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CONVERSION FACTORS, NON-SI TO SI (METRIC) UNA 'S OF MEASUREMENT 

Non-SI u n i t s  o f  measurement used i n  t h i s  r e p o r t  can  b e  c o n v e r t e d  t o  S I  (metric) 

u n i t s  a s  f o l l o w s :  

M u l t i p l y  By To O b t a i n  

c u b i c  i n c h e s  

f e e t  

feet .  p e r  second 

f e e t  p e r  second s q u a r e d  

f o o t - k i p s  ( f o r c e )  

foo t -pounds  ( f o r c e )  

i n c h e s  

i n c h e s  p e r  pound 

i n c h e s  t o  t h e  f o u r t h  power 

k i p s  

k i p s  p e r  s q u a r e  i n c h  

pounds p e r  i n c h  

pounds p e r  c u b i c  i n c h  

pounds p e r  s q u a r e  i n c h  

pounds p e r  c u b i c  f o o t  

16.3871 c u b i c  mic romete r s  

0 .3048  m e t e r s  

0.3048 meters per second 

0.3048 meters per  second s q u a r e d  

4,448222 k i lonewtons  

1.355818 j ou  bes 

2 . 5 4  c e n t i m e t e r s  

0 .  1129848 newton meters 

0.4162 micromete r s  t o  t h e  f o u r t h  
power 

4.4482 k i lonewtons  

6.8497 megapasca ls  

175.1248 newtons p e r  m e t e r  

27,679 .9000 k i log rams  p e r  c u b i c  meter 

6.8948 m i l l i p a s c a l s  

16.0185 k i log rams  per c u b i c  meter 

pounds p e r  s q u a r e  f o o t  4 .8824  k i log rams  p e r  s q u a r e  m e t e r  

t o n s  ( f o r c e )  8 .8964  k i lonewtons  

t o n s  (mass)  p e r  s q u a r e  f o o t  9 ,76L .854  k i log rams  p e r  s q u a r e  m e t e r  



I.ATERALT,Y LOADED PTI,ES- ANTI COMPIITER PROGRAM COM624G 

PART I: INTRODUCTION 

Need f o r  S o i l - S t r u c t u r e  I n t e r a c t i o n  Analyses  i n  
Design o f  P i l e  Founda t ions  

1. P i l e  f o u n d a t i o n s  a r e  f r e q u e n t l y  used  t o  s u p p o r t  s t r u c t u r e s  when t h e  

s o i l  immed ia t e ly  below t h e  base w i l l  n o t  p r o v i d e  a d e q u a t e  b e a r i n g  c a p a c i t y .  

P i l e s  t r a n s f e r  l o a d  from t h e  s t r u c t u r e  t o  s o i l  s t r a t a  which can  s u p p o r t  t h e  

a p p l i e d  l o a d .  The b e h a v i o r  o f  s u c h  a sys t em depends  on t h e  i n t e r a c t i o n  o f  t h e  

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

i n v o l v i n g  p i l e  d e s i g n  must  t a k e  i n t o  c o n s i d e r a t i o n  t h e  e f f e c t s  o f  t h e s e  inter- 

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

t h e  t o t a l  sys t em must  be ach ieved  i n  t h e  a n a l y s i s .  T h i s  r e p o r t  d e a l s  w i t h  

a n a l y s i s  o f  t h e  l a t e r a l  i n t e r a c t i o n  o f  t h e  p i l e  s h a f t  and t h e  s o i l .  The p r o b -  

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

o u t s i d e  t h e  s c o p e  o f  t h i s  r e p o r t .  A number o f  r e f e r e n c e s  a r e  a v a i l a b l e  on 

t h i s  t o p i c  f o r  t h e  i n t e r e s t e d  r e a d e r  (CASE Task Group on P i l e  F o u n d a t i o n s  1980;  

Mar t in ,  J o n e s ,  and Radhakr ishnan 1980;  Awoshika and Reese 1971;  Radhakr i shnan  

and P a r k e r  1975 ;  H a l i b u r t o n  1971; and Dawkins 1982) .  
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2 .  A m a j o r  p o r t i o n  of  t h e  m a t e r i a l  p r e s e n t e d  h e r e i n  i s  e x c e r p t e d  o r  

s u m a r i z e d  from r e p o r t s  p u b l i s h e d  by P ro f ,  Lymon C .  Reese and h i s  s t u d e n t s /  

a s s o c i a t e s  a t  The U n i v e r s i t y  o f  Texas a t  A u s t i n  (UT). The computer  program 

p r e s e n t e d  h e r e i n  (COM624G) was deve loped  under  t h e  d i r e c t i o n  of P r o f .  Reese 

and mod i f i ed  by t h e  Automat ic  Data P r o c e s s i n g  (DIP) C e n t e r  a t  t h e  U .  S, Army 

Engineer  Waterways Exper iment  S t a t i o n  (WE§) t o  p r o v i d e  i n t e r a c t i v e  c a p a b i l i t y  

and g r a p h i c s .  

