  independent o f  ram ve loc i ty  (Chapter 2 ) .  

The ram weight a f f e c t s  both peak fo rce  and pulse dura t ion.  The 

pulse length can b e  approximated by t h e  expression t = n 
d 

2.17, therefore ,  an i n c r e a s e  i n  ram weight by a f a c t o r  of  2 causes an 

increase i n  pulse  l e n g t h  by a f a c t o r  o f  1 . 4 1 .  For t h e  same he igh t  of 

f a l l  o r  impact v e l o c i t y  t h e  heavier  ram inc reases  t h e  peak p i l e  f o r c e  
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(J?igure 2.10);  however, t h i s  i n c r e a s e  i n  peak force  i s  minimized a t  low 
- .  

p i l e  impedance. F o r  example, consider  t h e  study of t h e  nonlinear and in-  

e l a s t i c  cushions (Chapter 2 )  f o r  t h e  Vulcan 1 and Vulcan 010 hammers with 

ram weights of 5,000 and 10,000 l b s ,  r e spec t ive ly .  The peak force  i n -  

creases approximately 10% wi th  t h e  inc rease  i n  ram weight a t  a  low p i l e  

lbs-sec 
impedance of 725 in.  lbs-sec . A t  a high impedance of 8700 in .  , t h e  

peak p i l e  force increases  approximately 25%. 

The hammer cushion i s  a t r a n s m i t t i n g  element; however, t h e  cushion - 
proper t i e s  can be r e a d i l y  changed i n  order  t o  shape the  force  pu l se  as  

wel l  a s  t o  achieve an impedance match of p i l e  and hammer. A s  a p r a c t i c a l  

ma t te r ,  t h e  hammer cushion i s  one of  t h e  most important items i n  p i l e  

d r i v i n g  because it can be e a s i l y  changed i n  order t o  achieve t h e  d e s i r e d  

d r i v i n g  force  pulse.  An i n c r e a s e  i n  cushion s t i f f n e s s  causes an i n c r e a s e  

i n  p i l e  peak fo rce ;  however, t h e r e  i s  a l i m i t  beyond which peak fo rce  i s  

not s i g n i f i c a n t l y  improved (Figure  2.10).  This s t i f f n e s s  l i m i t  i nc reases  

as  t h e  p i l e  impedance i n c r e a s e s ,  and decreases with an increase  i n  ram 

weight (See Table 2 . 2 ) .  

- The pulse length  i s  inverse ly  propor t ional  t o  t h e  square r o o t  of  

t h e  cushion s t i f f n e s s  as  shown i n  Equation 2.12. This means t h a t  an in-  

c rease  i n  cushion s t i f f n e s s  by a f a c t o r  of 2 decreases t h e  pu l se  l eng th  

by a value of 1 . 4 1 .  Also, i n e l a s t i c  behavior of  t h e  cushion causes a 

decrease i n  pulse dura t ion;  t h i s  t r e n d  increases  with an inc rease  i n  

degree of cushion i n e l a s t i c i t y  (Table 2 .3) .  The e f f e c t  of cushion in-  

e l a s t i c i t y  on peak f o r c e  i s  minimal except  f o r  t h e  condit ion of low p5.le 

impedance and c o e f f i c i e n t s  of r e s t i t u t i o n  l e s s  than 0.5. 

For t y p i c a l  drivehead weights,  equal  t o  1/3 t o  1/10 of ram weight ,  

t h e  peak force i s  approximately independent of drivehead weight; however, 



- .  t h e  pulse duration is  l a rge r  with a decrease i n  drivehead weight for  the 

matched and low p i l e  impedance conditions. 

Field  Study 2. This f i e l d  inves t iga t ion  points out the  importance 

of shaping the generated force pulse with respect t o  a given hammer energy I 
input.  I n  t h i s  case h i s tory ,  t he  change i n  t he  force pulse was accomplished 

by changing the hammer cushion mater ia l .  

A p i l e  job was being successfully accomplished with precast con- 

- c re t e  p i l e s  (design load of 75 bons) driven with a Link Belt  520 h m e r .  - 
The 50 ft concrete p i l e s  had a 16 i n .  square b u t t  and 10 i n .  square t i p  

and were driven i n t o  10 t o  20 ft of s i l t y  clay underlain by s i l t y  sand 

and gravels.  Two p i l e  load t e s t s  were performed and the desired ult imate 

capacity of 150 tons obtained a t  an embedded length of 50 f t .  The Link 

Bel t  520 hammer with a standard aluminum-micarta cushion plus a p i l e  

cushion consis t ing of e 2 inch oak block with rubber be l t i ng  drove each 

p i l e  i n  15 t o  20 minutes. However, t h e  Link Bel t  hammer broke down and 

was replaced w i t h  a Vulcan 1 hammer. 

P i l e  driving was continued with t he  Vulcan 1 hammer and a standard 

- wood cushion (oak) during r epa i r  of t h e  Link Bel t  hammer. Driving was 

accomplished t o  the desired penetration depth of 50 fi; however, t he  

dr iving time, on the  order of 60 t o  80 minutes, w a s  excessive. Upon 

changing t o  an aluminum-micarta cushion assembly, the  driving time 

decreased 30 t o  40 minutes per p i l e .  The r e s u l t s  of the wave equation 

analysis  f o r  t he  Vulcan 1 hammer with aluminum-micarta cushion assembly 

nnd a wood cushion assembly are  shown i n  Figure 4.5. The wave equation 

analysis  readi ly  shows the  e f fec t  of t h e  different  cushion materials.  

m e  s t i f f e r  cushion (aluminum-micarta) r e s u l t s  i n  higher generated peak 

forces as  well as higher efficiency of e n e r a  transmission t o  t h e  p i l e ;  
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the re fo re ,  f a s t e r  and e a s i e r  d r i v i n g  i s  t o  be  expected. I f  it is assumed 

t h a t  t h e  p i l e  has a c e r t a i n  u l t ima te  capaci ty  a t  50 f t  of pene t ra t ion ,  it 

can be seen from Figure 4.5 t h a t  such capaci ty  w i l l  always be obtained wi th  

fewer blows/inch with t h e  aluminum-micarta cushion. The f i e l d  d r i v i n g  

records M l y  supported t h e  a n a l y t i c a l  r e s u l t s ;  dr iv ing times with t h e  

aluminum-micarta cushion were approximately one-half t h a t  f o r  t h e  wood 

cushion. 

- 
4.3 P i l e  

I n  addi t ion  t o  i t s  s t a t i c  load  carrying function,  the  p i l e  must 

a l s o  t ransmit  an inc iden t  fo rce  pulse  whfch i s  capable of overcoming t h e  

s o i l  r e s i s t ance .  The c a p a b i l i t y  of  t h e  p i l e  t o  transmit  t h e  fo rce  pu l se  

required t o  achieve t h e  des i red  pene t ra t ion  i s  a function of p i l e  impedance 

o r  area .  Factors t h a t  inf luence  impedance such as  s t r u c t u r a l  damage o r  

a  change i n  t h e  p i l e  cross-sect ion must a l s o  be  considered. Boundary 

conditions due t o  t h e  f i n i t e  l eng th  of r e a l  p i l e s  w i l l  be considered i n  

t h i s  discussion.  

- 
Impedance o r  Area 

The impedance match of hammer and p i l e  f o r  maximum energy t r a n s -  

mission has been previously  discussed and w i l l  not  be  repeated h e r e ;  how- 

ever ,  t h e  e f f e c t  of  p i l e  impedance on t h e  force pulse w i l l  be evaluated.  

For given hammer cond i t ions ,  an inc rease  i n  p i l e  impedance causes an i n -  

crease i n  peak force  (See Figure 2.10). This behavior means t h a t  a  ' 

higher  impedance p i l e  i s  capable of t r a n s m i t t i n g  a higher peak fo rce .  

The l i m i t  on t h e  peak f o r c e  would be  governed by t h e  dynamic y i e l d  pro- 

p e r t i e s  of  t h e  p i l e  m a t e r i a l ,  and p i l e  damage would ensue i f  t h e  y i e l d  
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s t r e s s  i s  exceeded. Damage can s igc i f i can t ly  a l t e r  driving cha rac t e r i s t i c s ;  

t h i s  e f f ec t  w i l l  be discussed l a t e r  i n  t h i s  sect ion.  I n  the  following 

discussion it i s  assumed t h a t  t h e  p i l e  behaves e l a s t i ca l ly .  

The force pulse length is  inversely proportional t o  p i l e  impedance, 

i . e .  pulse length decreases with an increase i n  p i l e  impedance. Long 

time pulses and low peak forces a r e  associated with smaller p i l e  impedances, 

whereas short  pulses and high peaks prevai l  fo r  l a rge r  p i l e  impedances. 

This behavior suggests (Chapter 3) t h a t  t he  low impedance p i l e  is  more 
- 

e f f i c i en t  (more s e t  per blow) for  driving a t  low s o i l  res is tance because 

of t he  longer pulse length.  However, the  high impedance p i l e  i s  more 

capable of being driven t o  a  high load capacity because of i t s  a b i l i t y  t o  

form and transmit high peak forces .  The e f fec t s  of p i l e  impedance on t h e  

a b i l i t y  t o  drive t o  a  given ult imate load capacity i s  shown i n  Figure 

4 . 6  fo r  t h e  cases invest igated i n  Chapter 3. The p i l e  response shown 

i n  Figure 4.6 indicates  t h e  efficiency of t he  low impedance p i l e  a t  low 

s o i l  resistances,  and t h e  capabi l i ty  of t he  high impedance p i l e  t o  

achieve a  high load capacity.  

The importance of p i l e  impedance can not be overemphasized. An - 
optimum p i l e  design involves a  de l ica te  balance; i n su f f i c i en t  impedance 

o r  area prevents achieving t h e  desired p i l e  performance, whereas t oo  

much p i l e  impedance o r  area  leads  t o  an uneconomical design. The e f f e c t  

of p i l e  impedance on p i l e  dr iving w i l l  be i l l u s t r a t e d  by the  following 

f i e l d  s tud ies .  

Field  Study 3. The s o i l  p ro f i l e  consists of 10 ft of alluvium, 

dense sand and gravel ,  underlain by a  very dense sand with t h in  layers  

of s i l t y  clay.  Two s t e e l  p i l e s  with dif ferent  areas were driven with 

a  Vulcan 08 hammer and a  standard aluminum-micarta cushion. One p i l e  
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was a pipe 90 f t  long of 1 4  i n .  OD by 0.375 i n .  w a l l  thickness driven 

2 
closed-end; the area of s t e e l  was 16.0 i n .  . The other p i l e  was a 

2 1 4  BP 89, 90 f t  long with an area of 26.2 i n .  . The wave equation analysis 

shown i n  Figure 4.7 compares t h e  behavior of t h e  two p i l e s .  From t h e  

analysis,  the  p i l e  with t h e  greater  area  of s t e e l  has the  a b i l i t y  t o  

achieve a higher capacity and, therefore ,  greater  depth of penetrat ion.  

Driving records of these two p i l e s ,  a t  a distance of 10 f t  apar t ,  indi-  

cate that  the  pipe p i l e  achieved maximum penetration a t  an e levat ion of - 
224 f t  and a depth of 24 ft, whereas t he  BP sect ion was driven t o  a depth 

of 40 ft ( ~ i g u r e  4.7). The dr iving records and analysis are  i n  general 

agreement. No load t e s t s  were performed. 

Field Study 4.  This f i e l d  study covers two case h i s t o r i e s  t h a t  

w i l l  show how an increase of p i l e  impedance a f t e r  the  p i l e s  were driven 

made it possible t o  obtain  t h e  desired ult imate load capacity. I n  both 

cases,  pipe p i les  were driven t o  high res is tances ,  but were unable t o  

obtain the desired load capacity.  Greater penetration and thus higher 

load capacity were obtained by redriving the  p i l e s  a f t e r  concreting. 

P i l e  impedance i s  increased by concreting. - 
In  the first case h i s to ry ,  the s o i l  p ro f i l e  consis ts  of 107 ft 

of medium cloy underlain by sand. Pipe p i l e s  8 518 i n .  by 0.250 i n .  

with closed ends, 110 ft long, were driven with a Vulcan 06 harmner and 

a standard wood cushion block. The p i l e s  were designed for  ah ultimate 

capacity of 100 tons ,  and were driven t o  4.5 blows per inch. The wave 

equation analysis shown i n  Figure 4.8 predicts a capacity of 70 tons 

a t  4.5 blows per inch, and indicates  t h a t  t he  required 100 tons could 

not be achieved with t h e  p i l e  selected.  Several load t e s t s  f a i l e d  a t  

80 tons ,  or 20 tons l e s s  than required. Driving the  p i l e s  deeper i n t o  
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t h e  sand was t h e  most d e s i r a b l e  s o l u t i o n .  This could be accomplished by 

concret ing t o  improve p i l e  impedance be fo re  r ed r iv ing .  The p i l e s  were 

concreted and red r iven  wi th  a Vulcan 06 hammer t o  t h e  r equ i red  depth 

and u l t imate  capac i ty .  A comparison of t h e  p ipe  p i l e  wi th  and without  

concrete as  shown i n  Figure  4.8 c l e a r l y  shows t h e  b e n e f i t  o f  t h e  improved 

impedance. 

I n  t h e  o t h e r  case  h i s t o r y ,  t h e  s o i l  p r o f i l e  c o n s i s t s  o f  25 ft of 

clayey s i l t  under l a in  by 60 f t  of  medium sand and 10 f t  o f  dense sand and 

gravel  over ly ing  in terbedded l a y e r s  of l imestone and s h a l e s  wi th  poss ib le  - 
c ley  seams. The p i l e s  were p ipe  105 f t  long with 12  314 i n .  OD x 0.219 i n .  

w a l l  thickness designed f o r  an u l t i m a t e  capaci ty  o f  200 t o n s .  A l l  p i l e s  

were driven with a Bodine Resonant Dr iver .  The p i l e s  dr iven  t o  sound 

bedrock s a t i s f i e d  t h e  l o a d  capac i ty  requirement; however, t h e  d e s i r e d  

capaci ty could not  b e  achieved i n  t h e  weathered bedrock zones. I n  o rde r  

t o  obtain t h e  high peak f o r c e s  necessary  f o r  f u r t h e r  p e n e t r a t i o n  a Link- 

Be l t  520 d i e s e l  hammer was chosen. Driving on t h e  p ipe  p i l e  alone pro- 

duced only e l a s t i c  d e f o n a t i o n  wi th  no pene t ra t ion .  However, a f t e r  con- 

c re t ing ,  t h e  p ipe  p i l e s  were success fu l ly  driven t o  t h e  d e s i r e d  capaci ty .  

The wave equation a n a l y s i s  of t h e  p ipe  with and without  c o n c r e t e ,  as - 
shown i n  Figure 4.8, c l e a r l y  i n d i c a t e  t h e  g r e a t e r  a b i l i t y  of concre ted  

p i l e s  with r e spec t  t o  achieving  p e n e t r a t i o n  and l o a d  capac i ty .  

F i e l d  Study 5. This  f i e l d  s tudy w i l l  show how t h e  wave equat ion  

analys is  was used t o  e x p l a i n  i n c o n s i s t e n c i e s  i n  a mandrel d r iven  p i l e .  

A mandrel dr iven  p i l e  c o n s i s t s  of a thin-wall  p ipe  o r  s h e l l  d r iven  wi th  

a heavy w a l l  p ipe  co re ;  t h e  core  i s  commonly r e f e r r e d  t o  a s  a mandrel. 

After  d r iv ing ,  t h e  mandrel i s  removed and t h e  thin-wall  p i p e  o r  s h e l l  

lef't i n  t h e  ground f o r  concre t ing .  Therefore, use  of a mandrel i s  an 



e f f e c t i v e  means of ob ta in ing  t h e  impedance r equ i red  dur ing  d r iv ing ,  whereas 

a  minimum amount of s t e e l  (and money) can b e  l e f t  i n  t h e g r o u n d  af ter  

d r i v i n g  by removing t h e  mandrel core .  

The s o i l  p r o f i l e  c o n s i s t s  of 1 7  f t  of s i l t  s i z e  ash under l a in  by 

30 f t  of sand and g rave l  grading from medium t o  dense. The sand and gravel  

a r e  under l a in  by 10  f t  of l aye red  s i l t  and c l a y  and 45 f t  of very dense , 

sand and g rave l  over ly ing  s h a l e .  Thin-wall p ipe  p i l e s  12  i n .  OD by 

0.141 i n .  w a l l  th ickness  were dr iven  with a  1 1 5  p l f  mandrel 49 ft long. 

The hammer was a  Link Be l t  Model 440 wi th  a  s t andard  aluminum-micarta - 
cushion.  The des i r ed  u l t i m a t e  capac i ty  was 180 t o n s ,  and t h e  design 

l o a d  was 75 t o n s .  

A t e s t  p i l e  was dr iven  t o  a  depth o f  34 f t  a t  a r e s i s t a n c e  o f  

43 blows p e r  inch .  The load  t e s t  was u n s a t i s f a c t o r y ;  f a i l u r e  occurred 

a t  125  t o n s .  The e f f e c t  of d r i v i n g  t h e  p ipe  p i l e  wi th  and without  t h e  

use o f  t h e  mandrel was determined by us ing  t h e  wave equat ion  ana lys i s  

shown i n  Figure  4.9. The a n a l y s i s  c l e a r l y  shows t h a t  t h e  mandrel was 

not  e f f e c t i v e  i n  t r a n s m i t t i n g  t h e  p i l e  force ;  t h e r e f o r e ,  t h e  thin-wall 

p ipe  was t r a n s m i t t i n g  t h e  pulse  because t h e  mandrel probably was not  

F 
i n  c o n t a c t  with t h e  p i l e  t i p .  To be  e f f e c t i v e ,  i t  i s  necessary t h a t  t h e  

,mandrel s imultaneously engages both  top and t i p  of t h e  p i l e  s o  t h a t  t h e  

mandrel and t i p  w i l l .  d r i v e  t o g e t h e r .  

. . 
I n  o rde r  t o  prove whether o r  not  t h e  mandrel was be ing  e f f e c t i v e l y  

used,  comparative d r ives  were made with and without  a  3/4 inch space r  

p l a t e  at  t h e  p i l e  t i p .  The d r i v e  wi thout  t h e  p l a t e  pene t ra t ed  t o  a  depth 

of 38 ft and a r e s i s t a n c e  of 1 2  blows p e r  inch .  The p i l e  driven with t h e  

3/4 inch  p l a t e  pene t ra t ed  t o  a  depth o f  46 ft a t  a  d r i v i n g  r e s i s t a n c e  of 

9 blows p e r  inch .  Gross s e t  was measured dur ing  d r i v i n g ;  a  set  0.56 i n .  
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was observed f o r  t h e  p i l e  d r iven  wit:iout t h e  314 inch  p l a t e ,  and 0.28 i n .  

with t h e  p l a t e ,  both  i n  accordance with p red ic t ions  from t h e  wave equation 

ana lys i s .  Thus, t h e  wave equation ana lys i s  f u l l y  p r e d i c t e d  t h e  d i f f e rences  

between t h e  two d r i v i n g  systems. This f i e l d  s tudy and a n a l y s i s  a l s o  

c l e a r l y  shows t h a t  t h e  c a p a b i l i t y  of  t h e  p i l e  t o  t r a n s m i t  t h e  fo rce  pu l se  

requi red  t o  achieve  t h e  des i r ed  p e n e t r a t i o n  i s  a  func t ion  of p i l e  im-  

pedance. 

Cushioning E f f e c t  

- A change i n  t h e  p i l e  c ross-sec t ion  w i l l  a f f e c t  t h e  p i l e  impedance 

and can produce a  cushioning e f f e c t .  For example, compare t h e  wave 

equation a n a l y s i s  of a  125 f t  p i p e  p i l e  with and wi thout  a  change i n  t h e  

p i l e  t i p  s e c t i o n  (Figure  4.10).  The p ipe  i s  1 4  i n .  OD by 0.500 i n .  wa l l  

th ickness  and t h e  t i p  s e c t i o n  is 30 f t  long of 1 4  i n .  OD by 0.188 i n .  

wall  t h i ckness .  The p i l e  with t h e  smal ler  t i p  c ross - sec t ion  has t h e  

e f f e c t  of lowering t h e  p i l e  impedance; t h e r e f o r e ,  a cushioning e f f e c t  

e x i s t s .  The a n a l y t i c a l  comparison c l e a r l y  shows t h a t  g r e a t e r  p e n e t r a t i o n  

and h ighe r  load  capac i ty  i s  achieved with t h e  h i g h e r  p i l e  impedance (with- 

out sma l l e r  c ross - sec t iona l  a r e a  o f  t i p  s e c t i o n ) .  - 
Also, p i l e  damage caused by d r i v i n g  has t h e  e f f e c t  o f  lowering 

p i l e  impedance i n  t h e  damaged zone; t h i s  w i l l  be  r e f e r r e d  t o  h e r e i n  a s  

a  cushioning e f f e c t .  The damaged zone o r  smal ler  impedance s e c t i o n  of 

the  p i l e  c o n t r o l s  t ransmiss ion  o f  t h e  force  pulse .  The f i e l d  problem 

discussed h e r e i n  w i l l  exemplify t h e  cushioning e f f e c t  caused by p i l e  

damage. 

