
Terms and Conditions of Use:

this document downloaded from

vulcanhammer.info
the website about 
Vulcan Iron Works 
Inc. and the pile 
driving equipment it 
manufactured

All of the information, data and computer software (“information”) 
presented on this web site is for general information only. While every 
effort will be made to insure its accuracy, this information should not 
be used or relied on for any specific application without independent, 
competent professional examination and verification of its accuracy, suit-
ability and applicability by a licensed professional. Anyone making use 
of this information does so at his or her own risk and assumes any and all 
liability resulting from such use. The entire risk as to quality or usability of 
the information contained within is with the reader. In no event will this web 
page or webmaster be held liable, nor does this web page or its webmaster 
provide insurance against liability, for any damages including lost profits, lost 
savings or any other incidental or consequential damages arising from the use 

or inability to use the information contained within.

This site is not an official site of Prentice-Hall, Pile Buck, or Vulcan Foundation 
Equipment. All references to sources of software, equipment, parts, service or 

repairs do not constitute an endorsement.

Visit our companion site
http://www.vulcanhammer.org

http://www.vulcanhammer.info
http://www.vulcanhammer.org/


A CRITICAL EXAMINATION OF THE WAVE EQUATION 

Frank Rausche, Goble and Assoc ia tes ,  I n c . ,  and 
G. G. Goble, U n i v e r s i t y  o f  Colorado 

A  r e c e n t  resea rch  p r o j e c t  sponsored by t h e  
Federa l  Highway A d m i n i s t r a t i o n  produced a  new 
wave equa t i on  computer program f o r  t h e  a n a l y s i s  
o f  p i l e  d r i v i n g  (IIEAP). Whi le  t h e  p r imary  pur -  
pose o f  deve lop ing  t h i s  program was t o  p r o v i d e  
a  b e t t e r  model f o r  d i e s e l  hammers a  number o f  
o t h e r  improveinents were i n c l u d e d  and an exten- 
s i v e  c o r r e l a t i o n  s tudy w i t h  dynamic measure- 
ments was made. T h i s  s tudy toge the r  w i t h  t h e  
a u t h o r s '  e x t e n s i v e  f i e l d  exper ience p o i n t e d  o u t  
seve ra l  c o n d i t i o n s  where wave equa t i on  p r e d i c -  
t i o n s  w i l l  be i n a c c u r a t e  and u n r e l i a b l e .  I n  
t h i s  paper t h e  c a p a b i l i t i e s  o f  t h e  WEAP program 
w i l l  be compared w i t h  o t h e r  commonly used pro-  
grams. The v a r i o u s  f a c t o r s  wh ich  can i n f l u e n c e  
t h e  accuracy o f  a  wave equa t i on  a n a l y s i s  a r e  
cons idered,  eva lua ted  and d iscussed.  The spe- 
c i f i c  t o p i c s  i n c l u d e d  a re :  p i l e  model, s o i l  
model, hammer model, and s t a t i c  s o i l  a n a l y s i s .  

The a p p l i c a t i o n  o f  t he  Wave Equat ion  approach 
t o  t h e  s o l u t i o n  o f  a  v a r i e t y  o f  p i l e  d r i v i n g  pro- 
blems has become more and more widespread. For  ex- 
ample, t h e  au tho rs  have been i n v o l v e d ,  under a  con- 
t r a c t  w i t h  t h e  Federa l  Highway A d m i n i s t r a t i o n ,  i n  
t h e  development o f  a  computer program c a l l e d  WEAP 
(Eave g q u a t i o n  A n a l y s i s  o f  P i l e  D r i v i n g ) .  They 
a l s o  presented a  s e r i e s  o f  e leven seminars around 
t h e  c o u n t r y  as p a r t  o f  FHwA research implementa t ion  
e f f o r t s .  