3.  E x c e l l e n t  summaries of  t h e  methods used  i n  a n a l y s i s  o f  l a t e r a l l y  

loaded p i l e s  a r e  a v a i l a b l e  (Reese and S u l l i v a n  1980,  Reese and A l l e n  1977) .  

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

invo lved  i n  p i l e  d e s i g n  u s i n g  t h e  method o f  a n a l y s i s  p r e s e n t e d  h e r e i n .  Ex- 

c e r p t s  from t h e s e  two r e f e r e n c e s  a p p e a r  t h roughou t  t h i s  r e p o r t  and a r e  a c -  

knowledged where i n c l u d e d .  



Example A p p l i c a t i o n s  

4 .  I f  a  s t r u c t u r e  i s  s u p p o r t e d  on v e r t i c a l  p i l e s  and  i f  a l l  l o a d s  from 

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

a l l  be a x i a l .  If some h o r i z o n t a l  component o f  l o a d  i s  p r e s e n t ,  a  l a t e r a l  

f o r c e  w i l l  a l s o  b e  t r a n s m i t t e d  t o  t h e  p i l e s .  If some o f  t h e  p i l e s  a r e  b a t -  

t e r e d ,  an  a x i a l  and l a t e r a l  f o r c e  w i l l  b e  t r a n s m i t t e d  t o  t h e  p i l e s  r e g a r d l e s s  

of  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  load .  F o r  most  s t r u c t u r e s ,  p a r t i c u l a r l y  hy- 

d r a u l i c  s t r u c t u r e s ,  b o t h  h o r i z o n t a l  and v e r t i c a l  components o f  l o a d  a r e  p r e s -  

e n t .  The t h e o r y  and t h e  computer  program p r e s e n t e d  i n  t h i s  r e p o r t  c o n s i d e r  

t h e  r e sponse  o f  i n d i v i d u a l  p i l e s  t o  l a t e r a l  l o a d s .  The program i s  n o t  d i -  

r e c t l y  a p p l i c a b l e  t o  problems where group e f f e c t s  must  be  c o n s i d e r e d ,  s u c h  a s  

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

e r a l  methods t o  a n a l y z e  s u c h  problems a r e  a v a i l a b l e  ( O ' N e i l l ,  Wawkins, and 

Mahar 1980;  Reese 1980;  and Bavisson  1970) b u t  w i l l  n o t  be  a d d r e s s e d  h e r e i n .  

A x i a l l y  l oaded  p i l e  b e h a v l o r  and a  computer program f o r  a n a l y z i n g  s u c h  be-  

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

5 .  The method o f  a n a l y s i s  p r e s e n t e d  i n  t h i s  r e p o r t  i s  d i r e c t l y  a p p l i c a -  

b l e  t o  problems i n  which t h e  l a t e r a l  r e sponse  o f  s i n g l e - p i l e  f o u n d a t i o n  e l e -  

ments i s  a n a l y z e d .  Examples of  suck  problems e n c o u n t e r e d  b y  t h e  Corps a r e  

s i n g l e - p i l e  d o l p h i n s  ( F i g u r e  1)  and b a f f l e s  f o r  g r a d e  c o n t r o l  s t r u c t u r e s  ( F i g -  

u r e  2 ) .  The method c a n  a l s o  be extended and used  i n  m u l t i p l e - p i l e  f o u n d a t i o n  

e l e m e n t s  such  a s  i n  t h e  c o n t i n u o u s  frame p i l e - s u p p o r t e d  pumping s t a t i o n  shown 

i n  F i g u r e  3 .  To s o l v e  problems o f  t h i s  t y p e ,  t h e  u s e r  must  e n s u r e  i n  t h e  

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

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

problem i s  a n a l y z e d  i n  two p a r t s :  (a)  a  frame a n a l y s i s  u s i n g  methods which 

may v a r y  from a  f i n i t e  e l emen t  a n a l y s i s  to a  moment d i s t r i b u t i o n  a n a l y s i s  de-  

pend ing  on t h e  l e v e l  of  s o p h i s t i c a t i o n  d e s i r e d  by t h e  u s e r ,  and f b )  a  l a t e r a l l y  

loaded p i l e  a n a l y s i s .  The a n a l y s i s  i s  performed on a n  i d e a l i z e d  f rame r e s t i n g  

on p i l e s  which a r e  s u b j e c t e d  t o  h o r i z o n t a l  and v e r t i c a l  l o a d s .  The f rame i s  

s e p a r a t e d  from t h e  p i l e s  a t  t h e  g round l ine  a s  shown by t h e  i n s e r t  i n  F i g u r e  3 .  

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

s h e a r ,  a x i a l  l o a d ,  and moment t o  have t h e  same v a l u e s  a t  t h e  p o i n t s  where t h e  

p i l e s  connec t  t o  t h e  f rame.  