F i e l d  Study 6. The s o i l  p r o f i l e  c o n s i s t s  of  13 t o  24 ft of  f i l l  

including s i l t ,  c l a y ,  b r i c k s ,  e t c . ,  under l a in  by s t i f f  c l ay .  The bedrock 

i s  a t  an average depth of 30 f t  and c o n s i s t s  of s o f t  s h a l e  and lime- 
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s tone .  The p i l e s  were 1 0  BP 42 with a  design load of  75 tons ;  they  were 
-. 

dr iven  with a Delmag Dl2 us ing  a  s tandard  oak cushion. P i l e  load t e s t s  

f a i l e d  on p i l e s  driven t o  less than 40 blows pe r  inch;  however, t h e  wave 

equat ion analys is  ind ica ted  t h a t  the  required  r e s i s t a n c e  (150 t o n s )  

could be reached a t  11 blows per inch (Figure  4 . 1 1 ) .  

The foregoing discrepancy between theory  and t e s t  ind ica ted  t h a t  

a  cushioning e f f e c t  could have r e s u l t e d  from p i l e  damage s i n c e  t h e  t i p s  

were not  re inforced and t h e  p i l e s  were encountering b r i c k s ,  e t c .  The 
- 

e f f e c t s  of  damage can be est imated by t h e  wave equation ana lys i s ;  f o r  

t h i s  purpose the  lower p i l e  segment was assumed t o  have 10 percent  of i t s  

o r i g i n a l  s t i f f n e s s .  The comparison of  predic ted  behavior f o r  t h e  damaged 

and t h e  undamaged p i l e  s e c t i o n  c l e a r l y  shows t h a t  t h e  damaged p i l e  could 

not achieve t h e  required 150 ton ul t imate  load capaci ty  (Figure 4.10). 

Severa l  p i l e s  were pul led  and revealed damage such as  warping, bending, 

e t c . ,  as expected and foreseen by reference  t o  wave propagation analysis. .  

Length 

P i l e  length a f f e c t s  t h e  generated fo rce  pu l se  shape with respect  

' t o  r e f l e c t i o n s  from t h e  p i l e  t i p .  Ref lec t ions  can support o r  i n t e r f e r e  

with t h e  inc ident  force  pulse .  The p i l e  length  required  f o r  freedom from 

r e f l e c t i o n  in ter ference  i s  d i r e c t l y  propor t ional  t o  t h e  pulse dura t ion,  

which i s  a  function of  hammer weight, cushion s t i f f n e s s  and p i l e  impedance. 

The pu l se  durat ion increases  with l a r g e r  ram weight and decreases with 

l a r g e r  cushion s t i f f n e s s  and p i l e  impedance. A longer  p i l e  has a b e t t e r  

chance of t ransmit t ing  a  generated Force pulse  without  i n t e r f e r e n c e  than 

a  s h o r t  p i l e ;  however, t h e  e f f e c t  of  r e f l e c t i o n s  can a i d  o r  r e t a r d  p i l e  

pene t ra t ion  depending on t h e  r e l a t i v e  impedance of t h e  p i l e  and t h e  s o i l  

r e s i s t a n c e .  
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For high p i l e  impedance, t h e  force  pulse  dura t ion  i s  s h o r t ;  t h e r e -  

.. f o r e ,  r e f l e c t i o n s  wi l l  no t  s i g n i f i c a n t l y  a l t e r  t h e  generated fo rce  p u l s e  

even f o r  s h o r t  p i l e s .  This behav io r  o f  high p i l e  impedance i n d i c a t e s  t h e  

d r i v i n g  r e s i s t a n c e  w i l l  probably not  b e  s i g n i f i c a n t l y  d i f f e r e n t  f o r  a 

s h o r t  o r  long p i l e .  However, t h e  p u l s e  l eng th  dura t ion  is long fo r  low 

p i l e  impedances and t h e  e f f e c t  o f  l e n g t h  can a i d  o r  r e t a r d  t h e  genera ted  

fo rce  pu l se .  For t h e  s h o r t  p i l e  and low p i l e  impedance, t h e  r e f l e c t i o n s  

w i l l  l i k e l y  be  compressive and add t o  t h e  generated force  pulse .  For 

; t h e  long  p i l e ,  t h e  e f f e c t  of r e f l e c t i o n s  w i l l  be  a  sepa ra te  pulse  and 

w i l l  no t  add d i r e c t l y  t o  t h e  genera ted  fo rce  pulse .  This behavior  o f  

t h e  low p i l e  impedance i n d i c a t e s  t h e  s h o r t  p i l e  w i l l  probably d r i v e  more 

e f f i c i e n t l y  than t h e  l o n g  p i l e .  

The behavior  of p i l e  l e n g t h  f o r  high and low p i l e  impedances can 

b e  shown by a  p a r t i c u l a r  example. Consider v a r i a b l e  s t e e l  p i l e  a reas  

2  
of 5 and 40 i n .  (725 and 5800 

lbs - sec  
p i l e  impedances, r e s p e c t i v e l y ) ,  

i n .  

d r iven  wi th  a  Vulcan No. 1 hammer. The p i l e  l eng ths  a r e  20 and 160 f t ,  

and t h e  s o i l  r e s i s t a n c e  i s  cons idered  a t  t h e  p i l e  t i p  only. The wave 

equat ion  ana lys i s  of t h e  combination o f  impedances and l eng ths  a r e  shown 

- i n  F igure  4.12. The behavior  of  t h e  p i l e s  a s  shown i n  Figure 4.12 i n d i -  

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

s h o r t e r  p i l e  with high impedance; however, t h e  d i f f e rence  i n  d r i v i n g  be- 

h a v i o r  between t h e  two l e n g t h s  i s  not  s i g n i f i c a n t .  For t h e  low p i l e  i m -  

pedance, t h e  s h o r t e r  p i l e  d r i v e s  much more e f f i c i e n t l y  than t h e  longer  

p i l e .  

The d i f f e rence  i n  d r i v i n g  e f f i c i e n c y  o f  t h e  long and s h o r t  p i l e  

can be  i l l u s t r a t e d  by t h e  force-t ime r e l a t i o n s h i p ,  both generated and 

r e f l e c t e d ,  at t h e  head o f  t h e  p i l e .  For t h e  h igh  p i l e  impedance, con- 
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s i d e r  the  force pu l se  a t  t h e  p i l e  head f o r  a s o i l  spr ing r e s i s t a n c e  of 

- 300 kips (Figure 4.13~3). Comparison of  t h e  force  pulses f o r  t h e  long and 

shor t  p i l e  i n d i c a t e  t h a t  only small  d i f fe rences  e x i s t  when t h e  force  l e v e l  

i s  g rea te r  than t h e  s o i l  sp r ing  es t ima te  res i s t ance .  However, t h e  force  

pulse peak f o r  t h e  s h o r t e r  p i l e  was a t t enua ted  somewhat. This a t tenua-  

t i o n ,  a s  a  r e s u l t  of  t ens ion  r e f l e c t i o n  at t h e  beginning p a r t  o f  t h e  re-  

f l e c t e d  pulse causes l e s s  e f f i c i e n t  d r i v i n g  f o r  the  s h o r t e r  p i l e .  

For t h e  low p i l e  impedance and a  s o i l  spr ing r e s i s t a n c e  of 150 

- _ kips ,  t h e  force pu l se  of t h e  s h o r t e r  p i l e  has a  h i&er  peak and a  long 

time durat ion above t h e  l e v e l  of t h e  s o i l  sp r ing  res i s t ance  (Figure  4 . 1 3 ) .  

The shor te r  p i l e  has compressive r e f l e c t i o n s  t h a t  add t o  t h e  generated 

force  pulse ;  whereas, t h e  compressive r e f l e c t i o n s  of t h e  longer  p i l e  a re  

separa te  and do not add t h e  generated fo rce  pulse.  This e f f e c t  o f  r e f l e c -  

t i o n s  produces more e f f i c i e n t  d r iv ing  f o r  t h e  s h o r t e r  p i l e  than  t h e  

longer p i l e  a t  low impedances. 

Mosley and Raamot (1970) presented wave equation analyses  

i l l u s t r a t i n g  p i l e  l eng th  behavior. Their  r e s u l t s  i n d i c a t e  a t y p i c a l  

p a t t e r n  of d r iv ing  e f f i c iency  as shown i n  t h e  example above; however, 

- t h e ' d i f f e r e n c e  i n  d r i v i n g  behavior was presented without explanat ion.  

With t h e  assumption of  the  same r e l a t i v e  d i s t r i b u t i o n  of s o i l  

r e s i s t ance  along t h e  s i d e s  and t i p ,  i r r e s p e c t i v e  of p i l e  l e n g t h ,  t h e  

following general  condi t ions  can be  indicated:  1. For high p i l e  i m -  
1 

pedances, d r iv ing  e f f i c i e n c y  between longer  and s h o r t e r  p i l e s  i s  not 

s i g n i f i c a n t l y  d i f f e r e n t ;  however, longer  p i l e s  w i l l  probably b e  s l i g h t l y  

more e f f i c i e n t .  2 .  For low p i l e  impedances, s h o r t e r  p i l e s  w i l l  be  

more e f f i c i e n t  than longer  p i l e s .  
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The behavior pat tern based on p i l e  length only is d i f f i c u l t  be- 

cause the  r e a l  s o i l  res i s tance  d i s t r ibu t ion  changes with depth. Real 

s o i l  p r o f i l e s  are qu i te  variable and t h e  s o i l  d i s t r i bu t ion  as well  as 

p i l e  length must be considered for  each individual  case. 

4 . 4  S o i l  Resistance 

The s o i l  provides the  res is tance which must be overcome by t h e  

incident force  pulse i n  order t o  achieve penetration.  The effect  of t h e  

incident force  pulse with respect t o  assumed res i s tance  has been pre- 

viously discussed; however, t he  e f fec t s  of t he  s o i l  charac te r i s t ics  i n  

terms of t h e  hammer-pile-soil system w i l l  be considered i n  t h i s  discussion.  

These s o i l  charac' terist ics include the e f f ec t  of s o i l  d i s t r ibu t ion ,  quake 

and damping, and freeze o r  relaxation.  

S o i l  Resistance Dist r ibut ion 

S o i l  res i s tance  d i s t r ibu t ion  re fe rs  t o  t h e  r e l a t i v e  amounts of 

ult imate s o i l  res is tance a t  t he  p i l e  t i p  and along t h e  length of t he  p i l e .  

The s o i l  res i s tance  along the  p i l e  length a t tenuates  t he  generated force 

- pulse, and thereby decreases t he  effectiveness of t he  force pulse when 

it ar r ives  a t  t he  p i l e  t i p .  Iiowever, it should be recognized t h a t  the  

la rger  t he  percentage of s ide  res is tance,  the  smaller i s  t he  res is tance 

a t  the  point  for  a  given t o t a l  res is tance.  

For example, a  f r i c t i o n  p i l e  derives almost a l l  of i t s  support 

from s i d e  f r i c t i o n ;  therefore ,  there  i s  p rac t i ca l ly  no res i s tance  a t  t h e  

point and only a  small p i l e  t i p  force i s  necessary t o  cause penetration.  

By con t r a s t ,  i n  a  point  bearing p i l e  t he  generated force  pulse  is working 

against  t h e  t o t a l  res i s tance  a t  t h e  p i l e  point. Because of differences 



i n  the  physica l  mechanisms of s o i l  f a i l u r e  along t h e  p i l e  and a t  t h e  t i p ,  

- t h e  point  r e s i s t a n c e  i s  assumed t o  possess h igher  damping than t h e  s i d e  

r e s i s t a n c e ;  the re fo re ,  damping a lone could cause more res i s t ance  t o  

pene t ra t ion  a t  t h e  p i l e  po in t .  

The differences i n  physica l  behavior between point  bearing and 

sk in  f r i c t i o n  can b e  explained very e a s i l y .  I f  t h e  f r i c t i o n a l  r e s i s t a n c e  

ac t ing  on a  given p i l e  segment (increment of l eng th )  i s  examined, it i s  

seen t h a t  t h e  p i l e  force pulse  peak g r e a t l y  exceeds t h e  s o i l  r e s i s t ance .  

G Thus, t h e  force pulse  can pass through many segments without ser ious  

a t t enua t ion .  However, i f  a l l  s o i l  r e s i s t a n c e  i s  concentrated a t  t h e  p i l e  

t i p  t h e  l a r g e  d i s p a r i t y  between p i l e  t i p  force  and t o t a l  s o i l  r e s i s t ance  

dis;appears, and e f f i c iency  o f  p i l e  penet ra t ion  diminishes (Chapter 3 ) .  

It i s  d i f f i c u l t  t o  compare t h e  d r iv ing  r e s i s t a n c e  and load capa- 

c i t y  i n  two d i f f e r e n t  s o i l  p r o f i l e s ,  such as those wherein f r i c t i o n  

p i l e s  o r  point  bear ing p i l e s  a re  found; however, a  f i e l d  study coupled 

wi th  a  wave equation ana lys i s  can be  presented t o  show t h e  e f f e c t  of 

d r i v i n g  through a  s o f t  l a y e r  t o  a po in t  bear ing l a y e r .  

F i e l d  Study 7. The s o i l  p r o f i l e  consis ts  of 107 f t  of medium 

- c l a y  under la in  py sand. Pipe p i l e s  8 5/8  i n .  by 0.250 i n .  were driven 

closed-end with a  Vulcan 06 h m e r  and a  wood cushion. Driving re-  

s i s t a n c e  i n  t h e  c l a y  va r ied  from 6 t o  9 b lows / f t ,  bu t  f i n a l  d r iv ing  

i n t o  t h e  sand was at  3 t o  5 blows/in.  The wave equation analyses f o r  

d r iv ing  i n  c lay  (10% point  bea r ing)  and i n t o  sand (70% po in t  bear ing)  

can be compared, as shown i n  Figure 4 . 1 4 ;  10% point  bear ing i n d i c a t e s  

t h a t  10% o f  t o t a l  s o i l  r e s i s t a n c e  i s  assumed t o  occur a t  t h e  p i l e  t i p .  

The comparative a n a l y s i s  shows t h e  improvement of t h e  d r i v i n g  e f f i c i e n c y  

f o r  t h e  f r i c t i o n  p i l e  (10% po in t  b e a r i n g ) .  
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Also,  t h e  amount of f r i c t i o n  can be es t imated with t h e  use of 

~ ~ It- 

- wave equat ion analys is .  The f r i c t i o n  amounts t o  25 t o  35 tons  a t  a  re- 

s i s t a n c e  of 6 t o  9 blowslf t  with an est imated t o t a l  capaci ty  of  70 tons  

at  f i n a l  d r iv ing .  

Quake and Damping 

An inc rease  i n  both s o i l  quake and s o i l  damping decreases the  

e f f e c t i v e n e s s  of  a  given p i l e  force pulse .  The e f f e c t s  of  quake and 

damping have been discussed previously i n  Chapter 3 ;  however, the  e f f e c t s  - 
a t  t h e  p i l e  t i p  w i l l  be b r i e f l y  summarized he re in  with respect  t o  t h e  

e n t i r e  hammer-pile-soil system. 

The s o i l  quakes inves t iga ted  previously wi th  respect  t o  an e l a s t i c -  

I 

p i a s t i c  s o i l  sp r ing  cover t h e  range of behavior f o r  s t i f f  and dense s o i l s  

t o  s o f t  o r  ' l oose  s o i l s .  The values of quake considered a r e  0.20 i n . ,  

0.10 i n .  and 0.05 i n . ;  t h e  h igher  quake values represent  so f t  o r  loose 

s o i l s ,  whereas t h e  lower values represent  s t i f f  o r  dense s o i l s .  Several 

s t u d i e s  o f  f i e l d  condit ions i n d i c a t e  t h a t  a  quake o f  0.10 i n .  i s  a  good 

average va lue .  . An i n v e s t i g a t i o n  of the  s o i l  quake p a r m e t e r  i s  shown 

i n  Figure 4.15 f o r  t h r e e  d i f f e r e n t  p i l e  impedances, an inpu t  energy of - 
12,500 I%-lbs, and a damping constant ,  J equal  t o  0.15 s e c / f t .  

p t '  

Figure 4.15 c l e a r l y  ind ica tes  t h e  l o s s  of d r iv ing  c a p a b i l i t y  and capa- 

c i t y  wi th  a corresponding inc rease  i n  s o i l  quake. Also, t h e  e f f e c t  of  

s o i l  quake i s  more pronounced f o r  h igher  p i l e  impedances. For example, 

t h e  d i f fe rence  i n  behavior with respec t  t o  quake f o r  loose  and dense 

s o i l s  i s  no t  s i g n i f i c a n t  a t  a  p i l e  impedance of  1000 lbs-sec/ in .  How- 

ever ,  t h e  d i f f e r e n c e  is marked f o r  a p i l e  impedance of  6000 lbs-sec/ in .  

F i e l d  c o r r e l a t i o n  o f  p i l e  load  t e s t s  with wave propagation analy- 

s e s  p lus  l a b o r a t o r y  t e s t  r e s u l t s  i n d i c a t e  t h a t  damping f a c t o r s  f o r  c l ays  
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are  higher than  f o r  sands.  A common average damping f a c t o r ,  J pt ,  f o r  t h e  

- p i l e  t i p  is assumed t o  b e  0.15 sec/f%. The inves t iga t ion  of damping shown 

i n  Figure 4.16 covers t h e  range o f  one-half t o  twice t h e  normal value.  

Fie ld  c o r r e l a t i o n s  i n d i c a t e  t h a t  t h e  r e s u l t s  f o r  sands a r e  i n  good agree- 

ment with t h e  normally assumed value  of 0.15 s e c / f t ;  however, i n  c lays  

damping values a r e  h igher ,  bu t  pore pressure  e f f e c t s  with respec t  t o  time 

make the  ana lys i s  d i f f i c u l t .  The e f f e c t s  of  s o i l  damping shown i n  Figure 

4.16 were evaluated  f o r  t h r e e  d i f f e r e n t  p i l e  impedances, an input  energy 

of 12,500 f t - l b s ,  an3 a s o i l  quake of 0.10 i n .  An increase  i n  t h e  damping - 
fac to r  decreases d r i v i n g  a b i l i t y  f o r  a l l  p i l e  impedances, not  j u s t  t h e  

higher impedances as i s  t h e  case  f o r  s o i l  quake. 

Freeze and Relaxatioh 

A wave propagation ana lys i s  considers t h e  r e l a t i o n s h i p  between 

driving r e s i s t a n c e  and capaci ty  at t h e  time of dr iv ing;  however, d i f -  

ferences i n  s o i l  p r o p e r t i e s  o f t e n  occur a f t e r  d r iv ing  and cause a d is -  

crepancy between s t a t i c  and dynamic p i l e  load capac i t i e s .  Increases  i n  

s o i l  s t r eng th  (se t -up o r  f reeze )  occur i n  s o i l s  such as s o f t  c lays  o r  

loose cohesionless depos i t s .  For s o f t  and loose s o i l  depos i t s ,  t h e  gain - 
i n  s t rength  i s  a r e s u l t  of  pore pressure  d i s s ipa t ion .  Thixotropic 

e f fec t s  a r e  p reva len t  i n  cohesive s o i l s ,  whereas dens i f i ca t ion  and 

strengthening due t o  adjacent  p i l e  d r iv ing  can a l s o  occur i n  cohesionless 

s o i l s .  Relaxation,  o r  l o s s  i n  s o i l  s t r eng th  a f t e r  d r iv ing ,  can possibly 

occur i n  s t i f f  o r  dense deposi ts .  I n  t h i s  case, d i s s i p a t i o n  of negative 

pore pressures o r  a loosening e f f e c t  due t o  adjacent  p i l e  d r i v i n g  i n  

very dense m a t e r i a l s  m a y  cause a l o s s  i n  capacity. 

The eng ineer ' s  a b i l i t y  t o  p red ic t  freeze o r  r e l a x a t i o n  i s  neces- 

sa ry  i n  order t o  achieve a t e c h n i c a l l y  sound and economical job. Useflil 
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information on t h e  magnitude of f r e e z e  o r  r e l axa t ion  can be obtained 

- from r e d r i v i n g  p i l e s .  A f t e r  t h e  p i l e  i s  driven and f i n a l  hammer r e s i s -  

t ance  i n  blows/in.  i s  recorded,  t h e  p i l e  i s  allowed t o  s t and  f o r  a per iod  

of time be fo re  r ed r iv ing .  Redriving g ives  t h e  hammer r e s i s t a n c e  i n  blows/ 

i n .  f o r  t h e  f i r s t  s e v e r a l  hammer blows. This hammer r e s i s t a n c e  dur ing  

r ed r iv ing  can be  used t o  o b t a i n  an u l t i m a t e  p i l e  capaci ty  from t h e  wave 

equation ana lys i s .  P i l e  capac i ty  as determined from redr ive  d a t a  can be  

compared wi th  t h e  i n i t i a l  d r i v i n g  c a p a c i t y ;  t h e  d i f ference  i n  l o a d  capa- 

-- c i t i e s  w i l l  approximate t h e  magnitude of r e l axa t ion  o r  f r eeze .  If t h e  

r e d r i v i n g  r e s i s t a n c e  i s  g r e a t e r  t h a n  d r i v i n g  r e s i s t a n c e ,  then  f r e e z e  i s  

exhib i ted .  Redrive d a t a  is  d i f f i c u l t  t o  ob ta in  because t h e  f i r s t  few ham- 

me,r blows a r e  c r i t i c a l  and t h e  hammer must b e  properly warmed-up i n  

order  t o  funct ion  a t  f u l l  energy dur ing  t h e  f i r s t  few hammer blows. 