As a  r e s u l t  o f  t h i s  work a  l a r g e  number o f  p ro-  
gram cop ies  have been sen t  o u t  and implementa t ion  
i s  proceed ing i n  many S t a t e  Departments o f  Trans- 
p o r t a t i o n  and eng inee r i ng  c o n s u l t i n g  f i r m s .  T h i s  
progress  has the  advantage o f  l e a d i n g  t o  a  more 
r e a l i s t i c  p r e p a r a t i o n  o f  p i l e  d r i v i n g  p r o j e c t s ;  on 
t h e  o t h e r  hand, i t  may i n  some ins tances  l ead  t o  
erroneous conc lus ions  when the  bas i c  assuinptions 
o f  t h e  approach a r e  v i o l a t e d  by unusual o r  u n a n t i c i -  
pa ted c i rcumstances.  

The Federa l  Highway A d m i n i s t r a t i o n  sponsored 
t h e  development o f  WEAP i n  response t o  concerns 
vo i ced  by wave equa t i on  users r e g a r d i n g  u n s a t i s -  
f a c t o r y  r e s u l t s  ob ta ined  f rom a v a i l a b l e  programs 
when a p p l i e d  t o  d i e s e l  hammers. F i r s t ,  i t  was nec- 
essary  t h a t  t he  thermodynamic c y c l e  be modeled i n  
c o n ~ p l e t e  d e t a i l  so t h a t  combust ion chamber f o r c e s  
a r e  determined. Second, s i n c e  t h e  s t r o k e  o f  a  

d i e s e l  hammer i s  dependent on t h e  d r i v i n g  r e s i s -  
tance and t h e  dynamics o f  t h e  p i le -hamner  system 
i t  must be determined d u r i n g  the  a n a l y s i s  r a t h e r  
than be ing  t r e a t e d  as an i n p u t  q u a n t i t y .  The WEAP 
program s a t i s f i e s  these needs. 

It i s  t h e  purpose o f  t h i s  paper t o  d i scuss  pro-  
blems t h a t  can a r i s e  i n  wave equa t i on  ana lyses.  
S ince many o f  these problems occur  i n  cases i n v o l v -  
i n g  h i g h  d r i v i n g  r e s i s t a n c e ,  emphasis w i l l  be 
p laced  on t h a t  aspect  o f  wave equa t i on  a p p l i c a t i o n .  

Bas i c  Approach 

The wave equa t i on  method o f  s o l v i n g  t h e  p i l e  
d r i v i n g  problem as dev ised by E.A.L. Smith i n  t h e  
1950 ' s  i s  r e l a t i v e l y  w e l l  known t o  most eng ineers  
i n v o l v e d  i n  p i l e  d r i v i n g .  I t  g i v e s  t h e  des igne r  a 
r a t i o n a l  means o f  des ign ing  a  p i l e  f o r  d r i v i n g  
s t resses ;  i t  p rov ides  a  s o i l  r e s i s t a n c e  versus blow 
coun t  r e l a t i o n  t o  be used f o r  c o n s t r u c t i o n  c o n t r o l  
purposes; and i t  a l l o w s  a  check on t h e  f e a s i b i l i t y  
o f  a  hammer-pile system, . g i ven  a  c e r t a i n  p r o f i l e .  

Wave equa t i on  a n a l y s i s  i s  u s u a l l y  conducted i n  
t h e  f o l l o w i n g  manner: 

1. From a  s t a t i c  s o i l  a n a l y s i s  an u l t i m a t e  
c a p a c i t y  versus dep th  r e l a t i o n  i s  es tab l i shed .  

2. Fo r  a  p a r t i c u l a r  dep th  t h e  s t a t i c  r e s i s -  
tance d i s t r i b u t i o n  an,d t h e  perc'entage o f  bo t tom 
r e s i s t a n c e  a r e  determined and t h e  t o t a l  u l t i m a t e  
r e s i s t a n c e ,  Rut, i s  found. Wave equa t i on  a n a l y s i s  
w i l l  de termine t h e  b low count  assoc ia ted  w i t h  Rut 
f o r  t h e  s p e c i f i e d  d r i v i n g  system. 

3. I n  gene ra l ,  a d d i t i o n a l  ana lyses a r e  a l s o  
made f o r  o t h e r  p o s s i b l e  Rut va lues  and a  curve,  Rut 
versus b low coun t  ( t h e  r e s u l t  o f  each i n d i v i d u a l  
a n a l y s i s )  i s  cons t ruc ted .  T h i s  cu rve  i s  c a l l e d  a  
bea r i ng  graph and an example i s  shown i n  F i g u r e  1. 