6 .  R ~ c a t r s e  a r l a l y s 7 s  o f  t h i s  problem must be per formed i n  two p a r t s ,  t h e  
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F i g u r e  1 .  S i n g l e  pile lnoor lng  d o l p h i n  





F i g u r e  3. I d e a l i z e d  c o n t i n u o u s  f rame p i l e - s u p p o r t e d  
pumping s t a t i o n  

a n a l y s i s  i s  i t e r a t i v e .  One app roach  i s  t o  assurllie t h e  r e a c t i o n s  o f  each  p i l e  

on t h e  f r ame ,  a p p l y  t h e s e  r e a c t i o n s  t o  t h e  f r ame ,  and a n a l y z e .  R e s u l t s  o f  

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

a n a l y s i s  a r e  compared t o  t h e  assumptioris  made f o r  t h e  f rame a n a l y s i s ,  t h e  

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

c o m p a t i b l e  f o r c e s ,  moments, and de f l ec t z ions  r e s u l t  from b o t h  a n a l y s e s .  T h i s  

app roach  i s  d i s c u s s e d  i n  more d e t a i l  by Reese and A l l e n  ( 1 9 7 7 ) .  

Methods of A n a l y s i s  

7 .  Many d i f f e r e n t  methods have 1)een u s e d  i n  a n d l y s l s  o f  l a t e r a l l y  l o a d e d  

Les ,  where t h e  a r l a l y s l s  i n  g e n e r a l  c o n s l s t s  o f  cornputlng p i l e  def  1t.c t l r ; r l ,  



bending  moment, and s h e a r  a s  a  f u n c t i o n  o f  d e p t h  below t h e  t o p  o f  t h e  p i l e .  

F i g u r e  4 p r e s e n t s  t h e  r e s u l t s  o f  a  l a t e r a l l y  l o a d e d  p i l e  a n a l y s i s .  S e v e r a l  o f  

t h e  methods o f  a n a l y s i s  a r e  based  on t h e  t h e o r y  of s u b g r a d e  r e a c t i o n  i n  which  

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

S o l u t i o n  o f  t h e  problem i n v o l v e s  s o l u t i o n  of  a  f o u r t h - o r d e r  d i f f e r e n t i a l  e q u a -  

t i o n .  Most r e s e a r c h e r s  u t i l i z i n g  t h i s  app roach  s o l v e  t h e  e q u a t i o n  u s i n g  e i t h e r  

a  c lo sed - fo rm o r  a  power s e r i e s  s o l u t i o n  which r e q u i r e s  numerous s i m p l i f y i n g  

a s s u m p t i o n s .  The more c r i t i c a l  o f  t h e s e  a s s u m p t i o n s  a r e :  ( a )  a  c o n s t a n t  o r  

l i n e a r  v a r i a f i o n  o f  s u b g r a d e  modulus w i t h  d e p t h ,  ( b )  l i n e a r l y  e l a s t i c  s o i l  be -  

h a v i o r ,  and  ( c )  c o n s t a n t  f l e x u r a l  s t i f f n e s s  o f  t h e  p i l e .  Examples o f  t h e s e  

methods o f  a n a l y s i s  a r e  g i v e n  i n  Davisson  (1970) ,  T e r z a g h i  (1955), Wink le r  

(1967) ,  Broms (1964a ) ,  and Broms (1964b) .  
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F i g u r e  4 .  Form o f  t h e  r e s u l t s  o b t a i n e d  from a  l a t e r a l l y  l oaded  p i l e  
(Reese and Cox 1968) 

8 .  An e n t i r e l y  d i f f e r e n t  approach [Poulos  1971 )  assumes t h e  s o i l  t o  b e  

an e l a s t i c ,  homogeneous, i s o t r o p i c  ha l f - -space  w i t h  a  c o n s t a n t  Young's  rnodulus 

and P o i s s o n ' s  r a t i o .  The p i l e  i s  model-ed a s  a  t h i n ,  r e c t a n g u l a r ,  v e r t i c a l  

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

from t h e  c r i t i c a l  l i m i t a t i o n  o f  t h e  o t h e r  methods p r e v i o u s l y  d i s c u s s e d ;  i . e . ,  

t h e  s o i l  r e s p o n s e  i s  assumed t o  be l i n e a r .  