An accumulation o f  informat ion  on load  t e s t s  c o r r e l a t e d  wi th  t h e  

wave a n a l y s i s  a s  a  reference  framework can be achieved f o r  va r ious  types  

of s o i l s  e x h i b i t i n g  f r e e z e  o r  r e l a x a t i o n .  Freeze i s  a normal occurrence 

because o f  t h e  type  of s o i l  p r o f i l e s  t h a t  d i c t a t e  t h e  use of p i l e s .  The 

fol lowing f i e l d  s tudy w i l l  show how t h e  wave equation a n a l y s i s  coupled 

- 
with a knowledge of f r eeze  can b e  e f f e c t i v e l y  used i n  p i l e  foundation 

design.  

F i e l d  Study 8. The s o i l  p r o f i l e  cons i s t s  of 30 fY of  sand and 

60 f t  of s o f t  t o  medium varved c l a y  over ly ing  hardpan. The p i l e s  a r e  

1 2  3/4 i n .  by 0.250 i n .  p i p e  95 fY long with closed-ends. The p i l e s ,  

dr iven wi th  a Link-Belt 520, a r e  designed f o r  110 tons  working load .  

Analysis o f  t h i s  combination of p i l e ,  hammer and s o i l  by use  of t h e  

wave equat ion  as shown i n  Figure  4.17 i n d i c a t e s  t h a t  t h e  p i l e  can no t  

achieve t h e  r equ i red  u l t i m a t e  c a p a c i t y  o f  220 tons  ( f a c t o r  o f  s a f e t y  = 

2.0) wi thout  f r eeze .  The e f f e c t  of f r e e z e  was considered f o r  t h e  varved 
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clay; however, t he  magnitude of f reeze was not known. P i le  driving and 

- - redriving da ta  from a project  i n  t h e  same s o i l  deposit  was analyzed with 

t he  use of t h e  wave equation and it was found t h a t  50 t o  100 tons per 

p i l e  could be a t t r ibu ted  t o  freeze.  The project  was designed for  a 165 

ton ult imate ( f ac to r  of sa fe ty  = 1 .5 )  a t  a recommended driving res i s -  

tance of 10  blows/in. as shown by the  wave equation analysis.  The 

e f fec t  of f reeze was expected t o  provide a f ac to r  of safety  of 2. Two 

load t e s t s  were performed as shown i n  Figure 4.17 and the t e s t s  indicated 

80 t o  90 tons of freeze as expected. 

4 .5  Design Tool 

The dynamics of driving p i l e s  with impact hammers has been ampli- 

f i ed  by independent ideal ized s tudies  of t he  parameters control l ing the 

generated force pulse i n  t he  head of t he  p i l e  and the s o i l  res is tance 

parameters a t  t he  p i l e  t i p .  The r e s u l t s  of t he  parameter study not only 

indicate r e l a t i v e  e f fec t s  of the parameters control l ing p i l e  driving,  but 

can be used as  a design too l .  

For example, consider a proposed 12 WF 106 p i l e  (impedance of - 
lbs-sec 

4500 
in. 

) and a design load of 150 tons with a factor  of sa fe ty  of 

2 (ult imate capacity 300 tons) .  The p i l e  i s  95 f't long and embedment 

i s  45 rt. The Vulcan 010 hammer i s  being considered. For 70% hammer 

efficiency, t h e  veloci ty  a t  impact is  approximately 12 f t / s e c  (Figure 

2.11). The standard cushion s i z e  f o r  a Vulcan 010 hammer i s  1 3  1/2 i n .  

i n  diameter and 10  in .  height.  The cushion mater ia l  can be selected 

for  maximum energy transmission o r  peak p i l e  force;  t he  c r i t e r i a  may 

not lead t o  t h e  same cushion requirements. The cushion should be 



se lec ted  such t h a t  t h e  peak p i l e  force  exceeds t h e  ul t imate capac i ty  of 

5 
- t h e  p i l e ;  it should i n  add i t ion  be as e f f i c i e n t  a s  possible i n  t r a n s m i t t i n g  

e n e r a .  

For maximum energy t ransmiss ion,  t h e  impedance r a t i o  r e l a t i o n -  

s h i p  (Equation 2.4) can b e  used t o  c a l c u l a t e  t h e  desired hammer cushion.  

6 
The range i n  ca lcu la ted  cushion s t i f f n e s s e s  i s  0.6 t o  2.2 x 10 l b s / i n .  

The desired cushion would be  a shor t  oak wood o r  asbestos s t a c k  ( 5  i n .  

he igh t ) ,  o r  a  long  aluminum-micarta s t ack  (20 i n .  he igh t ) .  An adap te r  

- would be required i n  o rder  t o  obta in  a s tack height  g rea te r  than 1 0  - 
inches. The generated weak force  with t h e  cushion f o r  maximum energy 

transmission can be  obtained i n  Figure 2.10. The range i n  peak fo rces  i s  

400 t o  480 k ips .  This range can be determined by i n t e r p o l a t i o n  between 

lbs-sec. 
For an u l t imate  capacity of 300 t o n s  impedances 2900 and 5800 in. 

o r  600 kips ,  a  g r e a t e r  cushion s t i f f n e s s  than t h e  s t i f f n e s s  f o r  maximum 

energy transmission i s  des i red .  
I 

I n  order t o  achieve a peak force  g r e a t e r  than the  u l t ima te  p i l e  

6 
capacity,  a  cushion s t i f f n e s s  of  approximately 10 x 10 l b s / i n .  is 

se lec ted  ( ~ i ~ u r e  2.10).  By i n t e r p o l a t i o n ,  t h e  peak force  i s  found t o  be 

about 660 k ips ;  t h e r e f o r e ,  t h e  des i red  cushion mate r i a l  would b e  aluminum- 

micar ta  with a s t a c k  he igh t  of 7 i n .  The maximum dr iv ing s t r e s s e s  equal  

22 k s i .  The '(-inch cushion i s  s t i f f e r  t h ~ n  t h a t  f o r  maximum energy t r a n s -  

mission bu t  i s  r equ i red  t o  achieve e f f i c i e n t  penet ra t ion .  

The wave equation ana lys i s  (Smith's lumped mass-spring model) 

of the  p a r t i c u l a r  example was a l s o  performed with t h e  r e s u l t s  shown i n  

Figure 4.18. The cushion s e l e c t e d  was aluminum-micarta. As seen from 

Figure 4.18, t h e  d r i v i n g  r e s i s t a n c e  of  approximately 10 blows/in. w i l l  

achieve the  u l t ima te  capac i ty  of 300 tons .  Ten h m e r  blows p e r  inch  i s  
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a p r a c t i c a l  l i m i t  f o r  driving res i s tance .  This correla t ion of t he  ideal ized 

- s tud ies  of parameters and the wave equation analysis  indicates t h a t  the  

idea l ized  studces can be used as a preliminary design too l .  The advantage 

of t h i s  design t o o l  is t h a t  no computer analysis i s  necessary and only 

simple calculat ions  along with t he  r e s u l t s  incorporated herein a r e  required. 

4.6 Wave Equation Analysis Versus Enerm Formulas 

I n  t h e  l a s t  century, energy formulas have been widely used t o  pre- 
- 

diet the  bearing capacity and dr iving cha rac t e r i s t i c s  of an individual 

p i l e .  Energy formulas are  based on conservation of energy where t he  

ra ted  hammer energy is equated t o  the  energy required for  p i l e  penetration 

plus energy losses ,  i . e .  nonuseful energy for  p i l e  peneiration.  

E = R s + losses  r u (1 t .4 )  

where s is  t h e  net  s e t  of t he  p i l e  per  hammer blow. Authors of energy 

1 
formulas have attempted t o  incorporate these losses  by empiricism and/or 

Newtonian impact. Newtonian impact denotes t h e  efficiency of impact of 

two f r e e  and massive bodies. The bodies i n  t h e  p i l e  analysis are  the  - 
ram (W1) and the p i l e  (W ). Also, t he  eff ic iency ( e  ) of the hammer is  

P f 

often included t o  take account of losses  pr ior  t o  impact. Energy formu- 

l a s  then take t h e  following form: 

where n i s  t h e  coeff ic ient  of r e s t i t u t i o n  for  i n e l a s t i c  behavior a t  i m -  

pact and e i s  a temporary s e t  .representing losses  such as temporary 

compression, p l a s t i c  deformation, e t c .  The e value takes many forms; it 



i s  usual ly  based on empiricism o r  s impl i f i ed  ca lcu la t ions .  m e  expression 

.. , - wl + n% 
accounts f o r  t h e  e f f i c iency  of Newtonian impact. w, + w 

P 

I n  r e a l i t y ,  t h e  p i l e  i s  a d i s t r i b u t e d  m a s s ,  not a concentrated 

mass, and is  'a lso  r e s t r a i n e d  by t h e  s o i l ;  t h e s e  f a c t s  v i o l a t e  Newton's 

impact theory .  These l i m i t a t i o n s  and de f ic ienc ies  o f  energy formulas a r e  

widely recognized,  b u t  no e f f e c t i v e  method was ava i l ab le  t o  replace  them 

u n t i l  r e c e n t l y .  

- The impact r e s u l t i n g  when a p i l e  hammer s t r i k e s  a p i l e  i s  a 

p r a c t i c a l  i l l u s t r a t i o n  of long i tud ina l  impact i n  e l a s t i c  rods.  The wave 

propagtition ana lys i s  at tempts t o  descr ibe  t h e  f o r c e  pulses generated and 

r e f l e c t e d  along t h e  p i l e ' s  l eng th .  The r e l a t i o n s h i p  between t h e  generated 
i 

pulse and t h e  s o i l  r e s i s t a n c e  d i .c ta tes  t h e  p i l e ' s  response t o  dr iv ing.  

Corre la t ions  of wave equation analyses with f i e l d  case  h i s t o r i e s  i l l u s t r a t e  

t h e  power of  t h i s  a n a l y t i c a l  t o o l .  It i s  a s i g n i f i c a n t  s t e p  forward i n  

t h e  a r t  of  p i l e  foundation design. 

The wave equation ana lys i s  and energy formulas a r e  both  mathe- 

mat ica l  t o o l s  used t o  achieve t h e  same goal ;  i - e .  t h e  use o f  a  dynamic' 

- ana lys i s  t o  p r e d i c t  d r iv ing  c a p a b i l i t y  and s t a t i c  load capacity a t  t h e  

time of d r iv ing .  Therefore, t h e  wave equation ana lys i s  f u l f i l l s  t h e  

funct ion of t h e  dynamic energy formulas i n  a more accurate and compre- 

hensive manner. 

With t h e  wave equation ana lys i s  e s t a b l i s h e d  as t h e  proper dynamic 

t h e o r e t i c a l  framework, t h e  de f ic ienc ies  o f  energy formulas can now be 

i n v e s t i g a t e d  with respec t  t o  t h e  hammer-pile-soil system. Nineteen 

d i f f e r e n t  and widely accepted energy formulas have been a r b i k r a r i l y  

s e l e c t e d  f o r  t h i s  i n v e s t i g a t i o n  as shown i n  Table A . l ,  Appendix A. The 



var iables  of t h e  hammer-pile-soil system included i n  t h e  energy formulas 

- discussed here in ,  a r e  l i s t e d  i n  Table 4 .1 .  

Many of t h e  energy formulas i n d i c a t e  t h a t  f o r  p i l e s  dr iven t o  t h e  

same s e t  o r  number of  blows/in. ,  t h e  capaci ty  is independent o f  p i l e  area 

o r  impedance. The importance of  p i l e  impedance o r  a r e a  f o r  t r a n s m i t t i n g  

t h e  force pulse and developing load capaci ty  has been exemplified by 

f i e l d  s tudies  and wave equat ion analyses (unmarked as shown i n  Table 4 . 1 ) .  

Where p i l e  impedance o r  o t h e r  va r iab les  a r e  taken i n t o  account i n  energy 

2 formulas they w i l l  be  marked with an X i n  Table 4 . 1 .  The l e t t e r  U i s  

used t o  denote t h a t  t h e  v a r i a b l e  has been t r e a t e d  u n s a t i s f a c t o r i l y ,  whereas 

a blank ind ica tes  t h a t  t h e  v a r i a b l e  is  ignored. 

Some of t h e  energy formulas at tempt t o  account f o r  t h e  e f f e c t  ; 

of p i l e  impedance o r  a r e a  by m e d s  of p i l e  weipat;  however, t h e  energy 

formulation penal izes  t h e  heav ie r  p i l e .  For the  same dr iv ing  r e s i s t a n c e ,  
W + n 2 W  

t h e  expression 1 
W. + W 

', which represen t s  Newtonian impact e f f i c i e n c y ,  
1 P 

decreases with an inc rease  i n  p i l e  weight;  t h e r e f o r e ,  t h e  ca lcu la ted  

ul t imate  p i l e  c a p a c i t i e s  decrease with increase  i n  p i l e  weight (Equation 

4 .5 ) .  In  r e a l i t y ,  u l t i m a t e  p i l e  c a p a c i t i e s  increase  with an increase  

- i n  p i l e  impedance (and weight)  because of t h e  improved a b i l i t y  t o  t r a n s -  

m i t  force. 

A c lose r  examination of  t h e  energy formulas and t h e  wave equat ion 

ana lys i s  shows t h a t  t h e  two approaches a r e  o f t en  i n  complete disagreement 

on t h e  bas i s  of  d r i v i n g  r e s i s t a n c e  alone. For i n s t a n c e ,  compare a l i g h t  

and a heavy p i l e  f o r  t h e  same s o i l  condi t ion ,  a v a i l a b l e  hammer energy, 

p i l e  length and embedment depth. I n  t h i s  problem, t h e r e  i s  no reason 

t o  suspect any d i f fe rence  i n  t h e  p i l e  capac i ty  between t h e  l i g h t  and 

heavy p i l e ;  however, t h e  d r i v i n g  c h a r a c t e r i s t i c s  w i l l  be d i f f e r e n t .  The wave 
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Table 4.1 

COMPARIGON OF WAVE EQUATION AAALYGIS AND WERGY FORMULAB 

Vari able8 

Energy Formula P i l e  Hammer P i l e  6011 Hammer Ram Drivehead 
Impedance Cushion Cushioning Resistance Energy Veloci ty Weight 

o r  Area E f f e c t  Dis t r ibu t ion  

1. Engineering Nsvs X 

2. Nodified Engineering News U 

3. Cov U 

4. V ~ C M  I r o n   work^ U 

3. Bureau of Yarde and Docks 

6. Rankine 

7. Dutch 

8. R i t t e r  

9 .  Eytelvein 

10.  navy-McKw 

11. Ganders 

12. Gate8 

13.  Daniah 

14. Janbu 

15. Hiley 

16. Redtenbacker 

17. P a c i f i c  C m a t  Uniform 
Bullding Code 

18. Canadian National 
Building Code X X X 

19. Olson and F l e s t e  X 

Wave Equation Analysis X X X X X X X 

Legend: Bl& Space - v a r i a b l e  no t  accounted for 

U - v a r i a b l e  u n s a t i s f a c t o r i l y  accounted f o r  

X - v a r i a b l e  accounted f o r  



equation a n a l y s i s  c l e a r l y  ind ica tes  t b a t  t h e  heavy p i l e  i s  a b e t t e r  t r a n s -  

- m i t t e r  of t h e  generated fo rce  pulse;  t h e r e f o r e ,  t h e  d r iv ing  res i s t ance  

would b e  lower a t  a given ul t imate  capac i ty  than f o r  t h e  l i g h t  p i l e .  

Energy formulas erroneously p red ic t  a h igher  capac i ty  f o r  t h e  h igher  

d r iv ing  r e s i s t a n c e ,  i . e .  f o r  t h e  l i g h t  p i l e  i n  t h i s  ins tance .  

The h m e r  cushion i s  instrumental  i n  shaping t h e  generated force  

pu l se ;  however, it i s  probably t h e  most overlooked considera t ion i n  p i l e  

dr iv ing.  The reason f o r  t h i s  neglect  can probably be  a t t r i b u t e d  t o  t h e  

- - f a c t  t h a t  most energy formulas completely ignore cushion s t i f f n e s s .  There 

a re  at tempts t o  account f o r  energy l o s s e s  i n  a cushion,  but  not f o r  the  

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

A p i l e  cushioning e f f e c t  due t o  damage, o r  a composite sec t ion ,  

can not be  accounted f o r  i n  energy formulas; however, t h e  wave equation 

analys is  can r e a d i l y  account f o r  damage o r  composite s e c t i o n  a t  any l o -  

ca t ion  along t h e  p i l e ' s  length .  

S o i l  r e s i s t a n c e  d i s t r i b u t i o n  i s  genera l ly  no t  accounted f o r  i n  

e n e r a  formulas;  however, t h e r e  a r e  attempts t o  account f o r  f r i c t i o n  

versus po in t  bea r ing  p i l e s  i n  some of t h e  formulas. 

The amount of h m e r  energy i n  terms of ram weight and ve loc i ty  

i s  taken i n t o  account f o r  a l l  energy formulas; however, t h e  e f f e c t s  of 

t h e  e n e r a  components (ram ve loc i ty  and ram weight)  a r e  not considered 

on an i n d i v i d u a l  basis. As  shown i n  t h e  previous d iscuss ion,  generated 

peak p i l e  f o r c e  i s  d i r e c t l y  propor t ional  t o  ram v e l o c i t y ;  t h e r e f o r e ,  

ram v e l o c i t y  i s  ins t rumenta l  i n  shaping t h e  force  pu l se .  The force  

pulse shape,  as shown i n  Chapter 3, i s  c r i t i c a l  f o r  achieving t h e  required 

p i l e  pene t ra t ion  and load capacity.  The e f f e c t  of drivehead weight on 

shaping t h e  p i l e  fo rce  pulse  a l s o  i s  not considered i n  any of t h e  energy 

formulas . 



172 

The aforementioned variables represent  l imit ing fac tors  of the  

hammer-pile-soil system affect ing p i l e  penetration and load capacity.  - 
However, it should be emphasized t h a t  t h e  weak l i nk  i n  t he  hammer-pile-soil 

system w i l l  control  driving behavior, i r r e spec t ive  of other var iab le  

changes. If several  parameters represent equally weak l inks ,  then a l l  

such parameters would have t o  be changed simultaneously i n  order t o  

achieve a s ign i f ican t  change i n  driving capabi l i ty .  As discussed herein ,  

t h e  wave equation analysis has t he  a b i l i t y  t o  account for  all t h e  s ign i -  

; f i c a n t  variables i n  the  hammer-pile-soil system, whereas energy formulas - 
possess inherent l imi ta t ions .  

Limitations of the  energy formulas c lear ly  revolve around the 

t ransmi t t ing  elements of t he  generated force pulse ,  i . e .  p i l e  impedance 
! 

o r  a r ea  pnd hammer cushion, as well as s o i l  considerations (See Table 4.1). 

These l imi ta t ions  do not mean t h a t  energ j  formulas can not be a valuable 

t o o l  if they are  properly used. Energy formulas are  readily usable and 

can be a Galuable too l  i f  they are empirically adjusted f o r  a pa r t i cu l a r  

d r iv ing  condition, i . e .  some given s o i l  condition,  p i l e  type and dr iving 

equipment. Load t e s t s  must be used as a bas i s  for  adjusting the par- 

t i c u l a r  energy formula used. Al thoua  energy formulas can be useful on 

a j o b t o  job bas i s ,  a proper t heo re t i ca l  fremework is  necessary t o  

consolidate and evaluate p i l e  driving experience for  the  purpose of ad- 

vancing the s t a t e  of the  a r t .  Wave propagation analyses are the proper 

t h e o r e t i c a l  treatment;  there  i s ,  however, a need for  more ref ined input 

da t a  f o r  hammer, p i l e  and s o i l  parameters. 



CHAPTER 5 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

5 . 1  - Conclusions 

Conclusions of a genera l  na ture  a r e  presented below. Deta i l s  

of  t h e s e  conclusions have been given at t h e  appropr ia te  places i n  indi -  

- v i d u a l  chapters .  

1. I n  order t o  achieve maximum p i l e  pene t ra t ion  and capacity 

f o r  a given a v a i l a b l e  energy, t h e  shape of t h e  force-  

time pulse i s  s i g n i f i c a n t .  

2. For a given p i l e ,  pene t ra t ion  and capac i ty  increase  with 

an increase  i n  t r ansmi t t ed  energy provided t h e  generated 

peak force  i s  g r e a t e r  than one-half t h e  u l t ima te  s o i l  re- 

s i s t a n c e  ( R ~ ) .  The e f f e c t  of  t h e  inc rease  i n  t ransmit ted  

energy i s  g r e a t e r  f o r  high than  f o r  low p i l e  impedances, 

a s  measured by pcA. 

3. For a given hammer, maximum energy can be  t r ansmi t t ed  t o  

t h e  p i l e  head by a proper match between p i l e  impedance 

and hammer impedance; t h e  Impedance Rat io ,  p ~ ~ / J m l k ' ,  should 

f a l l  between 0 .6  and 1.1. 

4. Lost energy accomplishes no p i l e  d r iv ing .  Energy l o s s e s  

inc rease  with an inc rease  i n  t h e  i n e l a s t i c  behavior of the  

cushion m a t e r i a l  (low c o e f f i c i e n t  of r e s t i t u t i o n ) ;  there-  

f o r e ,  t h e  i d e a l  cushion i s  one t h a t  possesses a c o e f f i c i e n t  

of  r e s t i t u t i o n  o f  u n i t y  ( l i n e a r  e l a s t i c ) .  