The b e a r i n g  graph i s  u s u a l l y  t h e  d e s i r e d  r e -  
s u l t  as i t  i n d i c a t e s  what c a p a c i t y  has been ob- 
t a i n e d  a t  a  c e r t a i n  b low coun t  o r  how t h e  p i l e  
would d r i v e  i n  t h e  g i v e n  s i t u a t i o n  (b low coun t  f r om 
s o i l  r e s i s t a n c e ) .  The wave equa t i on  i s  n o t  t h e  
o n l y  source o f  a  b e a r i n g  graph; f o r  example, t h e  
Eng ineer ing  News Formula o r  any o t h e r  dynamic 
equa t i on  can be p l o t t e d  i n  t h e  same manner. 



F i g u r e  1: Bea r i ng  graph ( c a p a c i t y  versus blow 
coun t )  as c o n s t r u c t e d  f rom i n d i v i d u a l  wave equa t i on  
a n a l y s i s .  
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P i l e  Model 

The a n a l y s i s  i t s e l f  i s  c a r r i e d  o u t  u s i n g  a  d i s -  
c r e t e  s p r i n g  mass model o f  t h e  p i l e  as shown i n  
F i g u r e  2. The p i l e  i s  d i v i d e d  i n t o  segments, each 
two t o  a t  most, t e n  f e e t  l ong .  The p i l e  acce le ra -  
t i o n s  a r e  computed f r o m  Newton's Second Law f o r  a  
g i v e n  s e t  o f  f o r c e s  a t  an element a t  a  c e r t a i n  t ime.  

F i g u r e  2. The Wave Equat ion  r e p r e s e n t a t i o n  o f  
p i l e  d r i v i n g .  A. The system t o  be analyzed. 8. 
The Wave Equa t i on  model. C.  The components o f  t h e  
s o i l  r e s i s t a n c e  model. 

(AIACTUAL SYSTEM (B1 MODEL 

The p i l e  v e l o c i t i e s  and d isp lacements  a r e  ob ta ined  
by i n t e g r a t i o n  o f  t h e  a c c e l e r a t i o n  ove r  a  smal l  
t i m e  increment .  The p i l e  fo rces  a r e  i n  t u r n  com- 
puted f rom t h e  segment d isp lacements  and t h e  s p r i n g  
s t i f f n e s s e s .  The process i s  t hen  repeated f o r  a  
new t i m e  increment .  More e l a b o r a t e  and accu ra te  
computa t iona l  procedures a r e  f r e q u e n t l y  used b u t  
t hey  w i l l  n o t  be d iscussed here  i n  any f u r t h e r  
d e t a i l .  

S o i l  Model 

On 2ach embedded p i l e  segment a  s o i l  r e s i s t a n c e  
f o r c e  i s  a c t i n g  d u r i n g  d r i v i n g .  T h i s  f o r c e  i s  de- 
pendent on t h e  s o i l  c h a r a c t e r i s t i c s  and i s  a  com- 
p l e x  f u n c t i o n  ?f b o t h . p i l e  and s o i l  mot ion .  A 
s t a t i c  s o i l  a n a l y s i s  i s  per formed and an u l t i m a t e  
s t a t i c  r e s i s t a n c e ,  Ru, i s  ob ta ined  f o r  each p i l e  
element.  The sum o f  a l l  R,-values i s ,  o f  course, 
t h e  t o t a l  p i l e  b e a r i n g  c a p a c i t y ,  Rut. 