9 .  The method u t i l i z e d  i n  t h e  l a t e r a i l y  l o a d e d  p i l e  program,  COM624G. i s  



b a s e d  on t h e  t h e o r y  o f  s u b g r a d e  r e a c t i o n  d i s c u s s e d  above .  However, t h e  method 

used  f o r  s o l u t i o n  of t h e  f o u r t h - o r d e r  d i f f e r e n t i a l  e q u a t i o n  i s  t h e  f i n i t e  d i f -  

f e r e n c e  t e c h n i q u e .  T h i s  s o l u t i o n  method,  which i s  p r e s e n t e d  i n  P a r t  I f ,  o f -  

f e r s  s e v e r a l  a d v a n t a g e s  o v e r  t h e  c o n v e n t i o n a l  methods :  ( a )  t h e  s o i l  modulus 

can  b e  v a r i e d  b o t h  w i t h  d e p t h  and p i l e  d e f l e c t i o n ,  (b )  s t r a t i f i e d  s o i l  d e p o s i t s  

c a n  be  a n a l y z e d ,  ( c )  t h e  p i l e  s t i f f n e s s  wieh  d e p t h  can  be c o n s i d e r e d ,  ( d )  t h e  

f l e x u r a l  s t i f f n e s s  o f  t h e  p i l e  c a n  b e  v a r i e d ,  and  ( e )  s e v e r a l  t y p e s  of bounda ry  

c o n d i t i o n s  c a n  be employed.  

N o n l i n e a r  I n t e r a c t i o n  Curves  

10. Program COM6246 p r e s e n t s  m a t h e m a t i c a l  s o l u t i o n s  o f  p h y s i c a l  mode l s  

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

s o i l  sy s t ems .  Kowever, a s  w i t h  most  g e o t e c h n i c a l  e n g i n e e r i n g  a p p l i c a t i o n s ,  

t h e  a n a l y s i s  i s  o n l y  a s  r e l i a b l e  a s  t h e  s o i l  p a r a m e t e r s  i n p u t  t o  t h e  p rob lem.  

I n  t h i s  c a s e ,  t h e  s o i l  p a r a m e t e r s  t a k e  t h e  form o f  c u r v e s  which  s l m u l a t e  t h e  

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

11. A f a m i l y  o f  c u r v e s  describes t h e  b e h a v i o r  of  t h e  s o i l  a round a  

l a t e r a l l y  l oaded  p i l e  I n  t e rms  o f  l a t e r a l  s o i l  r e a c t l o n  v e r s u s  l a t e r a l  p i l e  

movement f o r  a  number o f  l o c a t i o n s  alorlg t h e  p i l e .  Each c u r v e  r e p r e s e n t s  

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

movement a t  a  g i v e n  l o c a t i o n .  

1 2 .  C r i t e r i a  used I n  d e v e l o p i n g  t h e s e  n o n l i n e a r  p r l e  s h a f t - s o l 1  inter- 

a c t i o n  c u r v e s  a r e  p r e s e n t e d  i n  P a r t  111. These c r i t e r l a  a r e  t h o u g h t  t o  y i e l d  

c o n s e r v a t i v e  e s t i m a t e s  o f  s o i l  r e s p o n s e ;  however,  t h e  u s e r  must a lways  b e a r  i n  

mind t h a t  t h e  c r i t e r i a  a r e  based  on  l i m i t e d  d a t a  and  t h e r e  a r e  many i n e v i t a b l e  

u n c e r t a i n t i e s  i n  e s t i m a t i n g  s o i l  r e s p o n s e .  N e v e r t h e l e s s ,  t h e  c r l t e r i a  p r e -  

s e n t e d  h e r e  r e p r e s e n t  t h e  c u r r e n t  s t a t e  o f  t h e  a r t .  I n  P a r t  I V  o f  an  e a r l i e r  

r e p o r t  b y  Nadhakr ishnan  and P a r k e r  ( 1 9 ? 5 ) ,  s o i l  c r i t e r i a  a r e  p r o v i d e d  f o r  l a t -  

e r a l l y  and a x i a l l y  l oaded  p i l e s .  The m a t e r i a l  p r e s e n t e d  h e r e i n  u p d a t e s  t h e s e  

c r i t e r l a  f o r  l a t e r a l l y  l oaded  p i l e s .  S o i l  c r i t e r i a  f o r  a x i a l l y  l oaded  p i l e s  

p r e s e n t e d  i n  Radhakr ishnan  and P a r k e r  (1975) w i l l  b e  i ~ p d a t e d  i n  a  s e p a r a t e  

r e p o r t .  

Pu rpose  and Scope 

I : ,  The p r i m a r v  pi i rpose o f  t h i s  r e p o r t  i s  t o  preserlb b a c k g r o u n i i  



I n f o r m a t i o n  on l a t e r a l l y  l o a d e d  p l l e  a r i a i a y s i s  and t o  p r o v l d e  s u p p l e m e n t a r y  

documen ta t ion  o f  computer  program COM624G. The s u b j e c t  a r e a  c o v e r e d  i s  r l c h  

i n  t e c h n i c a l  l i t e r a t u r e ,  and no a t t e m p t  i s  made h e r e i n  t o  d i s c u s s  t h e  methods  

o f  a n a l y s i s  i n  d e t a i l .  However, enough t h e o r y  and background a r e  p r e s e n t e d  t o  

e x p l a i n  t h e  b a s i s  o f  t h e  method used  i n  t h e  computer  program.  Examples o f  

problems e n c o u n t e r e d  by t h e  Corps  o f  E n g i n e e r s  a r e  used  where  a p p r o p r i a t e  f o r  

illustrative p u r p o s e s .  