5. For high p i l e  impedances r e l a t i v e  t o  hammer impedance, t h e  

generated p i l e  force  pulses a r e  nea r ly  s inusoidal .  A s  t h e  

p i l e  impedance approaches t h a t  f o r  t h e  b e s t  match of hammer 

and p i l e  (providing maximum t r a n s m i t t e d  energr ) ,  t h e  fo rce  

pulses  have a damped s inuso ida l  shape. Osc i l l a to ry  forces  

a r e  present  during t h e  unloading por t ion  of  t h e  force  pu l se  

f o r  lor1 p i l e  impedances. 

6 .  The r e l a t i o n s h i p s  f o r  maximum p i l e  penet ra t ion  o r  maximum 

s e t  per hemmer blow with respec t  t o  t h e  shape and dura t ion 

of  t h e  t i p  fo rce  pulse a r e  summarized below f o r  a  given 

endrgy inpu t :  

i' 
( p i l e  peek f o r c e )  

a )  For + -, maximum p i l e  
Ru(ul t imate  s o i l  s p r i n g  fo rce )  

penet ra t ion  occurs with no s o i l  r e s i s t ance .  

F  
b )  For 

( $ i l e  peak fo rce )  > 1, p i l e  penetra-  
Ru(ultirnate s o i l  sp r ing  f o r c e )  

t i o n  increases  with an i n c r e a s e  i n  time dura t ion,  and 

i s  influenced r e l a t i v e l y  l i t t l e  by peak force .  

F  
( p i l e  penk f o r c e )  

c )  For < 1, and > 1 / 2 ,  
Ru(ul t imate  s o i l  s p r i n g  fo rce )  

p i l e  penet ra t ion  i s  p r imar i ly  dependent on peak fo rce ,  

and i s  influenced r e l a t i v e l y  l i t t l e  by dura t ion.  

F  ( p i l e  peak fo rce )  
d) For - < 1/2, no ne t  

Ru(ul t imate  s o i l  s p r i n g  f o r c e )  

p i l e  pene t ra t ion  and only e l a s t i c  deformations occur.  



7. Peak p i l e  force  is  d i r e c t l y  propor t ional  t o  ram ve loc i ty  

a t  impact provided t h e  p i l e  behaves e l a s t i c a l l y .  Duration 

of t h e  fo rce  pulse  i s  independent of t h e  ram ve loc i ty .  The 

peak force  d a t a  presented h e r e i n  f o r  d i f f e r e n t  hammer and 

p i l e  p roper t i e s  can be  used as a guide f o r  s t r u c t u r a l  de- 

s ign of t h e  p i l e  t o  wi ths tand d r iv ing .  

8. Ram weight a f f e c t s  both peak p i l e  fo rce  and pulse durat ion.  

If t h e  ram weight i s  doubled, t h e  peak p i l e  force  i s  s l i g h t l y  

increased ( l e s s  than  25%); t h e  maximum increase  occurs 

f o r  high p i l e  impedances. Pulse durat ion i s  approximately 

propor t ional  t o  t h e  square r o o t  o f  thd  ram weight. 

9 .  Hammer cushion p roper t i e s  can b e  conveniently se lec ted  i n  

order t o  con t ro l  t h e  shape o f  t h e  fo rce  pulse as we l l  as 

t o  match p i l e  and hammer c h a r a c t e r i s t i c s .  The peak force 

generated i n  a p i l e  with an aluminum-micarta cushion ( s t i f f )  

i s  approximately double t h a t  generated with a pine plywood 

cushion ( s o f t ) .  Pulse dura t ions  f o r  the  s o r t  cushions a r e  

l a r g e r ,  by a f a c t o r  of 3 t o  5 ,  than  t h e  pulse length gene- 

r a ted  by s t i f f  cushions. 

1 0 .  I n  general ,  equivalent  l i n e a r  hammer cushions derived from 

appropr ia te  secant  moduli and used i n  analys is  a re  i n  c lose  

agreement with t h e  r e a l  behavior  of  nonlinear cushions. 

11. I n e l a s t i c  behavior of  hammer cushions leads  t o  a t t enua t ion  

of peak p i l e  fo rces  only f o r  low p i l e  impedances. I n e l a s t i c  

behavior causes a t t e n u a t i o n  of  dura t ion  of  t h e  force pulse  



for  a l l  p i l e  impedances; therefore ,  the pulse length 

decreases with an increase i n  t h e  degree of cushion in- 

e l a s t i c i t y .  

12. For given hammer conditions, generated peak p i l e  force in- 

creases approximately i n  proportion t o  the  p i l e  impedance 

(o r  area)  f o r  low impedances. The proportion decreases 

for  high p i l e  impedances. Pulse duration i s  approximately 

inversely proport ional  t o  p i l e  impedance. 

13. Low impedance p i l e s  are  more e f f i c i en t  with respect t o  

dr iving (more s e t  per  blow) a t  low driving res i s tances  

because t h e  force pulse i s  longer. Ifowever, high impe- 

dance p i l e s  a r e  more capable of being driven t o  a  high 

load capacity because of t h e i r  a b i l i t y  t o  form and 

transmit high peak forces .  

1 4 .  Greater penetrat ion and higher load capacity can be ob- 

ta ined by redr iv ing  pipe p i les  a f t e r  concreting. P i l e  

impedance is  increased by concreting. 

15.  A mandrel o r  dr ive core i s  an e f fec t ive  means of obtaining 

the impedance required for  driving.  

16. P i l e  damage caused by p i l e  driving has the  e f f e c t  of 

lowering p i l e  impedance i n  t he  damaged zone; therefore ,  

the  dr iving capabi l i ty  of a  damaged p i l e  i s  lower than f o r  

an equivalent undamaged p i l e .  

17. Length of t h e  p i l e  a f f ec t s  interference with t h e  generated 

force pulse by r e f l ec t ions  from the  p i l e  t i p .  Reflections 



can a i d  o r  r e t a r d  p i l e  pene t ra t ion .  Shor ter  p i l e s  a r e  

l i k e l y  t o  be  more e f f i c i e n t  and achieve higher  capacity 

f o r  low p i l e  impedances. For high p i l e  impedances, p i l e  

length  does not s i g n i f i c a n t l y  a l t e r  e i t h e r  d r iv ing  e f -  

f i c i ency  o r  load  capaci ty .  

18. P i l e  pene t ra t ion  behavior  may not be p a r t i c u l a r l y  sens i -  

t i v e  t o  s o i l  parameters (quake and damping) along the  s i d e  

of p i l e s .  

19 .  I f  t h e  f r i c t i o n a l  r e s i s t a n c e  ac t ing  on a given p i l e  segment 

(increment of  l e n g t h )  i s  examined, t h e  p i l e  peak force  i n  

general  g r e a t l y  exceeds t h e  s o i l  r e s i s t ance .  Thus, t h e  

fo rce  pulse can pass  through many segments without se r ious  

a t t enua t ion .  However, i f  a l l  s o i l  r e s i s t a n c e  i s  concen- 

t r a t c d  a t  t h e  p i l e  t i p ,  t h e  d i s p a r i t y  between p i l e  t i p  

force  and t o t a l  r e s i s t a n c e  is  not l a r g e  and e f f i c i e n c y  

of p i l e  pene t ra t ion  diminishes. 

20. An inc rease  i n  both  s o i l  quake and s o i l  damping a t  t h e  

p i l e  t i p  decreases t h e  ef fec t iveness  of a given p i l e  fo rce  

pulse .  The d i f f e r e n c e  i n  behavior with respec t  t o  changes 

i n  quake a r e  not s i g n i f i c a n t  f o r  low p i l e  impedances; 

however, t h e  d i f fe rences  a r e  marked f o r  high p i l e  impe- 

dances. An i n c r e a s e  i n  t h e  damping f a c t o r  decreases 

d r iv ing  a b i l i t y  f o r  a l l  p i l e  impedances. 

21. A l l  dynamic ana lyses ,  inc luding both t h e  wave equation 

and e n e r a  formulae, consider the  r e l a t i o n s h i p  between 



d r i v i n g  r e s i s t a n c e  and load  c a p a c i t y  a t  t h e  time of 

d r i v i n g ;  however, d i f ferences  i n  s o i l  p r o p e r t i e s  o f t e n  occur 

a f t e r  d r i v i n g  and cause a  d iscrepancy between s t a t i c  and 

dynamic p i l e  load  capaci ty .  This  discrepancy can be  termed. 

s o i l  f r e e z e  o r  r e l a x a t i o n .  An accumulation o f  informat ion  

on l o a d  t e s t s  and r e d r i v i n g  d a t a  c o r r e l a t e d  with wave 

equation analyses  as a r e fe rence  framework provides 

empi r i ca l  d a t a  on f r eeze  and r e l a x a t i o n  t h a t  can be  e f -  

f e c t i v e l y  used i n  pi1.e foundation des ign .  

22. With t h e  a i d  of wave propagation a n a l y s i s  and f i e l d  case  

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

capaci ty  a r e  summarized below i n  t h e  order  they a r e  l i k e l y  

t o  be  encountered i n  p r a c t i c e :  

1) P i l e  - I n s u f f i c i e n t  impedance o r  c ross-sec t ional  a rea .  

2 )  IIammer Cushion - Too s o f t .  

3) P i l e  Cushioning Effec t  - P i l e  damage o r  a  change i n  

p i l e  c ross-sec t ion .  

4) S o i l  Res is tance  - Too much p o i n t  bea r ing ,  o r  s o i l  

r e l a x a t i o n .  

5 )  Hammer Energy - I n s u f f i c i e n t .  

23. It should b e  emphasized t h a t  t h e  weak l i n k  i n  t h e  hammer- 

p i l e - s o i l  system w i l l  c o n t r o l  d r i v i n g  behavior ,  i r r e s p e c t i v e  

of o t h e r  parameters .  I f  s e v e r a l  parameters a r e  equa l ly  

weak, then  all t h e  weak parameters would have t o  be  changed 

simultaneously i n  order  t o  achieve  any e f f e c t i v e  change i n  

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



24. For p i l e  d r i v i n g ,  t h e  wave equat ion ana lys i s  and energy 

formulas a r e  mathematical t o o l s  used t o  achieve the  same 

goal ,  namely, t h e  use o f  a dynamic ana lys i s  t o  p red ic t  

d r iv ing  c a p a b i l i t y  and s t a t i c  load  capaci ty .  However, t h e  

l i m i t a t i o n s  of energy fo rmdas  include f a i l u r e  t o  take  

i n t o  account properly t h e  t r a n s m i t t i n g  elements ( p i l e  

impedance o r  a r e a ,  hammer cushion,  drivehead) and ram 

ve loc i ty  as  they a f f e c t  the  generated fdrce  pulse.  Energy 

formulas a l s o  do not account f o r  s o i l  considera t ions  ( d i s -  

t r i b u t i o n ,  y i e l d  c r i t e r i o n  and damping), and they do not 

provide a s t r e s s  ana lys i s  i n  t h e  p i l e .  

25 .  Corre la t ions  of wave equation analyses with f i e l d  case 

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

It i s  a s i g n i f i c a n t  s t e p  forward i n  t h e  a r t  of  p i l e  

foundation design. 

5.2 Suggestions f o r  Future Research - 
The u l t ima te  goal  i n  p i l e  foundation design is a general  under- 

s tanding of both  p i l e - s o i l  i n t e r a c t i o n  during i n s t a l l a t i o n ,  and the  in-  

t e r a c t i o n  of s u p e r s t r u c t u r e ,  p i l e s  and s o i l  a f t e r  const ruct ion.  There- 

fore ,  a b e t t e r  understanding of p i l e  group behavior is needed. Because 

of t h e  d i f f i c u l t y  i n  obta in ing d a t a  on the  behavior of p i l e  groups, t h e  

following suggest ions  w i l l  be d i r e c t e d  towards achieving a b e t t e r  under- 

s tanding o f  s i n g l e - p i l e  behavior ,  which is  a d e s i r a b l e  s t a r t i n g  point  

i n  p i l e  foundat ion design. 
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In an e f f o r t  t o  pred ic t  p i l e  performance i n  a var iable  s o i l  

p rof i le ,  p i l e  dr ivers  a r e  placed i n  a ra ther  unique dual r o l e ,  namely, 

a contractor's dr iving t o o l  and an engineer's measuring instrument. The 

driving res is tance t o  p i l e  penetration i n  terms of hammer blows per un i t  

s e t  i s  a measure of t h e  p i l e ' s  a b i l i t y  t o  support load. With t h e  inherent 

var iab i l i ty  of s o i l  p ro f i l e s ,  attainment of a prescribed dr iving r e s i s -  

tance i s  an assurance t h a t  t he  desired p i l e  capacity i s  achieved; there- 

fore ,  dynamic analysis  of single-pile behavior is  of great p r a c t i c a l  i m -  
- 

portance. 

Though t h e  wave propagation analysis i s  qui te  useful,  more 

f i e l d  data must be gathered and analyzed t o  es tab l i sh  more accurately 

t he  input parameters. Be t t e r  input information i s  required f o r  hamme? 

properties such as the  e f f ec t  of combustion i n  d iese l  hammers, impact 

velocity (hammer eff ic iency)  and hammer cushion s t r e s s - s t r a in  data .  

More accurate s o i l  information i s  needed on damping, quake,, and dynamic 

versus s t a t i c  proper t ies .  

The complexity of d i e se l  hammers as force generators i s  charac- 

te r ized  by the almost simultaneous occurrences of combustion and impart - 
forces. Information on t h e  occurrence of the  combustion with respect t o  

impact and combustion gas forces are  lacking. Hammer instrumentation 

i s  required for  inves t iga t ion  of t he  in te rac t ion  of ram impact and com- 

bustion i n  order t o  determine components of the  generated force pulse. 

t40re hammer input data  on ram veloci ty  a t  impact and cushion 

properties are needed. Ram velocity a t  impact f o r  dif ferent  hammers 

should be measured during f i e l d  driving and correla ted with hammer 

parameters such as speed, s t roke ,  posi t ion e tc . ,  i n  order t o  develop 



more r e l i a b l e  r e l a t i o n s h i p s  with hammer e f f i c i e n c y .  Ram v e l o c i t y  i s  

important i n  shaping t h e  generated force pu l se .  H m e r  cushion d a t a  is 

a v a i l a b l e  f o r  common m a t e r i a l s  such a s  wood and aluminum-micarta; however, 

d a t a  i s  needed f o r  o t h e r  m a t e r i a l s  such a s  wi re  rope ,  wood chips ,  rope  

e t c .  Also, t h e r e  is  a need t o  f i n d  more e f f i c i e n t  m a t e r i a l s  f o r  hammer 

cushions. The c a p a b i l i t y  of changing cushion behavior  dur ing  d r iv ing  

; would be  d e s i r a b l e .  For easy d r i v i n g ,  a  s o f t  cushion i s  d e s i r a b l e ,  

whereas a s t i f f  cushion i s  needed f o r  hard  d r i v i n g  i n  o rde r  t o  achieve 

high peak f o r c e s .  

Analysis  of f i e l d  measurements of genera ted  p i l e  forcps should 

be d i r e c t e d  towards de terminat ion  of t h e  s o i l  r e s i s t a n c e  bo th  at  t h e  p i l e  

t i p  and a long t h e  s i d e .  Quake and damping can b e  v a r i e d  i n  t h e  wave 

equation a n a l y s i s ;  t h e  a n a l y s i s  can be  forced  t o  match p i l e  fo rce  

measurements i n  o r d e r  t o  deduce t h e  proper s o i l  parameters .  S o i l  para- 

meters should be  c o r r e l a t e d  wi th  index p r o p e r t i e s  o f  t h e  s o i l .  Also, 

s o i l  d a t a  must b e  accumulated a long with load  t e s t  d a t a  f o r  development 

- 
of procedures t h a t  a l low t h e  magnitude o f  f r e e z e  (se t -up)  o r  r e l a x a t i o n  

t o  be  p red ic t ed .  

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

need i n v e s t i g a t i o n  on a hndamenta l  b a s i s .  D i f f e r e n t  boundary condi- 

t i o n s  of p i l e  l e n g t h  cause fo rce  r e f l e c t i o n s  t o  change t h e  p i l e  force  

pulse.  The e f f e c t  of r e f l e c t i o n s  coupled wi th  a t t e n u a t i o n  due t o  s o i l  

d i s t r i b u t i o n  need i n v e s t i g a t i o n  wi th  r e spec t  t o  t h e  f o r c e  pulse  shape 

(peak and d u r a t i o n ) .  The p i l e  head and s o i l  t i p  model were s tud ied  

sepa ra te ly  h e r e i n ;  however, f u t u r e  research  should  invo lve  coupling t h e  



two systems t o g e t h e r  t o  s tudy t h e  p i l e  l eng th  and s o i l  d i s t r i b u t i o n  e f f e c t .  

It i s  hoped t h a t  t h i s  w i l l  l e a d  t o  approximate methods of p r e d i c t i n g  peak 

compressive and t e n s i l e  fo rces  i n  t h e  p i l e  without  r e s o r t i n g  t o  a full 

wave equation a n a l y s i s .  This i n  tu rn -  w i l l  allow. r a t i o n a l  s t r u c t u r a l  des ign  

of t h e  p i l e  t o  r e s i s t  d r iv ing .  



REFERENCES 

Airhar t ,  T. P. ,  T. J. Hirsch and H. M. Coyle, (19671, "Pile-Soil  
System Response i n  Clay as  a Function of Excess Pore Water P ressu re  
and Other  S o i l  P roper t i e s , "  Texas Transpor ta t ion  I n s t i t u t e ,  Research 
Report 33-8, Texas A & M Univers i ty ,  September. 

Bender, C. H . ,  Jr., C .  G .  Lyons and L. L. Lowery, Jr., (19691, "Applicat ions 
of Wave-Equation Analysis  t o  Offshore P i l e  Foundations," Offshore 
Technology Conference, Houston, Texas, May 19-21. 

Bishop, A. W. and C. E. B l i g h t ,  (1963),  "Some Aspects of E f f e c t i v e  S t r e s s  
i n  S a t u r a t e d  and P a r t l y  Sa tu ra ted  S o i l s  ," Geotechnique, Vol. 13, 

- pp- 177-197. 

Casagrande, A .  , and W .  L. Shannon, 8 "Strength of S o i l s  Under Dynamic 
Loads," Proceedings ASCE, Vol. 74, No. 4 ,  pp. 591-608. 

Chan, P. C . ,  T. J. Hirsch and H. M.  Coyle, (1967),  "A Laboratory Study o f  
Dynamic Load-Deformation and Damping P r o p e r t i e s  o f  Sands Concerned 
with a p i l e - S o i l  System," Texas Transpor ta t ion  I n s t i t u t e ,  Research 
Report Texas A & M Unive r s i ty ,  January. 

Che l l i s ,  R. D . ,  (1961),  P i l e  Foundation,Second E d i t i o n ,  McGraw-Hill, New 
York, 704 p.  

Coyle, H. M. , and L. C .  Reese, (1966),  "Load Transfer  f o r  Axia l ly  Loaded 
P i l e s  i n  Clay," Journa l  of t h e  S o i l  Mechanics and Foundations Division,  
ASCE, Vol. 92 No. SM2, Proc. Paper 4702, pp. 1-26. 

Coyle, H .  M . ,  and G. C .  Gibson, (1970),  "Empirical Damping Constants f o r  
Sands and Clays," Journa l  of t h e  S o i l s  Mechanics and Foundations 
Divis ion ,  ASCE, Vol. 96, No. SM3, Proc. Paper 7296, pp. 949-965. . - 

Cuwnings, A. E., (1940) ,  "Dynamic P i l e  Driving Formulas," Contr ibut ions 
t o  S o i l  Mechanics.1925-1940, Boston Socie ty  o f  C i v i l  Engineers ,  
Boston, pp. 392-413. 

Cunny, R.  W .  and R .  C .  S loan ,  (1962), "Dynamic Loading Machine and Resul t s  
of Pre l iminary  Small-Scale Footing Tes ts ,"  Symposium on S o i l  Dynamics, 
ASTM S p e c i a l  Technical  Pub l i ca t ion  No. 305, pp. 65-77. 

Davisson, M. T.,  (1969), Personal  Comunicat ion.  

1) 
Davisson, M. T., (1970),  "Design P i l e  Capacity, Conference on Design 

and I n s t a l l a t i o n  of P i l e  Foundations and C e l l u l a r  S t r u c t u r e s ,  Lehigh 
Unive r s i ty ,  A p r i l  13-15. 



( 1  Davisson, M. T., and V. J. McDonald, (1969), Energy Measurements 
f o r  a Diese l  Harmner," Performance o f  Deep Foundations, ASTM STP 4 4 4 ,  
PP. 295-337. 

Donnell,  L. H . ,  (19301, "Longitudinal Wave Transmission and Impact," 
Transact ions ,  ASME, Vol. 52, Paper APM-52-14. 

Edwards, T.  C . ,  (1967),  " P i l i n g  Analysis Wave Equation Computer Program 
U t i l i z a t i o n  Manual," Texas Transpor ta t ion  I n s t i t u t e ,  Research 
Report 33-11, Texas A & M Univers i ty ,  August, 40 p. 

E ibe r ,  R .  J . ,  (1958),  "A Prel iminary Laboratory I n v e s t i g a t i o n  of t h e  
P red ic t ion  of S t a t i c  P i l e  Res is tance  i n  Sand," Master ' s  Thesis ,  
Case I n s t i t u t e  of Technology. 