S m i t h ' s  s o i l  model d i s t i n g u i s h e s  an e l a s t i c  
and a  p l a s t i c  p o r t i o n  o f  s o i l  behav io r .  I t  i n t r o -  
duces t h e  "quake" as t h a t  d isp lacement  a t  wh ich  
t h e  e l a s t i c ,  s t a t i c  behav io r  becomes p l a s t i c ,  i . e ,  
t h a t  p i l e  d isp lacement  a t  wh ich  t h e  u l t i m a t e  r e -  
s i s t a n c e ,  Ru, i s  reached. I n  a d d i t i o n  t o  t h e  
s t a t i c  r e s i s t a n c e  a  dynamic r e s i s t a n c e  f o r c e  i s  
a l s o  model led.  I t  i s  t r e a t e d  as p r o p o r t i o n a l  t o  
t h e  p i l e  element v e l o c i t y .  The s o i l  r e s i s t a n c e  
f o r c e s  a c t i n g  d u r i n g  d r i v i n g  a r e  f u n c t i o n s  o f  
e lement d isp lacements  and v e l o c i t i e s .  The charac- 
t e r i s t i c s  o f  these f o r c e s  a r e  shown i n  F i g u r e  2. 
The parameters d e f i n i n g  these f o r c e s  must be pro-  
v i ded  by wave equa t i on  program users .  

Hamner Model 

The wave equa t i on  hammer model can be more o r  
l e s s  s o p h i s t i c a t e d  depending on t h e  p a r t i c u l a r  com- 
p u t e r  program used and on t h e  t ype  o f  hammer em- 
p loyed.  I f  t h e  program does n o t  p e r m i t  a  r e a l i s t i c  
t r ea tmen t  o f  hammer o p e r a t i o n  i t  cannot  be expected 
t h a t  c o n s i s t e n t  r e l i a b l e  r e s u l t s  w i l l  be  obta ined.  
Fo r  t h e  s i m p l e s t  hammer type,  such as t h e  drop o r  
t h e  s i n g l e  a c t i n g  a i r / s t e a m  harmer, t h e  ram i s  
u s u a l l y  model led  as a  s i n g l e  mass, s t r i k i n g  a  cap- 
b l o c k  t h a t  i s  model led  by a  b i l i n e a r  s p r i n g  wh ich 
i n  t u r n  e x e r t s  f o r c e s  on a  he lmet  t h a t  s t r i k e s  t h e  
p i l e ,  sometimes th rough  a  cush ion.  

Fo r  d i e s e l  hammers, t h e  WEAP program uses 
seve ra l  e lements t o  r e p r e s e n t  t h e  more s lende r  
rams t y p i c a l  o f  these machines. An i n i t i a l  s t r o k e  
i s  assumed, t h e  ram i s  a l l owed  t o  f a l l  p a s t  t h e  
exhaust p o r t s  and impact on t h e  a n v i l  a f t e r  go ing  
through t h e  precompression phase. The combust ion 
chamber pressures  a r e  c a l c u l a t e d  f rom t h e  Gas Law 
and t h e  e f f e c t  o f  these pressures  on impact  ve lo -  
c i t y  i s  i n c l u d e d  i n  t h e  computa t ion .  The dynamic 
a n a l y s i s  i s  con t i nued  a f t e r  impact  u n t i l  ram sep- 
a r a t i o n  occurs  on t h e  upst roke.  The ram mo t i on  i s  
then computed i n c l u d i n g  t h e  e f f e c t  o f  t h e  combus- 
t i o n  chamber p ressu re  and t h e  rebound s t r o k e  i s  
determined. I f  t h e  rebound s t r o k e  i s  d i f f e r e n t  
than t h e  s t a r t i n g  s t r o k e  t h e  computa t ion  i s  re -  
peated u n t i l  convergence. Thus, ram s t r o k e  i s  
a v a i l a b l e  as a  f u n c t i o n  o f  b low coun t  f o r  use i n  
c o n s t r u c t i o n  c o n t r o l .  The WEAP program i s  t h e  
o n l y  a v a i l a b l e  program hav ing  t h i s  c a p a b i l i t y .  



Examples F i g u r e  4. Bear ing  graphs f rom WEAP f o r  two d i f -  
f e r e n t  quakes. 

A few examples o f  problems t h a t  may be encoun- 
t e r e d  when u s i n g  t h e  Wave Equat ion  approach w i l l  be 
d iscussed here .  I t  shou ld  be unders tood t h a t  these 
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examples a r e  unusual and shou ld  n o t  be cons idered 
t o  be proof  o f  a  f a i l u r e  o f  t h e  wave equa t i on  b u t  
r a t h e r  an i l - l -u 's t ra t ion  o f  problems t h a t  can occur .  