14.  Background and t h e o r y  f o r  l a t e r a l l y  l o a d e d  p i l e  a n a l y s i s  ( t h e  b a s l s  

f o r  program ~ 0 ~ 6 2 4 ~ )  a r e  p r e s e n t e d  i n  P a r t  11. P a r t  111 p r e s e n t s  c r i t e r i a  Eoc 

d e v e l o p i n g  s o i l  r e s p o n s e  c u r v e s .  Appendix A p r e s e n t s  a  p r o c e d u r e  f o r  n o n d i -  

mens lona l  a n a l y s i s  o f  l a t e r a l l y  l oaded  p i l e s  which c a n  b e  u sed  t o  p e r f o r m  com- 

p a n i o n  hand c a l c u l a t i o n s  t o  v e r i f y  t h e  r e s u l t s  o f  t h e  computer  s o l u t i o n s .  Ap- 

pend ix  B p r e s e n t s  a  d e s i g n  example  which i l l u s t r a t e s  t h e  i m p o r t a n c e  o f  e n g i -  

n e e r i n g  judgment  i n  a n a l y s i s  o f  l a t e r a l l y  l o a d e d  p i l e s .  A u s e r ' s  g u i d e  f o r  

COP1624G i s  p r e s e n t e d  i n  Appendix C .  A c o n ~ p l e t e  and wel l -documented  u s e r ' s  

g u i d e  f o r  COM624 i s  p r e s e n t e d  b y  Reese and S u l l i v a n  ( 1 9 8 0 ) .  Appendix D p r e -  

s e n t s  examples  of  p rob lems  p a r t i c u l a r l y  applicable t o  Corps o f  E n g i n e e r s  p r o j -  

e c t s .  The n o t a t i o n s  used  I n  t h e  r e p o r t  a r e  summarized i n  Appendix E .  



PART T T : R A C K G R O I I N D  A N D  ' F H E O R Y  FOR T.ATERAI,I ,Y T'OADED 
PILE ANALY S I S  

15. Two s t e p s  a r e  i n v o l v e d  I n  o b t a i n i n g  t h e  r e s p o n s e  o f  a  g i v e n  p i l e  t o  

a  l a t e r a l  l o a d :  ( a )  t h e  s o i l  r e s p o n s e  must  be d e t e r m i n e d  a s  a  f u n c t i o n  o f  

d e p t h ,  p i l e  d e f l e c t i o n ,  p i l e  geome t ry ,  and  n a t u r e  o f  l o a d i n g ;  and ( b )  t h e  

e q u a t i o n s  must  be s o l v e d  t h a t  y i e l d  p i l e  d e f l e c t i o n ,  s l o p e ,  bend ing  montent, 

and s h e a r .  I n  this p a r t  o f  t h e  r e p o r t ,  t h e  t h e o r y  i n v o l v e d  i n  d e v e l o p i n g  and 

s o l v i n g  t h e  e q u a t i o n s  w i l l  b e  r ev i ewed .  The p r o c e d u r e s  f o r  d e v e l o p i n g  t h e  

n o n l i n e a r  c u r v e s  which  p r e d i c t  t h e  s o i l  respor l se  w i l l  be  p r e s e n t e d  i n  P a r t  111. 

Review o f  B a s i c  Beam-Column R e l a t i o n s  

6 The method o f  a n a l y s i s  used  i n  COM624G is  based  on t h e  t h e o r y  o f  a  

beam on a n  e l a s t i c  f o u n d a t i o n .  I n  t h i s  c a s e ,  however ,  t h e  beam i s  i n s e r t e d  

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

and i s  treated a s  a beam-column. The b a s i c  c o n c e p t s  of  beam-colci~nn r e l a t i o n s  

a r e  cove red  i n  d e t a i l  i n  numerous e n g i n e e r i n g  mechanics  t e x t s  ( s e e  tiigdori 

e t  a l .  1 9 6 7 ) ;  t h e r e f o r e ,  a r ev i ew  of them w i l l  n o t  be p r e s e n t e d  h e r e .  