Fe ld ,  J . ,  (1957),  i is cuss ion i n  Sess ion  6-pi l ing  and P i l e d  Foundations," 
Proceedings of t h e  Fourth I n t e r n a t i o n a l  Conference on S o i l  
Mechanics and Foundation Engineering,  London, Vol. 3,  pp. 180-101. 

Forehand, P. W .  and 3 .  L. Reese, Jr., (1963),  " P i l e  Driving Analysis 
11 Using t h e  Wave Equation,  M.S. Thes is ,  Pr ince ton  Univers i ty ,  

P r ince ton ,  New Je r sey .  

Forehand, P. W .  and J. L. Reese, Jr., (1964), "Predic t ion  of P i l e  
Capacity by t h e  Wave Equation," Journa l  of t h e  S o i l  Mechanics 
and Foundations Divis ion ,  RSCE, Vol. 90, No. SM2, Proc. Paper 
3820, March, pp. 1-25. 

Fox, E. N . ,  (1932),  " s t r e s s  Phenomena Occurring i n  P i l e  ~ r i v i n g , "  
Engineering, London, Vol. 134, pp. 263-265. 

Gibson, G. C .  and H. M. Coyle, (1968), "Soil  Damping Constants Related 
t o  Common S o i l  P r o p e r t i e s  i n  Sands and Clays," Texas Transporta- 
t a t i o n  I n s t i t u t e ,  Research Report 125-1, Texas A & M Unive r s i ty ,  
September, 28 p .  

G lanv i l l e ,  W .  H . ,  G. Grime, E. N. Fox and W. W.  Davies, (1938),  "An i /  
I n v e s t i g a t i o n  of t h e  S t r e s s e s  i n  Reinforced Concrete P i l e s  dur ing  " 

Driving," B r i t i s h  Bui ld ing  Research Board Technical  Paper No. 20, 
D .  S. I .  R. 

Goble, G. G . ,  R .  H.  S c m l a n  and J. J. Tomko, (1967) ,  "Dynamic S tud ies  
on t h e  Bearing Capaci ty of P i l e s , "  Presented  t o  t h e  Ilighway 
Research Board Annual Meeting January 18, Case I n s t i t u t e  of 
Technolofg, 63 p. 



Goble, G.  G . ,  J. J.  Tomko, F. Rausche and P. M, Green, (1968), "Dynamic 
Studies  on t h e  Bearing Capacity of P i l e s , "  Vol. 1 and Vol. 2 ,  Report 
No. 31, Case Western Reserve Univers i ty ,  Ju ly .  

Goldsmith, W . ,  (1961.1, Impact,  The Theory and Physical  Behaviour o f  
Col l id ing  S o i l d s  , Arnold LTD. , London, 379 p. 

Graf f ,  C. R . ,  (1965), "The Wave Equation and P i l e  Driving," Foundation 
Fac t s ,  Vol. I ,  No. 2, p .  8. 

Hagerty, D. J . ,  (1969),  "Some Heave Phenomena Associated with P i l e  Dr iv ing ,"  
Ph.D. Thesis ,  Un ive r s i ty  o f  I l l i n o i s ,  Urhana, I l l i n o i s .  

Healy, K.  A., (1962), "The Response of S o i l s  t o  Dynamic Loadings, Report 11: 
I T r i a x i a l  Tests  upon S a t u r a t e d  Fine S i l t y  Sand ," U. S. Army Engrs . , 

- Waterways Experiment S t a . ,  Vickshurg, Miss. 

I Heising,  W. P . , (1955 ) , Discuss ion ,  "Impact and Longitudinal Wave Transmission, " 
Transactions ASME, August, pp. 971-972. 

Hirsch ,  T. J.,  (1966),  "Fundamental Design and Driving Considerat ions f o r  4,'. 1 : 

'I Concrete P i l e s , "  Highway Researc? Record, Number 147,  Highway Research Ji t 
?"  I 

.. . Board, pp. 24-34. i 
Hirsch,  T. J. and C .  H .  Samson, Jr. . ,  (1966),  "Driving P r a c t i c e s  for  

P res t r e s sed  Concrete P i l e s , "  Texas Transpor ta t ion  I n s t i t u t e ,  
Research Report 33-3, Texas A & M Univers i ty ,  A p r i l ,  6 p. 

B 
Hirsch,  T. J .  and T. C .  Edwards, (1966),  "Impact Load-Deformation P r o p e r t i e s  

of P i l e  Cushioning Mater ia ls , "  Texas Transpor ta t ion  ~ n s t i t u t e ,  Re- 
search  Report 33-11, Texas A & M Univers i ty ,  M a y ,  1 2  p. 

Housel, W. S . ,  (1965). "Michigan Study of P i l e  Driving Hammers," Journa l  
of t h e  S o i l  Mechanics and Foundations Divis ion ,  ASCE, Vol. 91, No. 
SM5, Proc. Paper 4483, pp. 37-64. 

# 

I r e l a n d ,  H. O . ,  (1957),  "Pu l l ing  Tes t s  on P i l e s  i n  Sand," Proceedings of 
t h e  Fourth I n t e r n a t i o n a l  Conference on S o i l  Mechanics and Foundation 
Engineering, London, Vol. 2 ,  pp. 43-45. 

I r e l a n d ,  H. O., (1966),  "The Conduct and I n t e r p r e t a t i o n  of P i l e  Loading 
Tes ts ,"  Seminar Sponsored by Foundation and S o i l  Mechanics Group, 
Metropoli tan S e c t i o n ,  ASCE, New York, A p r i l  12-13, M e y  10-11. 

I saacs ,  D. V. ,  (1931), "Reinforced Concrete P i l e  Formulae," Journal  of t h e  // 
I n s t i t u t i o n  o f  Engineers A u s t r a l i a ,  Transact ions ,  Vol. 12 ,  pp. 305-323. 

Johnson, C .  L. ,  (1956), Analog Computer Techniques, McGraw-Hill Book Company, 
I n c . ,  New York. 



Jones ,  R . ,  N .  W.  L i s t e r  and E. N .  Thrower, (1966),  "The Dynamic Behavior 
o f  S o i l s  and Foundations," Proceedings o f  Symposium on Vibration i n  
C i v i l  Engineering, Imperial  College, London, pp. 121-140. 

Kane, H . ,  Davisson, M. T., R .  E. Olson and G.  K .  Sinnamon, (1964),  "A Study 
of t h e  Behavior o f  a Clay under Rapid and Dynamic Loading i n  t h e  One- 
Dimensional and T r i a x i a l  Tests ,"  Report No. RTD TDR-63-3116, A i r  Force 
Weapons Lab. 

K e r i s e l ,  J., (1961), "Fondations Profondes en M i l i e u  Sableux," Proceedings 
of t h e  F i f t h  I n t e r n a t i o n a l  Conference on S o i l  Mechanics and Foundation 
Engineering, Montreal,  Vol. 2 ,  pp. 73-83. 

K e r i s e l ,  J . ,  (1964), "Deep Foundations, Basic Experimental Facts  ," Proceedings 
o f  North American Conference on Deep Foundations, Mexico City.  

Kolsky, H . ,  (1963), S t r e s s  Waves i n  S o l i d s ,  Dover, New York, 213 p.  

Korb, K.  W .  and H.  M. Coyle, (1969), "Dynamic and S t a t i c  Fie ld  Tests on a 
Small Instrumented P i l e , "  Texas Transpor ta t ion  I n s t i t u t e ,  Research 
Report 33-12, Texas A & M Univers i ty ,  February, 24 p.  

Korn, G.  A. and T.  M. Korn, (1956),  E lec t ron ic  Analog Computers, 2nd. Ed.,  
McGraw-Hill Company, I n c . ,  New York. 

Lee, L. L., Jr., T. C.  Edwards and T. J. Hirsch,  (1968), "Use of  t h e  Wave 
Equation t o  Pred ic t  S o i l  Resistance on a P i l e  During Driving," 
Texas Transportat ion I n s t i t u t e ,  Research Report 33-10, Texas A & M 
Universi ty,  August, 32 p.  

Lowery, L. L., Jr., T. J. Hirsch and C.  H .  Samson, Jr . ,  (1967),  "P i l e  
Driving Analysis - Simulation of H m e r s  , Cushions, P i l e s ,  and 
S o i l  ," Texas Transpor ta t ion  I n s t i t u t e ,  Research Report 33-9, Texas 
A & M Universi ty,  August, 81 p. 

Lowery, L. L . ,  Jr., J .  R.  F in ley ,  Jr. and T.  J .  Hirsch, (1968), "A Compuri- - son of Dynamic P i l e  Driving Formulas with Wave Equation," Texas 
Transportat ion I n s t i t u t e ,  Research Report 33-12, Texas A & M 
Universi ty,  August, 16 p. 

Lowery, L. L . ,  Jr.,  T. J. Hirsch, T. C.  Edwards, H.  M. Coyle end C .  H .  Samson, 
Jr., (1969), " p i l e  Driving Analysis - S t a t e  of t h e  Art," Texas Trans- 
por ta t ion  I n s t i t u t e ,  Research Report 33-13, Texas A & M Univers i ty ,  
January, 79 P . 

Lowery, L. L . ,  Jr., T. C. Edwards and J. R. F in ley ,  Jr., (1969),  "Increasing 
t h e  Abi l i ty  t o  Drive Long Off-Shore P i l e s , "  Offshore Technology Con- 
ference,  Houston, Texas, Msy 15-21. 

Mansur, C. I . ,  A. H. Hunter and M. T. Davisson, (1964), "Pi le  Driving and 
Loading Tests ,  Lock and Dam No. 4 ,  .&kansas River and T r i b u t a r i e s , "  
U. S .  Army Engineer D i s t r i c t ,  L i t t l e  Rock, 82 p.  

Meyerhof, G. H., (19511, "The Ultimate Bearing Capacity o f  Foundations," 
Geotechnique, Vol. 2 ,  pp. 301-332. 



,, Ideyerhof, G .  G . ,  (1959),  "Compaction o f  Sands and Bearing Capacity of P i l e s ,  
Proceedings ASCE, Vol. 85, No. SM6, pp. 1-29. 

Michigan S t a t e  Highway Commission, (19651, "A Performance I n v e s t i g a t i o n  
,t of P i l e  Driving Hammers and P i l e s ,  Research P r o j e c t  61 F-60, Lansing. 

Mosley, E. T . ,  (1967),  "Wave Equation Analys is ,"  Foundation Fac t s ,  Vol. 3 ,  
No. 2,  pp. 15-17. 

Mosley, E. T. and T. Raamot, (1970) ,  " P i l e  Driving Formulas," Paper p resen ted  
a t  Highway Research Board Annual Meeting, January.  

Nordlund, R.  L . ,  (1963), "Bearing Capaci ty of P i l e s  i n  Cohesionless s o i l s , "  
Journal  of t h e  S o i l  Mechanics and Foundations Divis ion ,  ASCE, Vol. 89,  
No. SM3, Proc. Paper 3506, pp. 1-35. 

- 
Olson, R .  E. and J. F. Pa ro la ,  (1967) ,  "Dynamic Shearing P r o p e r t i e s  o f  Compacted 

11 Clay, Proceedings of I n t e r n a t i o n a l  Symposium on Wave Propagation and 
Dynamic P r o p e r t i e s  of Ear th  M a t e r i a l s ,  Albuquerque, New Mexico, 
pp. 173-182. 

Olson, R .  E. and K. S. F l a a t e ,  (1967) ,  "Pile-Driving Formulas f o r  F r i c t i o n  
P i l e s  i n  Sand," Journa l  o f  t h e  S o i l  Mechanics and Foundations Div i s ion ,  
ASCE, Vol. 93, No. S M ~ ,  Proc. Paper  5604, pp. 279-296. 

Parsons,  J. D . ,  (1966) ,  " p i l i n g  D i f f i c u l t i e s  i n  t h e  New York Area," Journa l  
of t h e  S o i l  Mechanics and Foundations Division,  ASCE, Vol. 92 ,  No. 
S m ,  Proc. Paper 4617, pp. 43-64. 

Peck, R. B.,  (1958), "A Study of t h e  Comparative Behavior of k r i c t i o n  P i l e s , "  
Highway Research Board, S p e c i a l  Report  36, 72 p. 

Raamot, T., (1967) ,  "Analysis of P i l e  Dr iv ing  by t h e  Wave Equation," Founda- 
t i o n  F a c t s ,  Vol. 3 ,  No. 1, pp. 10-12. 

- Raamot, T. (1967), "Wave Equation Approach t o  P i l e  Driving," The Municipal 
Engineers J o u r n a l ,  Vol. 53, F i r s t  Q u a r t e r l y  I s s u e ,  pp. 11-19. 

Rakhmatulin, Kh. A.  and Yu. A. Dem'yanov, (1961) ,  S t r eng th  Under High 
Trans ient  Loads, a t r a n s l a t i o n  of ~ r o c h n o s t p r i  Intensivnykh 
Kratkovremennykh Nagruzkakh, I s r a e l  Program f o r  S c i e n t i f i c  Trans- 
Lat ions,  Jerusalem, 1966, 342 p.  

Reeves, G .  N . ,  H.  M. Coyle and T. J. I i i r sch ,  (1967),  " Inves t iga t ion  o f  
Sands Subjected t o  Dynamic Loading," Texas Transpor ta t ion  I n s t i t u t e ,  
Research Report 33-7A, Texas A & M Unive r s i ty ,  December, 9 p .  

Saint-Venant, ( ~ e f o r e  1900) ,  "Th6orie de l t 6 1 a s t i c i t 6  des corps s o l i d s , "  
Clebsch. Reference r e f e r r e d  t o  by Timoshenko and Goodier, (1951),  
Theory of E l a s t i c i t y ,  pp. 446. 



. -Smson,  C .  H . ,  Jr., T. J. Hirsch and L. L. Lowery, Jr., (1963), 
"Computer Study of Dynamic Behavior of P i l ing , "  Journa l  of  t h e  
S t r u c t u r a l  Divis ion,  AXE, Vol. 89, No.  ST^, Proc. Paper 3608, 
August, pp. 413-449. 

Scanlan, R .  H .  and J. J. Tomko, (1969),  "Dynamic Predic t ion of  P i l e  
S t a t i c  Bearing Capacity," Journa l  of  t h e  S o i l  Mechanics and 
Foundations Divis ion,  ASCE, Vol. 95, No. SM2, Proc. Paper 
6468, pp. 583-604. 

Schimming, B. B . ,  H .  J .  Haas and H. C .  Saxe, (1966),  "Study of Dynamic 
and S t a t i c  F a i l u r e  Envelopes," Journa l  of t h e  Soil-Mechanics 
and Foundations Division,  ASCE, Vol. 92, No. SM3, Proc. Paper 4735, 
pp. 105-124. 

- 
Seed, H .  B. and R .  Lundgren, (1954)~ "Inves t igat ion of t h e  Ef fec t  of  

Transient Loading on t h e  St rength  and D e f o m t i o n  Charac te r i s t i c s  
of  Satura ted  Sands," Proceedings ASTM, Vol. 54, pp. 1288-1306. 

Smart, J .  D . ,  (1969),  "Vibratory P i l e  Driving," Ph.D. Thesis ,  Univer- 
s i t y  of  I l l i n o i s ,  Urbana, I l l i n o i s .  

Smith, E .  A. L.. (1950),  "P i l e  Driving Impact ," I n d u s t r i a l  Computation 
Seminar, I n t e r n a t i o n a l  Bus5ness Machines Corp., New York. 

Smith, E. A. L . ,  (1955,), "Impact and Longitudinal Wave Transmission," 
Transactions ASME, August, pp. 963-973. 

Smith, E. A .  L. , (1957),  "The Wave Equation Applied t o  P i l e  'Driving," 
Raymond Concrete P i l e  Co. 

Smith, E. A. L . ,  (19581, "P i l e  Calcula t ions  by t h e  Wave Equation," 
Concrete and Constructional  Engineer, London. 

-Smith, E. A.  L:, (1960),  "Pile-Driving Analysis by t h e  Wave Equation," 
Journal of S o i l  Mechanics and Foundations Division,  ASCE, Proc. 
Paper 2574, August. 

Smith, E .  A .  L . ,  (1962), "Pile-Driving Analysis by t h e  Wave Equation," 
Transactions ASCE, Vol. 127, P a r t  I,  pp. 1145-1171. 

Szechy, C . ,  ( i 9 6 0 ) ,  "A New P i l e  Bearing Formula f o r  F r i c t i o n  P i l e s  i n  
Cohesionless Sand," Symposium on P i l e  Foundations, I n t e r n a t i o n a l  
Congress of t h e  I n t e r n a t i o n a l  Associat ion f o r  Bridge and S t r u c t u r a l  
Engineers, Stockholm, pp. 73-76. 



Taylo r ,  D. W . ,  (1948), Fundamentals o f  S o i l  Mechanics, John Wiley and 
Sons, New York, 700 p.  

Terzaghi ,  K.  and R .  B. Peck, (1967), S o i l  Mechanics i n  Engineering 
P r a c t i c e ,  2nd. E d i t i o n ,  John Wiley and Sons, New York, 729 p. 

Timoshenko, S. and J. N .  Goodier, (1951),  Theory of E l a s t i c i t y ,  2nd. 
E d i t i o n ,  McGraw-Hill Co., New York, pp. 438-459. 

Tomko, J. J . ,  (1968),  "Dynamic Studies  on P r e d i c t i n g  t h e  S t a t i c  Bearing 
Capacity o f  P i l e s , "  Ph.D. Thes is ,  Case Western Reserve Unive r s i ty .  

Tomlinson, M. J . ,  (1957), "The Adhesion of P i l e  Driven i n  Clay S o i l s , "  
Proceedings o f  t h e  Fourth I n t e r n a t i o n a l  Conference on S o i l  
Mechanics and Foundation Engineering,  London, Vol. 2 ,  pp. 66-71. 

Vesi6,  A.  S . ,  (1964) ,  " Inves t iga t ions  of Bearing Capacity of P i l e s  i n  
Sand," Proceedings of North h e r i c e n  Conference on Deep Foundations, 
Mexico City.  

Vesi6, A. S.  ,i (1967),  "Ultimate Loads and Se t t l emen t s  o f  Deep Foundations 
i n  Sand;" Proceedings of a Symposium o r  Bearing Capacity and 
Se t t l emen t  of Foundations, Duke Univers i ty ,  pp. 53-68. 

Vulcan I r o n  Works, (19271, " P i l e  Driving Machinery," Catalogue No. 53, 
80 p. 

Whitman, R .  V.  (1957),  "The Behavior o f  S o i l s  Under Trans ient  Loadings," 
Proceedings of t h e  Fourth I n t e r n a t i o n a l  Conference on S o i l  Mechanics 
and Foundation Engineering, London, Vol. I, pp. 207-212. 

Whitman, R. V. and K.  A.  Healy, 6 "The Response of S o i l s  t o  Dynamic 
Loadings, Report 9: Shearing Res is tance  of Sands During Rapid - Loadings," U.  S .  Amy Engrs.,  Waterways Experiment S t a . ,  Vicksburg, 
Miss. 

Whitman, R .  V. ,  A .  M. ' ~ i c h a r d s o n ,  Jr. and N. M. N a s i m ,  (1962) ,  "The 
Response of S o i l s  t o  Dynamic Loadings, Report 1 0 :  S t rength  o f  
S a t u r a t e d  Fat  Clay," U. S. ArnIy Engrs.,  Waterways Experiment S t a . ,  
Vicksburg, Miss. 

Yang, N. C . ,  (19561, "Redriving C h a r a c t e r i s t i c s  of P i l e s , "  Journal  o f  t h e  
S o i l  Mechanics and Foundations Div i s ion ,  ASCE, Vol. 82, No. SM3, 
Proc.  Paper 1026. 

Yang, N. C . ,  (1970), "Relaxation o f  P I l e s  i n  Sand and Inorganic S i l t , "  
Journal  of t h e  S o i l  Mechanics and Foundations Divis ion ,  ASCE, V o l .  
96, No. SM2, Proc.  Paper 7123, pp. 395-409. 



APPENDIX A 

RFVlEW OF SINGLE-PILE ANALYSIS 

It is t h e  purpose of t h i s  appendix t o  p resen t  t h e  methods a v a i l a b l e .  

f o r  t h e  analys is  o f  a  s i n g l e  p i l e .  Current means of analyz ing  a  s i n g l e -  

p i l e  may be c l a s s i f i e d  e i t h e r  a s  s t a t i c  o r  dynamic. Dynamic methods of 

ana lys i s  include: 1 )  dynamic energy formulas; 2) wave equat ion  a n a l y s i s ;  
- 

3)  p i l e  force and a c c e l e r a t i o n  f i e l d  measurements. 

I n  order t o  v a l i d a t e  des ign  assumptions, p i l e  load  t e s t s  a r e  gen- 

e r a l l y  performed. However, t h e  i n t e r p r e t a t i o n  of p i l e  load  t e s t  d a t a  i s  

not  unique; d i f f e rences  of opinion among engineers  on t h e  same t e s t  d a t a  

make co r re l a t ions  d i f f i c u l t .  I r e l a n d  (1966) summarized va r ious  methods 

of i n t e r p r e t a t i o n  of p i l e  l o a d  t e s t  d a t a  as w e l l  as informat ion  on pro- 

cedures f o r  p i l e  l o a d  t e s t i n g .  