1. The P i l e  Model 1000 

The lumped mass model, r e p r e s e n t i n g  t h e  p i l e ,  
i s  p robab l y  t h e  most  r e l i a b l e  p o r t i o n  o f  t h e  wave 
equa t i on  i d e a l i z a t i o n .  I n  t h e  c o n t e x t  o f  h i g h  500 

c a p a c i t y  p i l i n g  t h e  assumption o f  e l a s t i c  behav io r  
shou ld  be examined. The measured and computed 
cu rve  o f  p i l e  t o p  f o r c e s  shown i n  F i g u r e  3  were ob- 
t a i n e d  f o r  an HP 10x42 p i l e  d r i v e n  by a  Kobe K25 0 20 0 LOO 600 800 

BLOWS/METER 

F i g u r e  3, P i l e  t o p  fo rces and v e l o c i t i e s  b o t h  
measured and computed by WEAP f o r  a  case where 
s t r e s s e s  exceed y i e l d .  

MEASURED - ------ 
FoRCE -!EL.-- 
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Note: 1  kN = 0.225 k i p .  

hammer t o  a  ha rd  l imes tone  rock .  The measurenients 
were made u s i n g  s t r a i n  t ransducers  a t t ached  t o  t h e  
p i l e  web. Thus, when y i e l d  was reached a  f o r c e  was 
measured t h a t  was h i g h e r  than a c t u a l l y  occu r red  due 
t o  t h e  assumption o f  a  cons tan t  e l a s t i c  modulus. 
The wave equa t i on  showed t h a t  t h e  f o r c e s  a t  t h e  
p i l e  t o p  were s m a l l e r  s i n c e  y i e l d i n g  and hence a  
r e d u c t i o n  o f  t h e  p i l e  s t r e n g t h  was n o t  model led.  

2. The S o i l  Model 

Among t h e  va r i ous  e r r o r  sources i n h e r e n t  i n  t h e  
s i n l p l i f i e d  s o i l  model used i n  wave equa t i on  ana l y -  
s i s  those i n t roduced  by t h e  assumption o f  l i n e a r  
e l a s t i c  - i d e a l  p l a s t i c  behav ior  w i l l  be d iscussed.  
These e r r o r  sources a r e  o f  p a r t i c u l a r  i n t e r e s t  i n  
ha rd  d r i v i n g .  

F i r s t  c o n s i d e r  d i f f e r e n c e s  i n  b e a r i n g  graphs 
when t h e  quake i s  changed f rom the  usua l  0.25 cm. 
(0 .1  i n . )  t o  a  low va.lue o f  0.10 cm. (0.04 i n . ) .  
The two b e a r i n g  graphs a r e  shown i n  F i g u r e  4. A t  
a  c a p a c i t y  o f  2670 kN (300 tons )  t h e  l a r g e r  quake 
g i v e s  a  35% h i g h e r  blow count.  The e r r o r s  i n t r o -  
duced a r e  s m a l l e r  when de te rm in ing  a  c a p a c i t y  from 
a g i v e n  b low count .  I f  the  goal  i s  t o  es t ima te  
blow c o u n t  a t  a  p a r t i c u l a r  depth  t h e  e r r o r  i s  

l a r g e r .  T h i s  c h a r a c t e r i s t i c  i s  i l l u s t r a t e d  i n  
F i g u r e  5 where t h e  b low coun ts  a r e  p l o t t e d  as a  
f u n c t i o n  o f  dep th  f o r  a  g i v e n  Ru versus dep th  

F i g u r e  5. Blow counts  versus' dep th  f r om t h e  two 
.bea r i ng  graphs o f  F i g u r e  4  v i a  an assumed Ru versus 
dep th  r e l a t i o n .  