1 7 .  The b a s i c  r e l a t i o n s h i p s  between d e f l e c t i o n ,  s l o p e ,  morilent, s h e a r ,  

and l o a d  f o r  a beam ( F i g u r e  5 ,  wi tho i i t  t h e  a x i a l  l o a d ,  Px)* o f  c o n s t a n t  f i e x -  

u r a l  r i g i d i t y  a r e  

a n d  

For  c o n v e n r e n c e ,  symbols  a n d  unusua l  a b b r e v l a t l o n s  a r e  l r s t e d  a n d  defined 
~ n  the  N o t a t i o n  (Appendix E) 
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Figure 5. Relationships between deflection, 
shear, and load for a t y p i c a l  beam-column 

where 

S = slope 

F1 = moment 
EI = flexural rigidity 

V = shear 

q = uniformly distributed vertical load on beam 

y = deflection at point x alorig the length of the column 

Writing these equations in terms of load and deflection gives 

and 



The d i f f e r e n t i a l  e q u a t i o n  f o r  a beam-column s ~ l h j e c t e d  t o  l o a d s  o n l y  a t  i t s  

ends  can  be  o b t a i n e d  by t a k i n g  t h e  e q u a t i o n  f o r  b e n d i n g  due  t o  f l e x u r e  and 

a d d i n g  t o  i t  t h e  bend ing  due t o  a c o n s t a n t  a x i a l  l o a d  P 
X 

If  t h e  beam-column i s  r e s t i n g  o n  o r  embedded i n  s o i l ,  a  s o i l  r e a c t i o n  p will 

b e  r e s i s t i n g . t h e  movement o f  t h e  systern and  E q u a t i o n  7a will b e  t r a n s f o r m e d  t o  

where p  i s  t h e  s o i l  r e s i s t i n g  p r e s s u r e  a p p l i e d  t o  t h e  beam. 

i t e r a l  Load T r a n s f e r  

18. When t h e  b a s i c  beam-column i s  i n s e r t e d  v e r t i c a l l y  a s  a  p i l e  s h a f t ,  

t h e  method o f  a n a l y s i s  i n  COMQ24G c o n s i d e r s  t h e  s o i l  s u r r o u n d i n g  t h e  s h a f t  a s  

a  s e t  of  n o n l i n e a r  e l a s t i c  s p r i n g s  a s  d e p i c t e d  i n  F i g u r e  6 .  T h i s  a s sumpt ion  

i s  a t t r i b u t e d  t o  Wink le r  (19671,  and i t  s t a t e s  t h a t  e a c h  s p r i n g  a c t s  indepen-  

d e n t l y ;  i . e . ,  t h e  b e h a v i o r  o f  one  s p r i n g  h a s  no e f f e c t  on a n y  o f  t h e  a d j a c e n t  

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

t h e  n o n l i n e a r  r e s p o n s e  o f  s o i l s .  C o n s e q u e n t l y ,  t h i s  a p p r o a c h  h a s  been c r i t i -  

c i z e d  by some. However, a v a i l a b l e  expc:r imental  d a t a  (Ma t lock  1970;  Reese ,  

Cox, and Koop 1975) s u g g e s t  t h a t ,  f o r  t h e  r a n g e  o f  bounda ry  c o n d i t i o n s  a  p i l e  

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

g i n a l l y  by t h e  changes  i n  d e f l e c t e d  s h a p e .  

1 9 .  I n  t h e  a n a l y s i s ,  t h e  r e s p o n s e  o f  t h e  s p r i n g s  c a n  be t a k e n  a s  e i t h e r  

l i n e a r  o r  n o n l i n e a r .  The app roach  i n  program COMQ24G i s  t o  t r e a t  t h e  s p r i n g s  

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

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

and depend on s e v e r a l  p a r a m e t e r s  i n c l u d i n g  d e p t h ,  p i l e  g e o m e t r y ,  s h e a r  

s t r e n g t h  o f  t h e  soil, and t y p e  o f  l o a d i n g  ( s t a t i c  o r  c y c l i c ) .  The r e s p o n s e  of 

a p i l e  t o  s u s t a i n e d  o r  dynamic l o a d i n g  is n o t  t r e a t e d  i.n this r e p o r t .  

20 .  The c o n c e p t  o f  a  p-y c u r v e  can be  d e f i n e d  g r a p h i c a l l y  by c o n s i d e r -  

i n g  a  t h i n  s l i c e  o f  a p i l e  and sur ro t in t l ing  s o i l ,  a s  showit i n  F i g u r e  7 a .  Ttle 

f > a r ~ t i  l ) r P s s t l r ~ s  k : t l l ~ b l  ;ict L ) I I  CIIC :;urfac:e of the pile jirior to 1 , i t e r a i  loading 



F i g u r e  6 .  Model o f  p i l e - s o i l  s y s -  
tem w i t h  s o i l  r e p r e s e n t e d  a s  a  
s e t  o f  n o n l i n e a r  e l a s t i c  s p r i n g s  

(Refs t?  1 9 7 8 )  



a .  E l e v a t i o n  o f  s e c t i o n  o f  p i l e  

b .  S e c t i o n  A - A .  E a r t h  p r e s -  c .  S e c t i o n  A - A .  E a r t h  p r e s s u r e  
s u r e  distribution p r i o r  t o  d i s t r i b u t i o n  a f t e r  l a t e r a l  

l a t e r a l  l o a d i n g  l o a d i n g  

F i g u r e  7 .  G r a p h i c a l  d e f i n i t ~ o n  o f  p and  y ( R e e s e  a n d  
S u l l  i v a n  1980) 



o f  pounds p e r  l i n e a r  i n c h  o r  pounds per l i n e a r  f o o t .  I t  is  n o t  a  s o i l  p r e s -  

s u r e  which is  s t a t e d  i n  u n i t s  o f  pounds p e r  s q u a r e  i nch  o r  pounds p e r  s q u a r e  

f o o t .  