A . 2  S t a t i c  P i l e  Formulas 

- Nl t h e  s t a t i c  p i l e  formulas may b e  expressed by t h e  fol lowing 

b a s i c  equation: 

where R i s  t h e  u l t i m a t e  p i l e  capac i ty ,  R is  t h e  l o a d  c a r r i e d  by f r i c t i o n  
, u  f  

a long t h e  p i l e  per imeter ,  and R i s  t h e  load  c a r r i e d  by p o i n t  r e s i s t a n c e .  
P  

Var ia t ions  i n  answers from Equation A . 1  a r e  due t o  t h e  methods used t o  

eva lua te  t h e  f r i c t i o n  and point-bearing por t ions  o f  u l t ima te  p i l e  c a p a c i t y .  

Driving a  p i l e  i n t o  g ranu la r  s o i l  w i l l  cause t h e  s o i l  i n  t h e  zone around 

t h e  p i l e  t o  d i sp lace  l a t e r a l l y ;  t h e r e f o r e ,  a change i n  d e n s i f i c a t i o n  and 

h o r i z o n t a l  s t r e s s e s  is  expected.  I n  o rde r  t o  c a l c u l a t e  t h e  s k i n  f r i c t i o n  
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res i s tance  of a p i l e ,  t h e  horizontal  s t r e s s e s  act ing on the  p i l e  surface 

a s  well as t h e  coeff ic ient  of f r i c t i o n  of t he  p i l e  and s o i l  must be 

evaluated. A number of invest igat ions  (j.deyerhof, 1951, I re land ,  1957; 

Szechy, 1960; Vesic, 1964; Nordlund, 1963) have been made t o  determine the  

magnitude an8 d is t r ibu t ion  of t h e  hor izonta l  s t r e s s  acting on the p i l e  

surface a f t e r  driving.  Experimental s tud ie s  by Kerisel  (1964) and Vesic 

(1964) he lp  ind ica te  t he  behavior of t h e  point resistance with respect t o  

depth.. Vesic (1967) evaluated various theor ies  of s t a t i c  p i l e  capacity 

- . . 
and concluded t h a t  no theory could b e  recommended t o  the  foundation engineer 

. . 

without reservations.  A review of various s tudies  indicates t h a t  the  s t a t e  

of s t r e s s  around a driven p i l e  i n  sand i s  very complex; therefore ,  s t a t i c  

p i l e  formulas f o r  sand are s t i l l  speculat ive.  

It i s  commonly assumed t h a t  t h e  capacity of a s ing le  p i l e  i n  c lay i s  

due t o  skin f r i c t i o n .  Several s tud ies ,  such as by Tomlinson (1957) and 

Peck (1958), indicated t h a t  the  adhesion between the p i l e  and the clay 

could be r e l a t ed  t o  t h e  undisturbed s t rength  of clay. For s o f t  t o  medium 

clays ,  t h e  adhesion is essen t ia l ly  equal t o  t he  undrained shear s t rength of 

t h e  undisturbed clay.  However, p i l e s  driven i n  s t i f f  clay do not develop 

the  f u l l  s t rength of t h e  s o i l  i n  sk in  f r i c t i o n .  One possible explanation 

f o r  low f r i c t i o n  is  the  separation of p i l e  and s o i l  because of l a t e r a l  p i l e  

movement. The separation can be maintained because of the c lay ' s  strength.  

When p i les  are  driven i n  clays t he  s o i l  i n  the  v i c in i ty  of t h e  p i l e  i s  

remolded; therefore ,  a loss  i n  shear s t rength  occurs. With time a r t e r  

dr iving,  t he  s o i l  regains s t rength by both consolidation' and thixotropy; 

therefore ,  t h e  r e l a t i ons  between sk in  f r i c t i o n  and time are  complex and 

ss y e t  are  not predictable.  



Limitations of s t a t i c  thear ies  i n  sand can be summarized i n  two 

p a r t s ,  namely, skin f r i c t i o n  and t i p  res is tance.  F i r s t ,  t he  skin f r i c t i o n  

is strongly a function of p i l e  material  and construction technique, but  

s t a t i c  theory does not t ake  i n t o  account construction technique. Second, 

t he  actual  behavior of p i l e  t i p s  i n  sand i s  not i n  accord with common 

theories  ( ~ e s i c ,  1964). S t a t i c  analysis does, however, give a more repre- 

sentat ive simulation of t he  s t a t i c  loading condition being invest igated.  

S t a t i c  theories take .var ia t ions  i n  the  s o i l  p rof i le  i n t o  account - 
Sta t ic  analysis i s  a useful  t oo l  i n  p i l e  design; however, it 

should be recognized t h a t  it alone can not be r e l i ed  upon. Real s o i l  pro- 

f i l e s  are quite var iable;  therefore ,  the  desired p i l e  length o r  depth of 

penetration t o  achieve t h e  required load capacity i s  a lso var iable .  Load 

capacity as measured by dr iv ing  res is tance (blows/inch] i s  a usefu l  ind i -  

cator  for  an individual p i l e  t h a t  allows appropriate ad jus tme~ t s  t o  be 

made a t  the  time of driving.  

A . 3  Eneray Formulas 

- I n  the l a s t  century, engineers have attempted t o  predict  t h e  driv- 

i n g  character is t ics  and bear ing capacity of p i les  by use of dynamic energy 

formulas. Dynamic energy formulas are based on the  simple energy re la -  

t ionship: 

Energy Input = Energy Used + Energy Lost ( A . 2 )  

where energy input i s  ava i lab le  hammer energy a t  impact, energy used i s  

t h a t  actually used i n  dr iv ing  t h e  p i l e ,  and energy l o s t  is returned t o  

hammer (rebound) o r  simply l o s t ,  i . e .  non-useful energy f o r  p i l e  penetra- 

t i o n .  Non-usefliL energy may include: hammer efficiency; ram rebound; 

p l a s t i c  behavior a t  t h e  contacts  between the ram, cushion and p i l e ;  tempo- 
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r a r y  e l a s t i c  compression o f  t h e  p i l e  and s o i l ;  heat  l o s s e s  i n  t h e  cushion 

block. and s o i l 5  r a d i a t i o n  l o s s e s  r e l a t e d  t o  s o i l  v ib ra t ions  due t o  gen- 

e ra ted  s t r e s s  waves; and f r i c t i o n  l o s s e s  due t o  t h e  p i l e  s l i p p i n g  wi th  re- 

spect  t o  t h e  s o i l .  A g r e a t  number of  p i l e  dr iv ing formulas have been 

derived t h a t  incorpora te  t h e s e  energy l o s s e s  and attempt t o  p r e d i c t  t h e  

energy t ransmit ted  t o  t h e  p i l e .  These l o s s e s  have been es t imated by 

assuming t h a t  p i l e  d r i v i n g  is  a problem i n  Newtonian impact. I n  r e a l i t y ,  

t h e  p i l e  is a d i s t r i b u t e d  mass, not  a concentrated mass, and it is a l s o  
- 

res t ra ined by t h e  s o i l ;  t h e s e  f a c t s  v i o l a t e  Newton's impact theory  

(Cummings, 1940). However, it should be pointed out t h a t  energy formulas 

a r e  s t i l l  i n  common use  today and can be  a valuable t o o l  i f  they a r e  em- 

p i r i c a l l y  adjus ted  f o r  a par t$cular  d r iv ing  condit ion,  i . e .  some given 

s o i l  condition, p i l e  t y p e  and d r iv ing  equipment. Load t e s t s  must be  used 

as a bas is  f o r  a d j u s t i n g  t h e  p a r t i c u l a r  dynamic formula used. 

There a r e  many dynamic energy formulas ava i l ab le  todoy (over  four- 

hundred according t o  Smith, 1960) derived from t h e  simple energy r e l a t i o n -  

s h i p  previously descr ibed;  however, they can be  divided i n t o  two major 

groups. One group i s  s t r i c t l y  empir ica l  i n  which t h e  energy l o s s e s  &e - 
predicted from f i e l d  d a t a ,  and t h e  o the r  group can be  c l a s s i f i e d  as semi- 

t h e o r e t i c a l  i n  which t h e  determination of l o s s e s  i s  based on Newtonian 

impact. Eighteen d i f f e r e n t  and widely used p i l e  formulas p lus  t h e  s t a t i s -  

t i c a l  adjustment of  Gates formula by Olson and F laa te  (1967) have been 

se lec ted  fo r  t h i s  i n v e s t i g a t i o n .  The e n e r a  formulas discussed a r e  shown 

i n  Table A . l  along wi th  a l i s t  of no ta t ion .  

It i s  beyond t h e  scope of t h i s  inves t iga t ion  t o  de r ive  o r  d iscuss  i n  

d e t a i l  the  b a s i s  f o r  the  d r iv ing  formulas i n  Table A.1;  however, de r iva t ions  

and concepts can be  r e a d i l y  found i n  I s a a c s  (19311, Cummings (1940) ,  Taylor 
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TABULATION OF PILE ENERGY FORMLIT,& 
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9. Eytelwein: R = r 
u s + 0.1 W /W Single-Acting Hammers 

P 1 
e 

12 ( E  + A P)  
R = r 
u s + 0.1 W /W Double-Acting Hammers 

P 1 

12 E 
10. Navy-Mckay: R = r 

u s(l+O.3W/W) 
P 1 

12 E 
r 11. Sanders: R = - u S 



Table A . l  (cont inued)  

12 .  Gates: RU = 990 l o g  (10/s )  

e E 
13 .  Danish: R = f r  

1 2  E r 1 4 .  Janbu: R = - 
u kU s 

1 2  ef E~ w1 + n2W 
15. Hiley:  R = 

u s + 1/2(c1 + C + C 
2 3 )  

w1 + W 
P 

16 .  Redtenbacker: = -  
Rn 1 2  L 

1 P 

10 .  Canadian National  Bui ld ing  Code: 

12  ef el Er 
- 

RU - s + s / 2  

W, + n i i  

e 1 = W1+W F r i c t i o n  P i l e s  
P 



Table A . l  (continued) 

2 
W + 0.511 W 

. = 1  
1 w, + w Point Bearing P i les  

P 

19,  S t a t i s t i c a l  Adjustments of Gates Formula (0lson and Flaate ,  1967): 

Key: Ru ult imate p i l e  capacity ( l b s )  

r a t ed  hammer energy (ft- lbs) 

s e t  ( i n . )  

temporary s e t  representing losses  ( i n . )  

weight of the  p i l e  ( l b s )  

weight of the  ram ( l b s )  

height of ram f a l l  ( f t)  

cross-sectional area of p i l e  ( i n s 2 )  

Young's modulus of p i l e  ( p s i )  

length of p i l e  ( f t )  

length of p i l e ,  measured-from head t o  center  of driving res is tance 
res i s tance  ( f t )  

hammer efficiency (%) 

e f f ec t ive  area of pis ton c ine2 )  

mean pressure of steam o r  a i r  ( .psi)  



Table A.l (continued) 

n coefficient of restitution 

recoverable deformation of drivehead and pile head (in.) 

C2 recoverable deformation of pile (in. ) 

C 
3 

recoverable deformation of soil (in. ) 

c 4 slope of a regression line (dimensionless) 

C 
5 intercept of a regression line (lbs) 
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(1948), Che l l i s  (19611, Terzaghi and Peck (1967),  Olson and F l a a t e  (1967) 

and o ther  pub l i ca t ions  concerned with foundation engineering.  

A.4 Vlave Equation Analysis  - 

In t roduct ion  

I n  recent  y e a r s ,  impact and l o n g i t u d i n a l  wave t r ansmiss ion  theory  

has been given cons iderable  a t t e n t i o n  because it i s  a b e t t e r  s imula t ion  of 

t h e  p i l e  d r iv ing  ope ra t ion  t h a n  i s  t h e  theory  of Newtonian impact.  A com- 

par ison  of t h e  Newtonian impact model and l o n g i t u d i n a l  wave model i s  shown 

i n  Figure A . 1 .  

The impact r e s u l t i n g  when a p i l e  hammer s t r i k e s  a p i l e  i s  a p r a c t i -  

c a l  i l l u s t r a t i o n  of l o n g i t u d i n a l  impact i n  e l a s t i c  rods.  Wave propagation 

ana lys i s  attempts t o  desc r ibe  t h e  t r a v e l  o f  t h e  impulse up and down t h e  

p i l e  as  t h e  p i l e  i s  be ing  d r iven .  Consider q u a l i t a t i v e l y  t h e  hammer-pile- 

s o i l  system shown i n  Figure A.2.  During ram impact, t h e  ram, drivehead 

and p i l e  a r e  assumed t o  deform e l a s t i c a l l y .  The hammer cushion is  i n e l a s -  

t i c ;  therefore ,  energy l o s s e s  a r e  inhe ren t  i n  t h e  cushion. 

- Previous exper ience  has shown t h a t  a hammer cushion is  r e q u i r e d  i n  

order  t o  p ro tec t  t h e  hammer from damage. Of course,  t h e  cushion m a t e r i a l  

a l s o  a f f e c t s  t h e  s t r e s s e s  induced i n  t h e  p i l e .  A p r e r e q u i s i t e  f o r  t h e  cu- 

shion i s  t h a t  it b e  an expendable m a t e r i a l ;  t h e r e f o r e ,  wood i s  commonly used 

whereas a l t e r n a t i n g  t h i n  d i s c s  o f  aluminum and mica r t a  have become promi- 

nent  i n  recent  y e a r s .  There a r e  o the r  types  o f  cushion m a t e r i a l s  employed 

i n  p r a c t i c e  today; however, aluminum-micarta and wood cushions r e p r e s e n t  t h e  

extremes i n  load-deformation c h a r a c t e r i s t i c s .  The aluminum-micarta assembly 

approaches an e l a s t i c  cond i t ion  whereas t h e  wood cushion r e p r e s e n t s  i n e l a s t i c  
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behavior. The cushion material  and i t s  e f f ec t s  are  discussed l a t e r  i n  

de ta i l .  

The e l a s t i c  compression of both the  ram and drivehead may be neglec- 

t ed  since these members a r e  i n f i n i t e l y  r i g id .  The e l a s t i c  compression 

of the p i l e  i s  appreciable,  and does not occur instantaneously throughout 

the  en t i re  length of  t h e  p i l e .  A s  ram impact occurs, a force pulse i s  

developed i n  the  p i l e  t h a t  t r ave l s  downward toward the p i l e  t i p  a t  a 

constant veloci ty ,  c ,  which depends on properties of t h e  p i l e  material  - 
(Figure A.2b). 

When the force pulse propagates within t h e  embedded portion of t he  

p i l e ,  it i s  at tenuated by s o i l  f r i c t i o n a l  res is tance along the  p i l e a s  

shown i n  Figure A.2c. u n t i i  t he  s t r e s s  wave reaches t h e  t i p ,  t he  maximum 

s t r e s s  i n  the p i l e  i s  independent of driving res is tance.  When the  force 

pulse reaches t h e  p i l e  t i p ,  a re f lec ted  force pulse,  governed by t h e  s o i l  

resistance a t  t he  t i p ,  i s  generated. For t h e  case of a p i l e  driven t o  

refusal ,  the  incident  compression wave i s  re f lec ted  as  a compressive wave 

t rave l l ing  up the  p i l e  with veloci ty ,  c ,  and iden t i ca l  i n  shape t o  t he  

incident wave. The extreme opposite t o  driving re fusa l  is a p i l e  with a 
w 

free-end. I n  t h i s  case ,  t he  s o i l  o f fe rs  negl igible  res i s tance  t o  driving; 

therefore,  the  incident  compressive wave i s  re f lec ted  as a tension wave 

t rave l l ing  up the  p i l e  with veloci ty ,  c ,  and i s  identical. i n  shape t o  t he  

incident wave. I n  p rac t i ce ,  p i l e  driving is somewhere i n  between the  

extreme case of a f ixed and a f ree  t i p  condition; therefore ,  t h e  re f lec ted  

wave w i l l  also be a function of t he  s o i l  response a t  t he  p i l e  t i p .  

Some of t he  var iables  t h a t  w i l l  a f fec t  the generated force pulse 

shape along the  p i l e  w i l l  now be considered. Ram weight and veloci ty  can 

characterize the  pulse  shape f o r  a given e n e r a  input.  For t h e  same energy, 



. a l i g h t  ram and r e s u l t i n g  high ve loc i ty  w i l l  produce high peak s t r e s s e s  

over a shor t  time dura t ion,  whereas a heav ie r  ram w i l l  cause lower peak 

s t r e s s e s  with a r e l a t i v e l y  long time dura t ion.  The cushion block i s  very 

important i n  shaping t h e  force  pulse ;  t h e r e f o r e ,  s p e c i a l  emphasis should 

b e  placed on i t s  e f f e c t s .  The s t i f f  cushion w i l l  produce high peak 

s t r e s s e s  and s h o r t  t ime dura t ion ,  whereas t h e  s o f t  cushion w i l l  produce 

a longer durat ion pu l se  with lower peak s t r e s s e s .  A schematic represen- 

- t a t i o n  of t h e  v a r i a b l e  pu l ses  t h a t  can be  produced by a hammer wi th  a - 
given energy r a t i n g  i s  shown i n  F i y r e  A . 3 .  

History 

His to r i ca l ly ,  S t .  Venant A d  Boussinesq a r e  believed t o  have f i r s t  

developed t h e  theory  of  long i tud ina l  impact of  a rod s t ruck l o n g i t u d i n a l l y  

at  one end. The development of t h i s  theory  occurred within t h e  pe r iod  

1867 t o  1883, and according t o  Timoshinko and Goodier (1951) a h i s t o r y  of 

t h e  problem can be  found i n  t h e  reference  by S t .  Venant. The b a s i s  f o r  

t h e  analysis  i s  t h e  c l a s s i c a l  one-dimensional wave equation 

i n  which x i s  t h e  d i r e c t i o n  of the  long i tud ina l  a x i s ;  u i s  t h e  long i tud i -  

nal displacement o f  t h e  b a r  i n  t h e  x d i r e c t i o n ;  t denotes t ime;  c repre-  

s e n t s  the  ve loc i ty  o f  propagation of  s t r e s s  o r  s t r a i n  wave along t h e  b a r ,  

c = m; E i s  t h e  modulus o f  e l a s t i c i t y  o f  t h e  ba r ;  and p i s  t h e  mass 

p e r  u n i t  volume o f  m a t e r i a l .  Equation ( ~ . 3 )  i s  based o n t h e  condi t ion  

t h a t  l a t e r a l  s t r a i n s  ( d i s t o r t i o n  waves) a r e  neg l ig ib le  s o  t h a t  p lane  t r a n s -  
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v e r s e  s e c t i o n s  a r e  no t  d i s t o i t e d .  The assumption t h a t  plane s e c t i o n s  re-  . 
main p lane  i s  acceptable  f o r  s t r e s s  pulses  with lengths  t h a t  a r e  l a r g e  ( a t  

l e a s t  1 0  times) compared t o  t h e  l a t e r a l  dimensions of  t h e  rod o r  b a r  

(Kolsky, 1963). The genera l  s o l u t i o n  of  Eq. ( A . 3 )  i s  

u = f  (c t -x)  + g  ( c t  + x )  (n.4) 

where f  and g a r e  a r b i t r a r y  functions r ep resen t ing  waves t r a v e l l i n g  up 

and down t h e  bar .  The problem c o n s i s t s  of  determining t h e  funct ions  f  and 

g f o r  var ious  time i n t e r v a l s  a f t e r  t h e  s tart  of  impact. - 
The app l i ca t ion  of  one-dimensional wave equation t o  problems o f  

l o n g i t u d i n a l  wave t ransmiss ion can b e  r e a d i l y  found i n  references  by 

Kolsky (1963), Timoshinko and Goodier (1951) , Donne11 (1930),  Rakhmatulin 

and Dem'yanov (1966), and Goldsmith (1960) .  

I s a a c s  (1931) i s  be l i eved  t o  b e  t h e  f i r s t  t o  apply wave ana lys i s  t o  

p i l e  d r iv ing .  I saacs  s impl i f i ed  t h e  boundary condi t ions  by p lac ing  only 

an  e l a s t i c  sp r ing  between t h e  h m e r  ram and p i l e .  These s impl i f i ed  

boundary condi t ions  inc lude  zero f r i c t i o n a l  r e s i s t a n c e  along t h e  p i l e ,  and 

a p l a s t i c  s o i l  r e s i s t a n c e  a c t i n g  a t  t h e  p i l e  t i p .  Pox (1932) used t h e  p i l e  

- model proposed by I s a a c s ;  however, Fox chose a boundary condit ion f o r  t h e  

cushion t h a t  i s  more r e p r e s e n t a t i v e  of  a c t u a l  cushion behavior .  The 

cushion i s  represented  by a v i s c o - e l a s t i c  s p r i n g  throu@out t h e  range of 

compressive s t r e s s e s .  

An i n v e s t i g a t i o n  of t h e  s t r e s s e s  induced i n  re inforced concre te  

p i l e s  dur ing  d r iv ing  w a s  performed by Glanv i l l e  e t  al. (1938). Fox's 

t h e o r e t i c a l  t rea tment  w a s  used,  but  it w a s  necessary t o  s impl i fy  t h e  

boundary condi t ions  i n  o rde r  t o  express t h e  s o l u t i o n s  i n  terms of q u a n t i t i e s  

measurable i n  p r a c t i c e .  !Che modified boundary condi t ions  included e l a s t i c  



cushion and s o i l  res i s tance  behavior. C m i n g s  (1940) pointed out t h a t  

even fo r  these modified assumptions t h e  complete solut ion involves long 

and complicated mathematical. expressions t h a t  precludes i t s  use f o r  

p rac t i ca l  problems. 