R,, BLOW COUNT 

r e l a t i o n s h i p .  S ince  t h e  va lue  o f  t h e  quake i s  
u s u a l l y  n o t  a c c u r a t e l y  known and s i n c e  t h e  usua l  
assumption o f  0.25 cm. (0 .1  i n . )  has o n l y  proven 
t o  g i v e  good p r e d i c t i o n s  o f  c a p a c i t y  f o r  "normal"  
cases, t h i s  f a c t o r  shou ld  be cons ide red  when t h e  
a n a l y s i s  g i v e s  h i g h  b low coun ts  o r  r e f u s a l .  

Another  e f f e c t  may l e a d  t o  erroneous r e s u l t s  i n  
hard  d r i v i n g  cases. T h i s  e f f e c t ,  r e s u l t i n g  f r om 
t h e  r e a l  n o n - l i n e a r  behav io r  o f  t h e  s o i l  i s  o f  im- 
po r tance  when t h e  f i n a l  s e t s  d u r i n g  d r i v i n g  become 
v e r y  sma l l ;  say l e s s  t han  0.13 cm. (0.05 i n . )  o r  
more than 790 blows pe r  meter  (240 blows pe r  f o o t ) .  
I n  F i g u r e  6 r e a l  f o r c e  de fo rma t i on  curves a r e  shown 
t o g e t h e r  w i t h  t h e  wave e q u a t i o n  i d e a l i z a t i o n .  For 
these cases i t  i s  seen t h a t  f o r  Cases a  and b  t h e  
i d e a l i z a t i o n  approximates t h e  r e a l  cu rve  q u i t e  
w e l l .  Fo r  t h e  o t h e r  two cases t h e  r e s u l t s  w i l l  be 
poor.  The i d e a l i z e d  s o i l  l aw  would p r e d i c t  com- 
p l e t e  r e f u s a l  (no  permanent s e t )  where a c t u a l l y  
p e n e t r a t i o n s  s t i l l  occur .  T h i s  e r r o r  source 1  i m i t s  
t h e  a p p l i c a b i l i t y  o f  t h e  wave equa t i on  approach 
s i n c e  Ru becomes unknown f o r  a  h i g h  b low count.  
I n  f a c t ,  a t  h i g h  blow counts  h i g h e r  c a p a c i t i e s  t han  
those p r e d i c t e d  by t h e  wave equa t i on  a r e  l i k e l y .  



Figure 6. Nonlinear s t a t i c  s o i l  res i s tance  law - 
real  and idea l ized .  
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3. The Hammer Model 

Among the  various q u a n t i t i e s  t h a t  descr ibe the 
hammer model the  e f f ic iency  i s  probably most impor- 
t a n t  f o r  a ir /s team hammers. I t  i s  very well pos- 
s i b l e  t h a t  e r r o r s  a r e  introduced i n t o  r e s u l t s  due 
t o  an erroneous assumption of hammer energy and 
t h a t  these e r r o r s  a r e  i n i t i a l l y  thought t o  r e s u l t  
from improper s o i l  da ta .  

An example i s  given t o  i l l u s t r a t e  t h i s  problem: 
A 13 meter (43 f e e t )  long pipe p i l e  was driven i n t o  
coarse grained material t h a t  exhibi ted increasing 
s t reng th  with depth. The hammer was a  Vulcan No. 1  
s i n g l e  a c t i n g  air /s team hammer which i s  commonly 
thought t o  supply an energy t h a t  i s  independent of 
s o i l  r e s i s t a n c e .  The f i n a l  blow count was 157 
blows per meter (48 blows per f o o t ) .  

The s o i l  res i s tance  d i s t r i b u t i o n  was ca lcu la ted  
by a  s t a t i c  ana lys i s  and the t o t a l  amount of skin 
f r i c t i o n  was varied using 10, 30 and 70%. Corres- 
pondingly th ree  d i f f e r e n t  bearing graphs were ob- 
ta ined t h a t  d i f f e r e d  from the load t e s t  by 9  t o  
20%. The bearing graphs together  with the s t r e s s -  
blow count p lo t s  a r e  shown in Figure 7.  

The conclusion t h a t  an erroneous amount of sk in  
f r i c t i o n  was pr imari ly  responsible  f o r  the d i f f e r -  
ence between dynamic predict ion and s t a t i c  capaci ty 
i s  not j u s t i f i e d .  Note the low magnitude of the 
measured dynamic s t r e s s e s  suggesting t h a t  the ham- 
mer was not 80% e f f i c i e n t  as  assumed in the  wave 
equation input. 