21.  A t y p i c a l  p-y c u r v e  i s  shown i n  F i g u r e  9 .  The c u r v e  i s  p l o t t e d  

i n  t h e  f i r s t  q u a d r a n t  f o r  c o n v e n i e n c e .  The s o i l  modulus E i s  d e f i n e d  a s  
S 

-p /y  and i s  t a k e n  a s  t h e  s e c a n t  modulus t o  a p o i n t  on t h e  p-y c u r v e  a s  shown 

i n  F i g u r e  8 .  Because t h e  c u r v e  i s  s t r o n g l y  n o n l i n e a r ,  t h e  s o i l  modulus c h a n g e s  

from a n  i n i t i a l  s t i f f n e s s  E t o  a n  ~ ~ l t i m a t e  s t i f f n e s s  pU/yu  . A s  can  be  
s 

1 s e e n ,  t h e  s o i l  modulus E i s  n o t  a c o n s t a n t  e x c e p t  f o r  a  s m a l l  r ange  o f  de -  
S 

f l e c t i o n s ,  The s o i l  modulus has  u n i t s  o f  f o r c e  p e r  l e n g t h  s q u a r e d ,  which i s  

t h e  f o r c e  p e r  u n i t  l e n g t h  o f  t h e  p i l e  p e r  u n i t  o f  movement o f  t h e  p i l e  i n t o  

t h e  s o i l .  The s o i l  modulus s h o u l d  n o t  b e  con fused  w i t h  Young's modulus which 

h a s  t h e  same u n i t s  b u t  a d i f f e r e n t  meatking. 

P I L E  DEFLECTIOh, y Y, - 
F i g u r e  9 .  C h a r a c t e r i s t i c  s h a p e  o f  p -y  c u r v e  

(Reese  and S u l l i v a n  1980)  

22.  The s o i l  modulus i s  i n t r o d u c e d  i n t o  t h e  a n a l y s i s  w i t h  t h e  

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

By s u b s t i t u t i n g  t h i s  r e l a t l o n s h l p  i n  E q u a t i o n  7 b ,  t h e  b a s i c  e q u a t i o n  f o r  

l a t e r a l l y  l oaded  p l l e s  becomes 



a r e  assunled t o  be uni form ( F l g u r e  7 b ) .  F o r  t h i s  c o n d i t i o n ,  t h e  r e s u l t a n t  

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

l a t e r a l  d e f l e c t i o n  y , a s  shown i n  F i g u r e  7 c ,  a  n e t  s o i l  r e a c t i o n  
i 

pi w i l l  

be o b t a i n e d  upon integrating t h e  p r e s s u r e s .  T h i s  p r o c e s s  c a n  be r e p e a t e d  i n  

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

u n i t  l e n g t h  o f  p i l e  p  , which can  be combined t o  d e f i n e  a p-y  c u r v e .  i n  a  

s i m i l a r  manner,  p-y c u r v e s  may be  g e n e r a t e d  f o r  a  number o f  d e p t h s .  A 

f a m i l y  o f  p-y c u r v e s  f o r  different d e p t h s  is  shown i n  F i g u r e  8. The c u r v e s  

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

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

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

P = SOIL REACTION 
Y = LATERAL DEFLECTION 

x = DEPTH BELOW GROUNDLINE 

P i g t i r e  8. P o s s i b l e  f a ! n l l y  o f  j)-y c u r v e s  
(Rerse a ~ l d  S u l l i v n n  1980)  



A l s o ,  

and 

Q 

E q u a t i o n  9 i s  d e v e l o p e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s  o f  t h i s  p a r t  o f  t h e  r e p o r r  

and i t s  s o l u t i o n  i s  p r e s e n t e d .  

S o l u t i o n  o f  Gove rn ing  D i f f e r e n t i a l  E q u a t i o n  

23. Computer program COM624G u t i l i z e s  c e n t r a l  d i f f e r e n c e  a p p r o x i m a t i o n s  

t o  d e s c r i b e  t h e  l o a d - d e f o r m a t i o n  r e s p o n s e  o f  l a t e r a l l y  l oaded  p i l e s .  I n  t h e  

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

c u r v e  o f  a  l a t e r a l l y  l oaded  p i l e  w i l l  b e  d e r i v e d  and  used  i n  f o r m u l a t i n g  a  s e t  

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

l a t e r a l l y  l o a d e d  p i l e .  