Considering t h e  boundary conditions of  a r e a l  pile-driving problem, 

i . e .  s o i l  res is tance along the  p i l e ,  r e a l i s t i c  parameters for  t h e  cushion, 

s o i l ,  and other pile-hammer d e t a i l s ,  a rigorous solut ion by use of t h e  

- wave equation i s  not known. Smith (1950) proposed a mathematical model, 

based on a lumped-mass and spr ing system, t ha t  accounts fo r  t he  e f f e c t s  

of t he  boundary conditions of a r e a l  p i l e  driving problem. According t o  

Lowery e t  al. (1967), Smith continued t o  develop h i s  method (Smith 1955, 

1957, 1958),  but h i s  method of analysis  did not become popular u n t i l  t he  

paper (Smith, 1960) i n  which a number of parameters were recommended t o  

account f o r  t he  dynamic behavior of s o i l ,  p i l e  and cushion. The avai la-  

b i l i t y  of t he  computer made Smith's approach more a t t rac t i l re ,  and con- 

s iderable  e f for t  has been done i n  t h i s  area,  fo r  example: Bender, e t  

a l .  (1969); Davisson (1970); Graff (1965); Hirsch (1966); Korb and Coyle 

- (1969); Lowery, e t  al. (1968); Lowery, e t  a l .  (1969); Mosley (1967) ; 

Raamot (1967); i n  addit ion t o  those mentioned elsewhere herein.  

Smith's Model 

Concept. Smith's mathematical model of t he  hammer-pile-soil sys- 

tem i s  shown i n  Figure A . 4 .  The ram, hammer cushion, drivehead, p i l e  

cushion, and p i l e  are  represented by appropriate d i sc re te  weights and 

springs.  Spring constants f o r  t he  various types of cushion material  can 

be obtained from t e s t  r e s u l t s ,  whereas those of t h e  p i l e  segment can be 

read i ly  calculated.  S o i l  cha rac t e r i s t i c s ,  both along the  s ides  and a t  t h e  

p i l e  t i p ,  a r e  represented by a combination of e l a s t i c -p l a s t i c  springs t o  
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simulate s t a t i c  res i s tance  and dashpots t o  account for  t he  dynamic response 

of t h e  s o i l .  Actual s i t ua t ions  may deviate somewhat from those i n  Figure 

~ . 4 .  For example, a p i l e  cushion might not be used, or  an anvi l  may be 

placed between ram and h m e r  cushion, o r  a follower used; such cases a r e  

r ead i ly  accommodated i n  Smith's analysis .  

The numerical method used t o  describe force transmission i n  t h i s  

mathematical model i s  i l l u s t r a t e d  i n  Figure A.5. This f igure  i l l u s t r a t e s  

t h e  force build-up i n  t h e  p i l e  during t h e  i n i t i a l  stages of impact. The 
- 
ram has an i n i t i a l  veloci ty  ( V  ) and accelerat ion tha t  can be converted i n t o  

0 

a displacement (D ) for  a given time i n t e r v a l  ( ~ t )  by the equation D1=Vo 
1 

( ~ t ) .  For t h i s  time in t e rva l  ( t = t l) ,  t h e  compression of the hammer 

cushion can be readi ly  determined; therefore ,  t he  force i n  the hammer 

cushion (F1) can be calculated by t h e  equation F1=KID1 as shown i n  Figure A. 5. 

The force build-up i n  the  h m e r  cushion induces a drivehead accele- 

r a t i o n  which can be evaluated by t h e  equilibrium equation F=ma, where m i s  

t h e  mass, s. is accelerat ion,  and F i s  t he  summation of forces act ing on t h e  

drivehead. From t h i s  accelerat ion,  a change i n  vel.ocity can be readily 

ca lcu la ted  on the  assumption t h a t  t he  drivehead i s  uniformly accelerated - 
i n  r e c t i l i n e a r  motion f o r  t h e  time i n t e r v a l  ( t )  between times t and t2. 

1 

The r e su l t i ng  veloci ty  of t he  drivehead can be converted i n t o  a displace- 

ment. The displacement compresses t he  first p i l e  spring causing a force 

F on the f i r s t  segment of t he  p i l e ,  K D Also during time t2-t1 the ram 
2 2 2 -  

has t rave l led  an addi t ional  dis tance which can be calculated by the  deter- 

mination of a new veloci ty  of t he  ram fo r  t h e  time in t e rva l .  The difference 

i n  displacement between t h e  ram and drivehead during time t -t represents 
2 1 

t h e  compression of t h e  hammer cushion, which i s  used t o  ca lcu la te  a new cu- 

shion force. This procedure can be repeated for  successive time in t e rva l s , and  





fo rces  i n  t h e  p i l e  system can be t r a c e d  f o r  any des i red  length  of t ime.  A s  

t h e  genera ted  fo rce  pu l se  i s  t r a c e d  along t h e  embedded por t ion  of t h e  p i l e ,  

t h e  mathematical procedure has  t o  account a l s o  f o r  t h e  s o i l  r e s i s t a n c e .  

When us ing t h e  lumped-mass and s p r i n g  model a s  described above, care  

must b e  exerc ised  i n  t h e  s e l e c t i o n  of t h e  t ime i n t e r v a l  A t .  Each sp r ing  and 

mass u n i t  has a " c r i t i c a l "  t ime i n t e r v a l ,  which i s  t h e  time requ i red  f o r  a  

s t r e s s  wave t o  t r a v e r s e  t h e  p a r t i c u l a r  s p r i n g  and associa ted  mass. The 

s e l e c t e d  time i n t e r v a l  f o r  computations must never b e  g r e a t e r  than  t h i s  - 
t, c r i t i c a l "  time i n t e r v a l ;  otherwise,  t h e  numerical r e s u l t s  w i l l  be meaning- 

l e s s  because t h e  ca lcu la t ion  w i l l  not  p rogress  a s  f a s t  as  t h e  a c t u a l  s t r e s s  

wave. However, an unnecessar i ly  small  t ime  i n t e r v a l  involves a  g r e a t  dea l  

of  e x t r a  work with l i t t l e  o r  no inc rease  i n  accuracy. 

Basic Equations. The fol lowing equations a r e  used f o r  t h e  s o l u t i o n  

of  Smith ' s  p i l e  model: 

where m is t h e  mass number; t denotes t ime i n t e r v a l  number; A t  i s  t h e  time 

i n t e r v a l ,  i n  seconds; D(m,t) i s  t h e  displacement of mass m i n  t ime i n t e r v a l  

i 
t ,  i n  inches ;  V(m,t) i s  t h e  v e l o c i t y  of m a s s  m i n  t ime i n t e r v a l  t ,  i n  f e e t  

p e r  second; ~ ( m , t )  r ep resen t s  compression of  s p r i n g  m during t ime i n t e r v a l  t ,  



i n  inches; ~ ( m )  i s  t h e  s p r i n g  r a t e  of mass m ,  i n  pounds per inch;  ~ ( m , t )  i s  

t h e  force  i n  i n t e r n a l  s p r i n g  m i n  time i n t e r v a l  t ,  i n  pounds; ~ ( m , t )  is t h e  

t o t a l  s o i l  r e s i s t ance  on mass m, i n  pounds per inch;  D 1 ( m , t )  i s  t h e  p l a s t i c  

displacement of the  s o i l  s p r i n g  m i n  time i n t e r v a l  t ,  i n  inches;  K '  ( m )  i s  

t h e  spr ing constant  a s s o c i a t e d  with t h e  s o i l  sp r ing  ac t ing on mass m ,  i n  

pounds per inch;  ~ ( m )  is a constant  t h a t  accounts f o r  the  dynamic response 

of the  s o i l  ac t ing on mass m, i n  seconds per f e e t ;  and g i s  g r a v i t a t i o n a l  

2 
acce le ra t ion ,  i n  f e e t  pe r  second . These bas ic  equations can be r e a d i l y  
- - 
programmed f o r  so lu t ion  by means of a  d i g i t a l  computer. 

Smith's Model versus  Class ica l  Wave Equation. The c l a s s i c a l  one- 

dimensional wave equation (Eq. A . 3 )  can be r e a d i l y  converted i n t o  a d i f fe rence  

equation f o r  so lu t ion  by success ive  approximation. Xeising (1955) pointed  

out  t h a t  t h e  difference equation i s  an exact s o l u t i o n  of t h e  p a r t i a l  d i f f e r -  

e n t i a l  equation when 

where AL i s  t h e  segment l eng th .  For o ther  values of A t  t h e  so lu t ions  a r e  

- approximate. Smith (1960) and Forehand and Reese (1963) showed t h a t  t h e  

d i f ference  equation could a l s o  be  obtained by combining Smith's b a s i c  equa- 

t i o n s  (Equations A.5 t o  A.9) i n t o  a s i n g l e  equation. Thus, Smith's b a s i c  

equations a r e  equivalent  t o  t h e  wave equation f o r  purposes of numerical 

Comparison of a (generated p i l e  force  pulse  from t h e  r igorous a n a l y s i s  

of Chapter 2 and from t h e  wave equation ana lys i s  (Smith's model) was made 

f o r  a  p a r t i c u l a r  hammer and p i l e  condi t ion ,  a s  shown i n  Figure A.6. There 

was no s o i l  r e s i s t a n c e  along t h e  p i l e  l e n g t h a n d  t h e  p i l e  w a s  assumed long 

enough t o  avoid i n t e r f e r e n c e  by r e f l e c t i o n  from t h e  p i l e  t i p .  The p i l e  and 





hammer charac te r i s t ics  are  t yp ica l  of current p i l e  specif icat ions .  The 

induced p i l e  forces as determined by t h e  rigorous analysis and by the  wave 

equation analysis  are  i n  close agreement, thus ver i fying Smith's model. 

Input and Output. The bas ic  equations (Equations A.5  t o  A.9) are  

programmed i n t o  a d i g i t a l  computer fo r  solut ion.  Several programs a r e  

avai lable  (lowery e t  al., 1967 and Edwards, 1967) . The various input 

parameters and output data a r e  summarized i n  Table A.2. 

The i n i t i a l  condition i s  t he  impact veloci ty  of the  ram, which can - 
be calculated fron the  energy of t he  hammer a t  impact, i .e. energy a t  i m -  

pact = E x e where E is  ra ted  hammer energy and e i s  t he  hammer e f f i -  r f  r f 

ciency. Hammer eff ic iencies  (Chapter 1) are  only va l id  when the hammer i s  

operating a t  dl capacity. I f  t he  hammer i s  not operating properly, ef-  

f iciency can be considerably less '  than the  recommended values. Efficiency 

can be checked i n  t he  f i e l d  by obtaining a measured ram velocity a t  i m -  

pact and comparing t h i s  t o  the  ra ted  veloci ty  as  shown i n  the equation be- 

low: 

v 
measured 

e = (  
f v  

) 2  x 100% ( A . 1 1 ) .  
t heo re t i ca l  - 

The measured f i e l d  veloci ty  can be obtained by high speed photography 

o r  a radar  un i t ;  however, t h i s  type of f i e l d  control  i s  d i f f i c u l t  and cos t ly .  

Fortunately, hammer speed m a y  be ind ica t ive  of eff ic iency.  For example, 

consider t h e  re la t ionship between hammer eff ic iency and hammer speed ob- 

ta ined with radar equipment as shown i n  Figure A.7 (Davisson, 1969). The 

operating eff ic iency was 70% a t  the  ra ted h m e r  speed of 60 blows per 

minute. This eff ic iency i s  l e s s  than the commonly recommended value of 

75 t o  85% f o r  s ing le  act ing hammers. Also, efficiency drops off qu i te  

sharply with a reduction i n  speed, e.g. e = 50% a t  50 blows per minute. 
f  



Table A.2 

INPUT AND OUTPUT - WAVE EQUATION ANALYSIS 

Weight of Ram 
+ e  E n e r a  a t  Impact, Er 

Impact Veloci ty 

Cushion S t i f f n e s s  and Coeff ic ient  o f  R e s t i t u t i o n  
(Same f o r  Ex t ra  cushions)  

Drive Head Weight (Anvil  Also f o r  ~ i e s e l s )  

Combustion Force f o r  Diese ls  

P i l e  Length during Driving,  Area, & S t i f f n e s s ,  Material  
(Same f o r  Mandrels) 

S o i l  Resistance:  % R i n  F r i c t i o n  and I ts  
~ i s v r i b u t i o n  
% Ru a t  Tip 
Quake, Q and Damping 
F a c t o r s ,  J 
Analyze Rorings 

Follower Length, Area, & S t i f f n e s s  

J o i n t s  (wi th  o r  without  t e n s i o n )  

S t r e s s e s  and Deflect ions a t  any Po in t  v s .  Time 

Ultimate P i l e  Capacity, R u ,  a t  Time of  Driving vs .  
Blows/Inch 



(After Dnvisson, 1969) 

Mgure A.7 RELOTIOmIP BETWZEZ HAMMER 
mc1ENCY m SPKED 

P 

60 

100 

80 

60 

40 

20 

O 

Hammer Speed, blows /min . 

I .  I 
Vulcln 1 Hammer 
70 EP Boi ler  & 140 p s i  
0-5 Raymond Mandrel - 8 Stops 

- 

30 

0 
/ 

30 

70% e ,P 
rnted speed 

,fl' 

/ *  
/ 

/ 

/ 

/ 
/ 

40 50 



It i s  c l e a r  t h a t  more informat ion  on hammer e f f i c i e n c y  i s  needed, based  on 

a c t u a l  f i e l d  measurements. 

The spr ing  cons tan t s  f o r  var ious  types  of hamper cuqhions a r e  obta ined  

from t e s t  r e s u l t s .  A t y p i c a l  shape of t h e  dynamic s t r e s s - s t r a i n  curve f o r  

a cushion along with t h e  i d e a l i z e d  shape used f o r  t h e  wave equat ion  a n a l y s i s  

i s  shown i n  Figure 2.3 (Chapter 2 ) .  According t o  Lowery e t  a 1  ( 1 9 6 9 ) ,  it 

w a s  found t h a t  t h e  wave equa t ion  accura te ly  p red ic t ed  both t h e  shape and 

magnitude of t h e  s t r e s s  wave induced i n  a  p i l e  when t h e  i d e a l i z e d  s t r e s s -  - 
s t r a i n  curve is used. The i d e a l i z e d  shape can be  used as  long a s  t h e  load ing  

p o r t i o n  i s  based on a s e c a n t  modulus f o r  t h e  m a t e r i a l ,  and t h e  unloading 

p o r t i o n  of t h e  curve i s  based  on t h e  a c t u a l  dynamic c o e f f i c i e n t  o f  r e s t i t u -  

t i o n .  This c o e f f i c i e n t  of r e s t i t u t i o n  accounts f o r  t h e  energy l o s s  i n  t h e  

cushion mater ia l .  Typical  va lues  of secan t  moduli of e l a s t i c i t y  and c o e f f i -  

c i e n t s  of r e s t i t u t i o n s  f o r  va r ious  m a t e r i a l s  a r e  presented  below: (Lowery 

e t  a l ,  1969) 

Cushion M a t e r i a l  E ( secan t )  
C 

p s i  

Micarta P l a s t i c  450,000 

Oak  reen en) 45 ,0OOX 

Asbestos Discs  45,000 

F i r  Plywood 35 ,OOOX 

Pine Plywood 25,000" 

Gum 30 ,OOOX 

* Load a p p l i e d  perpendicular  t o  wood g r a i n .  

Input  hammer parameters  such as  r a t e d  energy,  hammer e f f i c i e n c y ,  ram 

weight ,  d r ive  head weight ,  a n v i l  weight,  cushion p r o p e r t i e s ,  and combustion 

f o r c e  f o r  d i e s e l  hammers a r e  summarized i n  Table A.3. The i n t e r a c t i o n  of 

ram impact and combustion i n  a d i e s e l  h m e r  i s  no t  r e a d i l y  de terminable ;  



Teble  A.3 
1 
I?WW DATA FOR DIESEL IIAIWZRS 

K h  

Dr ive Head 

K C  -Optional 

S t i f f n e s s  
Drive 

Rated Hammer 
Ram 

Hammer Combustion 
Cushion 

!.it . 
l b s  

Force 
l b s  . 

-- 

R R ~ I  Anvil  Head 
Energy E f f i c i ency  W e i ~ h t  W t .  

Type Hammer f t - l b s  . f l b s .  1'0s. l b s .  T- ~n x l o 6  ibS ~n x 10 

MKT DE-20 16,000 1 .00  
!.KT DE-30 22,400 
?KT DE-40 32,000 

Delmag D5 9,040 
Delmag D12 22,600 
Delmag D22 39,800 
Delmag D 4 4  80,  000 

Link B e l t 1 8 0  8,130 
Link B e l t  312 15,000 
Link B e l t  440 18,200 
Link B e l t  520 26,300 - 

Note: 1. The h m ~ n e r  ~ n d  p i l e  cushion innu t  depend on m a t e r i ~ l  p r o p e r t i e s  



houever, an i d e a l i z e d  force-time curve  can b e  assumed (Figure  ~ . 8 ) .  The 

magnitudes of explosive p ressu res  i n  Table A . 3  were obtained from Lowery, 

The complexity of t h e  d i e s e l  hammer i s  b e s t  cha rac te r i zed  by con- 

s i d e r i n g  t h e  d e t a i l s  of one complete ram cyc le  s t a r t i n g  with descent  o f  t h e  

ram. A s  t h e  ram descends, i t  passes  t h e  intake-exhaust p o r t  and t r a p s  a i r  

i n  t h e  combusion chamber. With f u r t h e r  ram descent ,  t h e  ram i s  working 

a g a i n s t  an a i r  s p r i n g  and t h e  r a m  v e l o c i t y  i s  thereby decreased.  Fuel  in -  
- 

j e c t i o n  i s  i n i t i a t e d  p r i o r  t o  impact ,  and combusion occurs with peak gas 

f o r c e  and impact fo rce  occurr ing  almost  s imultaneously.  During impact,  t h e  

combusion fo rce  continues and even tua l ly  r e t u r n s  t h e  ram t o  t h e  t o p  of 

i ts! s t roke .  It i s  obvious t h a t  hammer ins t rumenta t ion  i s  r equ i red  t o  study 

ram impact and v e l o c i t y ,  and combustion fo rces .  A t  p re sen t ,  information 

on t h e  occurrence of combustion wi th  r e s p e c t  t o  impact, combustion burn 

t ime,  and peak gas forces  i s  l ack ing .  A s tudy by Davisson and McDonald 

(1969) g iv ing  measurements o f  p i l e  f o r c e  of a  long c o n c r e t e - f i l l e d  p ipe  

p i l e  driven with a d i e s e l  hammer i n d i c a t e d  peak Eas fo rces  of approximately 

280 k i p s .  More research  on d i e s e l  hammer input  i s  r equ i red .  - 
P i l e  input  parameters i n c l u d e  m a t e r i a l  t ype ,  length  during d r i v i n g  

c ross - sec t iona l  a r e a  and modulus o f  e l a s t i c i t y .  I n  gene ra l ,  p i l e s  a r e  

broken i n t o  segments not  t o  exceed approximately 10 f e e t ,  b u t  no fewer t h a n  

f i v e  segments a r e  used. The s t i f f n e s s  and weight of each p i l e  segment can 

b e  e a s i l y  c a l c u l a t e d ,  and t h e  s e l e c t i o n  o f  t h e  proper t ime i n t e r v a l  i s  i n -  

cluded wi th in  t h e  program t o  avoid i n s t a b i l i t y  with r e spec t  t o  t h e  " c r i t i c a l "  

t ime i n t e r v a l  (d iscussed  p rev ious ly ) .  The program has p rov i s ions  f o r  hand- 

l i n g  j o i n t s  i n  the'  pile-hammer system, i . e .  mechanical j o i n t s  which p r o h i b i t  

t h e  t ransmiss ion  o f  t e n s i l e  s t r e s s e s  o r  t r ansmi t  t e n s i l e  s t r e s s e s  only a f t e r  a 



Impact Force caused by 
F a l l i n g  Ram 

Idea l i zed  Diese l  
Explosion Force 

- - 

Time, m s  

( ~ f t e r  Lowery, e t  n l  1969) 

Figure A. 8 IDEALIZED FORCE-TIME CURVE 
M)R A DIESEL HAMMER 
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spec i f i ed  movement of t h e  j o i n t .  I n p ' ~ t  p r o p e r t i e s  f o r  mandrels o r  fo l lowers  

' a r e  analogous t o  those  f o r  t h e  p i l e .  

The load-deformation c h a r a c t e r i s t i c s  assumed f o r  s o i l  i n  Smith 's  

numerical s o l u t i o n  a r e  shown i n  Figure 3.2 (Chapter 3 ) .  The s o i l  l oca ted  

along t h e  s i d e '  of t h e  p i l e  i s  assumed t o  r e s i s t  rebound a s  we l l  as  downward 

motion. However, t h e  s o i l  a t  t h e  t i p  of t h e  p i l e  w i l l  only r e s i s t  compres- 

s ion .  Based on a l i m i t e d  number o f  comparisons with l o a d  t e s t  da ta ,  Smith 

(1960) proposed t h e  fol lowing values f o r  t h e  s o i l  parameters:  

- Qside = Q (a long s i d e  of p i l e )  = 0 .1  i n .  