A second load t e s t  was performed on an almost 
i d e n t i c a l ,  nearby p i l e  which was driven to 236 
blows per meter ( 7 2  blows per f o o t ) .  I t  ind ica tes  
a bette:-  agree7ent of s t r e s s e s  and an undet-predic- 
t ion  of s t a t i c  capaci ty.  Measurements taken during 
driving of both p i l e s  ac tua l ly  did i n d i c a t e  an in -  
crease of hammer energy with blow count. 

Figure 7. Results from WEAP analyses and from 
load t e s t s  f o r  a  pipe p i l e  driven i n t o  coarse 
grained s o i l .  
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Note: 1  kpa = 0.145 p s i .  

S t a t i c  Soil Analyses and Dr iveab i l i ty  

I t  was shown t h a t  an uncertainty i n  the magni- 
tude of the quake can r e s u l t  in a  r a t h e r  l a rge  
e r r o r  in the est imate of the number of blows neces- 
sary to  d r ive  a  p i l e .  In t h a t  example of Figures 
4  and 5 i t  had been assumed t h a t  the s t a t i c  s o i l  
ana lys i s  was cor rec t .  

Uncertaint ies  in  s t a t i c  formulas, however, were 
the  reason why the wave equation approach was 
developed and accepted. Thus, a  d r i v e a b i l i t y  study 
must always be considered with some suspicion s ince  
i t  depends on the a b i l i t y  t o  make an accurate  
s t a t i c  ana lys i s .  

The next example demonstrates the  r a t h e r  dra- 
matic e f f e c t  of an unknown res i s tance  force  a t  the  
p i l e  bottom. The example was taken from a  dr ive-  
a b i l i t y  study on an open ended conductor pipe 
driven i n t o  pr imari ly  sandy mater ia l .  The p i l e  had 
a  d r ive  shoe cons i s t ing  of a  portion of pipe hav- 
ing increased wall thickness  over the bottom two 
f e e t  of p i l e .  The p i l e  shoe extended t o  the in- 
s i d e  thus reducing the diameter of the s o i l  enter-  
ing t h e  p i l e  and the  f r i c t i o n  on the ins ide  of the 
p i l e .  Frequently t h i s  technique i s  unsuccessful 
and a  plug may form t h a t  a c t i v a t e s  a  s o i l  r e s i s -  
tance equal t o  t h a t  of a  closed end p i l e .  In 
Figure 8 ,  blow count versus depth curves a r e  shown 
f o r  the two cases.  A d r a s t i c  d i f fe rence  r e s u l t s .  



Figure 8. R u  versus depth and r e s u l t i n g  blow count 
versus depth from WEAP ana lys i s  f o r  an offshore con- 
ductor pipe. 

Conclusions 

Experience with the WEAP program has shown t h a t  
i t  can be an e f f e c t i v e  tool f o r  evaluat ing p i l e  
dr iving systems. I t  i s  p a r t i c u l a r l y  useful in 
dealing with open end diesel  hamners s ince the t o t a l  
thermo-mechanical system i s  modelled. 

Care must be used in applying WEAP o r  any 
o ther  wave equation program in t h a t  e r r o r s  , input  
parameters o r  cases  where the model contained in 
the program i s  not a  proper representat ion of the 
real  physical system can produce poor r e s u l t s .  Of 
p a r t i c u l a r  concern a r e  th ree  problems: 

1.  The program depends on a  knowledge of ham- 
mer e f f ic iency  and s ince i t  can vary from hammer t o  
hammer i t  i s  unknown in advance. 

2.  The s o i l  res i s tance  model of e l a s t i c - p l a s t i c  
spr ing and l i n e a r  dashpot can produce poor r e s u l t s  
f o r  high blow count dr iving.  

3 .  The i n a b i l i t y  to  perform an accurate  s t a t i c  
s o i l s  ana lys i s  make d r i v e a b i l i t y  s t u d i e s  un- 
r e l i a b l e .  