&p . = Q ( a t  p i l e  t i p )  = 0 . 1  i n .  
o l n t  

J . = J (a long s i d e  of p i l e )  = 0.05 s e c / f t  
s l d e  

J . = J ( k t  p i l e  t i p )  = 0.15 sec /? t  
p o l n t  

A l i m i t e d  amount of work has been done on s o i l  i n p u t  da ta .  Fore- 

hand and Reese (1964) i n v e s t i g a t e d  t h e  s o i l  parameters used i n  t h e  wave 

equation by c o r r e l a t i n g  with load  t e s t  da ta .  Cor re l a t ion  a t tempts  f o r  

p i l e s  driven i n  sand were c o n s i s t e n t  wi th  Smith 's  recommended values ,  where- 

as  t h e r e  w a s  a l a c k  of c o r r e l a t i o n  f o r  p i l e s  driven i n  c l ay .  More recent  

i n v e s t i g a t i o n s ,  Chan e t  a l .  (1967),  Reeves, e t  a l .  (1967),  A i r h a r t ,  e t  ' a l .  - 
(1967),  have been d i r e c t e d  towards ob ta in ing  b e t t e r  s o i l  i npu t  d a t a  by 

performing l a b o r a t o r y  dynamic and s t a t i c  t e s t s  on s a t u r a t e d  sands and a 

fu l l  s c a l e  ins t rumented  p i l e  i n  c l ay .  The s t u d i e s  showed t h a t  t h e  s o i l  

parameters a r e  a func t ion  o f  t h e  loading ve loc i ty .  Gibson and Coyle (1968) 

r e l a t e d  s o i l  damping cons tan t s  with common s o i l  p r o p e r t i e s  f o r  both  sand 

and c lay .  More d e t a i l e d  d iscuss ion  of s o i l  response wi th  r e spec t  t o  

dynamic loading i s  considered i n  Chapter 3. 

The s o i l  r e s i s t a n c e  d i s t r i b u t i o n  must be  inc luded i n  t h e  ana lys i s .  

S o i l  r e s i s t a n c e  d i s t r i b u t i o n  inc ludes  t h e  percent  r e s i s t a n c e  at t h e  



p i l e  t i p  compared t o  t h e  pe rcen t  r e s i s t a n c e  along t h e  s i d e s  of t h e  p i l e .  

'Aiso, t h e  f r i c t i o n a l  r e s i s t a n c e  d i s t r i b u t i o n  must be  incorpora ted .  The 

s o i l  r e s i s t a n c e  d i s t r i b u t i o n  can not  b e  p red ic t ed  i n  an exact  manner, b u t  

ana lys i s  of borings can g ive  reasonable  l i m i t i n g  values f o r  t h i s  d i s t r i -  

bu t ion .  

The maximum displacement of t h e  p i l e  t i p  i s  found during t h e  numeri- 

c a l  a n a l y s i s  of a s i n g l e  impact,  and t h i s  displacement ( s e t )  can be conver- 

t e d  i n t o  hammer blows pe r  inch  ( r e c i p r o c a l  of s e t )  f o r  a p a r t i c u l a r  u l t i m a t e  

r s s i s t a n c e .  With cons idera t ion  of va r ious  u l t ima te  s o i l  r e s i s t a n c e s  and 

t h e  corresponding p i l e  response,  r e s u l t s  of t h e  wave a n a l y s i s  can be  pre- 

sen ted  as  shown i n  Figure A.9. The r e l a t i o n s h i p  between u l t i m a t e  p i l e  

load  capac i ty  a t  t he  time of d r i v i n g  and d r i v i n g  r e s i s t a n c e  i n  blows p e r  

inch i s  o f  primary i n t e r e s t .  Also,  compressive and t e n s i l e  s t r e s s e s  and de- 

f l e c t i o n s  a t  any poin t  with r e s p e c t  t o  t ime can be  obta ined .  A t r a c i n g  

of t h e  s t r e s s e s  can e a s i l y  produce t h e  maximum s t r e s s e s  t h a t  a r e  obtained 

t o  determine whether o r  no t  t h e  p i l e  w i l l  b e  damaged dur ing  d r iv ing .  For 

example, i n  Figure A.9 t h e  maximum compressive s t r e s s e s  a r e  shown versus 

d r i v i n g  r e s i s t a n c e .  - 
A.5 P i l e  Force and Accelera t ion  F i e l d  Measurement Analysis 

A method of p r e d i c t i n g  t h e  s t a t i c  bea r ing  capaci ty  of both f u l l -  

s c a l e  and reduced-scale p i l e s  from dynamic measurements taken i n  t h e  f i e l d  

dur ing  p i l e  d r i v i n g  is presented  by Tomko (1968).  Seve ra l  o t h e r  r e p o r t s  

a s soc ia t ed  wi th  Tomko's work a l s o  p r e s e n t  t h i s  method o f  a n a l y s i s  (Gable 

e t  al., 1967; Goble e t  a l . ,  1968; Scanlan and Tomko, 1969). The dynamic 

f i e l d  measurements c o n s i s t  of f o r c e  and a c c e l e r a t i o n  measured as  a func- 

t i o n  of t ime at t h e  p i l e  head d u r i n g  d r iv ing .  A b r i e f  review of t h e  pro- 

posed method w i l l  be  presented.  
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The p i l e  is as-sumed t o  he a  r i g i d  'ody s t ruck by a  time varying hammer 

force F ( t )  as  shown i n  Figure A . l O .  Applying Plewton's law t o  t h i s  assumed 

model, the  following expression is obtained: 

where F ( t )  i s  hammer force varying with t imes,  g ( t )  i s  the t o t a l  s o i l  

res i s tance  force with respect t o  time, a ( t )  i s  t h e  p i l e  acceleration with 

respect t o  time, and M i s  the  mass of the  p i l e  only. From t h i s  simplified 
-- 
theory,  t he  predicted ult imate s t rength of t he  p i l e  is given by 

where F ( t o )  i s  t he  force act ing a t  the top of p i l e  and i ( t o )  i s  the 

accelerat ion a t  the  top  of p i l e  both measured a t  time t when the veloci ty  
0 

of t he  top  of t he  p i l e  f i r s t  reaches zero a f t e r  a  h m e r  blow. The re la t ion-  

sh ip  of Equation A.13 i s  based on the  following assumed s o i l  res is tance 

force,  

- 
where ii i s  t he  veloci ty  of the  assumed r i g i d  body p i l e  and Ro is the s t a t i c  

res is tance.  According t o  Tomko (1968), t he  general  f e a s i b i l i t y  of the  

proposed method was determined by Eiber (1958). 

Predicted s t a t i c  res is tance (Equation A.13) can be readi ly  obtained 

from force and accelerat ion measurements; ve loc i ty  i s  obtained by integrat ion 

of the  accelerat ion record. The measuring and recording equipment has been 

s e t  up t o  apply t h i s  technique i n  the  f i e l d .  Correlation between neasured 

and predicted p i l e  capacity shows promise; however, there a r e  same questions 

about t he  v a l i d i t y  of t h e  analysis  of long p i l e s  as compared t o  short  p i l e s .  



F( t )  - Hammer Force i n  P i l e  Head 

(Force and Accelerat ion 
Measurement a t  P i l e  Head) 

P i l e  - Assumed t o  b e  Rigid 

M 

I 

R ( t )  - Tota l  S o i l  Resistance 

Figure A . 1 0  SIMPLIFIED PILE MODEL 



The entire length of a short pile would be influenced by the generated 

force pulse, thereby approaching the rigid condition. As pile length 

increases, the ratio of generated force pulse length to pile length 

decreases, making it necessary to consider wave propagation in the pile. 

This method for determining pile capacity has the advantage of using actual 

measurements on each pile; however, a disadvantage is that predetermination 

of driving capability is not possible. 



APPENDIX B 

ANALOG COMPUTER PROGRAM FOR FORCE GENERATOR 

B . l  Linear and B i l i n e a r  Cushion -- 

The analog computer program was designed t o  so lve  t h e  d i f f e r e n t i a l  

equations i n  nondimensional form f o r  t h e  fo rce  genera tor  model 

dx 
i n  which X = -, X = x ,  z = t / T ,  T = 

ml 
B and % = - o r  

dz m 2 

W1 - . Deta i l s  of t h i s  d e r i v a t i o n  i s  shown i n  Chapter 2. I n  p a r t i c u l a r ,  

W2 

Equations B.2 were solved:  
.. 
5 = - ( X  - X2) + gT 

2 
1 

- Figure B . l  i l l u s t r a t e s  t h e  analog computer program f o r  t h e  

general  case of a  f o r c e  genera tor  ( p i l e  hammer) applying a f o r c e  pulse  

a t  t h e  p i l e  head. I n t e g r a t o r s  1, 5 ,  18 and 20 and a m p l i f i e r s  4, 11, 21 

and 9 represent  t h e  b a s i c  c i r c u i t u s e d  i n  t h e  s o l u t i o n .  A l l  appropr i a t e  

gains are i n d i c a t e d  on t h e  ampl i f i e r s  and i n t e g r a t o r s .  The i n p u t s  t o  
.. 

i n t eg ra to r  1 a r e  t h e  components o f  X and inpu t s  t o  a m p l i f i e r  4 a r e  t h e  
.. 1 .. 

components of X i n  Equation B.2. The term X i s  i n t e g r a t e d  two t imes ,  
2 I .. 

through i n t e g r a t o r s  1 and 18 o r  20, t o  produce X The te rm X i s  i n t e -  
1' 2 

gra ted  two t imes ,  through i n t e g r a t o r s  5 and. 18 o r  20, t o  produce X 
2' 





The loading por t ion  of t h e  cushion s p r i n g  displacement ( X  - x2) 1 

i s  c o n t r o l l e d  by i n t e g r a t o r  18; whereas, t h e  unloading of t h e  cushion I 

s p r i n g  displacement i s  c o n t r o l l e d  by i n t e g r a t o r  20 and potent iometer  31. 

Potent ionmeter  31 i s  used t o  c o n t r o l  t h e  unloading s l o p e  of t h e  b i l i n e a r  

cushion,  and r e l a y  4 i s  used t o  switch t h e  load ing  t o  t h e  unloading p o r t i o n .  

The diode funct ion genera tor  i s  used f o r  t h e  non l inea r  cushion; d iscuss ion  

w i l l  b e  reserved f o r  t h e  s e c t i o n  on non l inea r  cushions.  For t h e  l i n e a r  

and b i l i n e a r  cushion, t h e  load ing  s l o p e  of t h e  s p r i n g  fo rce  ( a m p l i f i e r  8) 
- 
and d e f l e c t i o n  ( ampl i f i e r  21)  i s  s e t  f o r  t h e  same ou tpu t  with t h e  diode 

func t ion  genera tor .  The s p r i n g  fo rce  ( ampl i f i e r  8 )  and t h e  i n i t i a l  con- 
.. 

d i t i o n  a r e  fed i n t o  i n t e g r a t o r  1 t o  produce X. 

I n i t i a l  condit ions a r e  t h e  ram weight te rm g ~ 2  ( ~ o t e n t i o m e t e r  1 0 )  

and t h e  ram v e l o c i t y  a t  impact V expressed i n  nondimensional terms 
0 

X l o  = V T (potent iometer  7 ) .  These i n i t i a l  cond i t ions  a r e  fed i n t o  in-  
0 

t e g r a t o r  1. Let x r ep resen t  t h e  vo l t age  f o r  t h e  i n i t i a l  condi t ion  
0 

X10 = V T. The des i r ed  ou tpu t s  can be  r e a d i l y  determined from t h i s  in -  
0 

put  v o l t a g e  as  w i l l  be shown i n  t h e  fol lowing d i sucss ion .  The inpu t  

2 .  2 term gT i s  usua l ly  so  sma l l  compared t o  V T, t h a t  i n p u t  of gT can 
0 - 

normally b e  neglec ted .  

The p i l e  fo rce  F, ou tpu t  vol tage  o f  x  a t  G l i f i e r  7 ,  can be  7 

determined - 
10 x 

F l  
7. The peak p i l e  f o r c e  F  , peak v o l t a g e  output  x a t  where C = - 

X 
0 

P 7p 

ampl i f i e r  7 ,  can b e  determined 



. . 1 
' *:, I 

1 
.. 1 .. 

J:: 
I 
' 1  
.... 
. I 

where C = 2 = lo xi, 
1 R Xo 

The cushion s p r i n g  fo rce  F ou tpu t  vo l t age  of x a t  ampl i f i e r  8, 
s '  8 

can b e  determined 

X8 
where C = - . The s p r i n g  displacement ( x  - x 2 ) ,  

1 
output vo l t age  of 

FS x 
0 

x at a m p l i f i e r  21, can b e  determined 
2 1  

-- (xl - x )  2 = V  o T [Cs] 

X 
21 

where C = - . s x 
0 

The ram displacement (X ) and p i l e  head displacement (X ) have 
1 2 

a v o l t a g e  ouiput  of xP3 a t  ampl i f ie r  23 and x a t  ampl i f i e r  24, r e -  
24 

s p e c t i v e l y .  The displacements can b e  determined 

x = V T LCp] 
l o  ( B . 7 )  

where C = x /x and C = x /x . R 2 3  o P 24 o 

The energy t r ansmi t t ed  t o  t h e  p i l e  can b e  determined by m u l t i -  - 
p l y i n g  t h e  p i l e  f o r c e  and t h e  v e l o c i t y  ( s e r v o  M) and t h e  product i s  shown 

i n  ampl i f i e r  12. The product i s  i n t e g r a t e d  ( i n t e g r a t o r  13)  and t h e  

r e s u l t s  of vo l t age  output  ( x  ) can be  used t o  deterinine t h e  energy as  
1 3  

fol lows : 

1 2 
Energy = - m V 2 l o '  

It should b e  noted t h a t  t h e  c i r c u i t  i nvo lv ing  t h e  des i r ed  output  

of t h e  ampl i f i e r s  a s  previous ly  shown could b e  replaced by a curve- 

fo l lowing x-y r ecorde r .  Any a m p l i f i e r ' s  ou tpu t  could be p l o t t e d  versus  

t ime.  Time i s  c o n t r o l l e d  by potent iometer  28 and ampl i f i e r  15 .  A l l  
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poss ib le  input  parameters ,  ram v e l o c i t y  and ram weight e f f e c t ,  may b e  con- 

s i d e r e d  as we l l  a s  any combination o f  ram m a s s ,  hammer cushion,  drivehead 

m a s s  and p i l e  impedance. 

B.2 Nonlinear Cushion 

For t h e  non l inea r  cushions,  t h e  nondimensional equat ions  a s  shown 

f o r  t h e  l i n e a r  and b i l i n e a r  cushions were used t o  solve a p a r t i c u l a r  case .  

A p a r t i c u l a r  case inc ludes  a  ram and drivehead wei&t ,  ram v e l o c i t y ,  and - 
cushion sp r ing  fo rce  and deformation r e l a t i o n s h i p  as approximated by a 

s e r i e s  of s t r a i g h t  l i n e s  (Figure 2.15).  The diode fbnction genera to r  is 

used t o  obtain t h e  d e s i r e d  spqing fo rce  and deformation r e l a t i o n s h i p .  

The voltage output x21 at  ampl i f i e r  21 i s  used f o r  t h e  d e s i r e d  deforma- 

t i o n  ( ~ ~ u a t i o n  ~ . 6 )  and vo l t age  output  x8 a t  ampl i f i e r  8 i s  used t o  ob- 

t a i n  t h e  des i red  s p r i n g  f o r c e  ( ~ ~ u a t i o n  B.5). The diode func t ion  genera- 

t o r  cont ro ls  t h e  s lopes  and t h e  break po in t s  o f  t h e  loading curve.  The 

h y t e r e s i s  potent iometer  31 c o n t r o l s  t h e  s lope  of t h e  unloading wave. 

The des i r ed  s p r i n g  force  shape i s  s e t  up p r i o r  t o  t h e  s o l u t i o n  

wi th  t h e  use of an o s c i l l a t o r y ;  t h e  diode system i s  cu t  loose  from t h e  - 
p i l e  system i n  o rde r  t o  s e t  up t h e  s p r i n g  f o r c e  shape e f f i c i e n t l y .  

The vol tage  ou tpu t  r ep resen t ing  t h e  cushion s p r i n g  p r o p e r t i e s  

( ampl i f i e r  8 and 21) i s  determined by a r b i t r a r i l y  assuming t h e  load ing  i ! 

s t i f f n e s s  a s  some func t ion  of k . The s t i f f n e s s  k i s  s e l e c t e d  w i t h i n  
0 0 I 

t h e  range of upper and lower s t i f f n e s s e s  f o r  a  p a r t i c u l a r  hammer and 

cushion mater ia l .  For example, problem number 11 i s  shown i n  Table 

2.5 (Vulcan 1 with ram v e l o c i t y  of 12  f t / s e c  and p ine  plywood cushion).  

The se l ec ted  k f o r  t h i s  problem was 200 x l o 3  l b s / i n .  This v a l u e  of k 
0 0 



can now b e  used t o  determine X = V T i n  terms o f  inches ;  a  vol tage  x 
1 0  0 0 

r e p r e s e n t s  t h i s  i n i t i a l  condi t ion .  A l l  o t h e r  hammer parameters (ml,  m2, 

Vo' 
T )  a r e  now known and t h e  p i l e  c h a r a c t e r i s t i c s  (x) can be  v a r i e d  t o  

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

Af te r  t h e  d e s i r e d  cushion s p r i n g  shape i s  s e t  up, the  analog 

computer program i s  i n i t i a t e d  and t h e  s o l u t i o n  obtained.  The conversion 

o f  analog output  f o r  t h e  non l inea r  cushion i s  i d e n t i c a l  with t h a t  shown 

f o r  t h e  l i n e a r  and b i l i n e a r  cushions.  
-- 



APPENDIX C 

ANALOG COMPUTER PROGRAM FUR PILE TIP 

The analog computer program was designed t o  so lve  t h e  d i f f e r e n t i a l  

equation f o r  t h e  p i l e  t i p  model 

mK + (co + pcA)i  + k x = 2 pcA V 
s I (c.1)  

I n  p a r t i c u l a r ,  Equation C.2 (machine equat ion)  was sca led  and 

solved:  

i n  which t h e  t ime s e a l i n g  f a c t o r  i s  1/1000 sec .  i . e .  r e a l  t ime = 1/1000 

machine time. References by Johnson (1956) and Korn and Korn (1956) 

i n d i c a t e  analog computer techniques.  

Figure C . l  i l l u s t r a t e s  t h e  analog computer program f o r  t h e  genera l  

case  of a fo rce  pu l se  appl ied  a t  t h e  p i l e  t i p .  Amplif ier  2, i n t e g r a t o r s  

4 ,  7 and 13, and ampl i f ie rs  8, 1 4  and 9 represent  t h e  b a s i c  c i r c u i t  used 

i n  t h e  s o l u t i o n .  A l l  approp i ra te  ga ins  a r e  ind ica ted  on t h e  ampl i f i e r s .  

The inpu t s  t o  ampl i f i e r  2 a r e  t h e  components of X i n  Equation C.2 .  The 

term 2 i s  i n t e g r a t e d  two t imes ,  through i n t e g r a t o r s  4 and 7 o r  13 ,  t o  - k S produce t h e  s p r i n g  force  term x which i s  fed back t o  ampl i f i e r  2. 
1 0  

The loading por t ion  of t h e  s o i l  s p r i n g  i s  c o n t r o l l e d  by i n t e g r a t o r  7 and 

ampl i f i e r s  8 and 11. The i n i t i a l  break i n  t h e  s o i l  sp r ing  i s  c o n t r o l l e d  by 

x potentiometer  37 and t h e  second s lope  i n  t h e  s o i l  s p r i n g  i s  c o n t r o l l e d  

by potentiometer  54. The unloading p o r t i o n  of t h e  s o i l  sp r ing  i s  con- 

t r o l l e d  by i n t e g r a t o r  1 3  and ampl i f i e r  41. Relay 1 is  used t o  switch 

from t h e  load ing  t o  unloading por t ion .  The term 2 is mul t ip l i ed  by 
C 

0 

1000 
- (potentiometer  44) and by (servo 1) before  be ing  f e d  back t o  

ampl i f i e r  2 t o  produce Z. The mass c o e f f i c i e n t  g/W (l/m) is c o n t r o l l e d  by 

potent iometer  43. Potentiometer  40 c o n t r o l s  t h e  magnitude of  se rvo  1. 



VITA 

Je r ry  Frank Parola  was born a t  Hi l l sboro ,  I l l i n o i s ,  on 

7 September 1939. He at tended public schools i n  Taylor Springs and 

Hillsboro, I l l i n o i s ,  and graduated from Hil lsboro  High School i n  1957. 

He attended t h e  Universi ty of I l l i n o i s  a t  Urbana-Champaign and received 

h i s  Bachelor of  Science Degree i n  C i v i l  Engineering i n  1962 and t h e  

degree of Master of  Science i n  C i v i l  Engineering i n  1963. 

lie has been on t h e  s t a f f  o f  t h e  Civ i l  Engineering Department , 

of the  University of I l l i n o i s  as both a teaching and a research a s s i s t a n t .  

IIe has been a research a s s i s t a n t  i n  both s t r u c t u r e s  and s o i l  mechanics. 

During h i s  education he worked as a p r i v a t e  consul tant  and f o r  p r i v a t e  

consultants i n  foundation engineering. 

He i s  a  member of Chi Epsilon,  Phi E ta  Sigma, and Sigma X i ,  

an Associate Member o f  t h e  American Socie ty  of  C i v i l  Engineers,  and a 

Member of t h e  I n t e r n a t i o n a l  Society of  S o i l  Mechanics an2 Foundation 

Engineering. 


	0039_001.pdf
	0039_051.pdf
	0039_101.pdf
	0040_001.pdf
	0040_051.pdf
	0040_101.pdf