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

2 4 .  The f i n i t e  d i f f e r e n c e  a p p r o a c h  t o  t h e  s o l u t i o n  of  l a t e r a l l y  l o a d e d  

p i l e s  was f i r s t  s u g g e s t e d  by G l e s e r  (1053).  The i d e a  was exeended  by a  number 

o f  i n v e s t i g a t o r s  i n c l u d i n g  Reese  and Ma t lock  (1956,  1 9 6 0 ) .  

2 5 .  The f i r s t  s t e p  ~ n  t h e  f o r m u l a t i o n  1 s  t h e  d e r i v a t i o n  o f  t h e  c e n t r a l  

d i f f e r e n c e  a p p r o x i m a t i o n s  f o r  t h e  e l a s t - i c  c u r v e  ( F i g u r e  1 0 ) .  I t  c a n  be s e e n  

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

a s  a  s e c a n t  drawn t h r o u g h  t h e  p o i n t s  on t h e  c u r v e  o f  t h e  two a d j a c e n t  s t a t i o n s .  

M a t h e m a t i c a l l y ,  t h i s  s t e p  i s  e x p r e s s e d  a s  

where t l  d e n o t e s  t h e  ~ i i c r e i n e n t  l e r l g th  F o r  h i g h e r  d e r l v a t l v e s ,  t h e  p r o c e s s  

c o u l d  be  r e p e a t e d  by t a k l n g  simple d l f i e r e n c e s  and  dlv1d;ng by 2h e a c h  t i m e .  

However, t o  keep t h c  sys tem Inore compac-t, t empora ry  s t a t l o n s  J a n d  k a r e  con -  

s ~ d r r ? t i  drld Like s ]  opf.5 a:  t i ~ c x s i .  ~ ) o i r l t \  t o r n p u t e d  o n  t h e  h, .srs  of  t t i t  d c f l e c t l o n  



F i g u r e  10 .  G e o m e t r i c  b a s i s  f o r  c e n t r a l  d i f f e r e n c e  
a p p r o x i m a t i o n s  ( R e e s e  a n d  S u l l i v a n  1980) 

o f  t h e  s t a t i o n  on  e a c h  s i d e .  The  secor td  d e r i v a t i v e  f o r  e a c h  perliianerit s t a t i o n  

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

l e n g t h  i n  t h e  f o l l o w i n g  e q u a t i o n :  

Similarly, t h e  t h i r d  derivative i s  e x p r e s s e d  a s  



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

F o r m u l a t i o n  o f  f i n i t e  d i f f e r e n c e  
a p p r o x i m a t i o n s  f o r  e q u a t i o n s  . o f  
bend ing  o f  l a t e r a l l y  l oaded  p i l e s  

26 .  I n  t h e  development  o f  t h e  e q u a t i o n s ,  c o n s i d e r a t i o n  m u s t  be g i v e n  Lo 

t h e  a s s u m p t i o n s  r e g a r d i n g  t h e  v a r i a t i o n  i n  p i l e  bend ing  s t i f f n e s s  (EI = R ) .  

F o r  t h e  c a s e  o f  p u r e  bend ing  and c o n s e a n t  bend ing  s t i f f n e s s ,  t h e  second  d e r i v a -  

t i v e  o f  moment i s  u s u a l l y  w r i t t e n  a s  

F o r  t h e  c a s e  o f  p u r e  bending  and  a  v a r i a b l e  bend ing  s t i f f n e s s ,  t h e  s econd  

d e r i v a t i v e  o f  moment i s  e x p r e s s e d  a s  

However, i n  f o r m u l a t i n g  t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n s ,  t h e  a s sumpt ion  was 

made t h a t  t h e  moment was a smooth c o n t : ~ n u o u s  f u n c t i o n  of x and t h a t  t h e  

second d e r i v a t i v e  o f  moment c o u l d  be  app rox ima ted  by t h e  e x p r e s s i o n  



where 1 , M , a n d  
Mi- I 

a r e  t h e  moments a t  j o i n t s  i + l  , i , and  i - 1  , 
i 

r e s p e c t i v e l y .  F o r  a v a r i a b l e  s t i f f n e s s ,  E q u a t i o n  18 i s  a  somewhat c r u d e r  ap-  

p r o x i m a t i o n  t h a n  E q u a t i o n  20.  However, i t  p e r m i t s  t h e  bending  s t i f f n e s s  t o  

v a r y  from s t a t i o n  t o  s t a t i o n .  

27. E q u a t i o n s  9 ,  10 ,  and 11 may now be  w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form 

by u s i n g  t h e  c e n t r a l  d i f f e r e n c e  approx ima t ions  f o r  t h e  f i r s t  and second o f  t h e  

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

a s  s t a t i o n  i .  S t a t i o n  numbering i n c r e a s e s  from t h e  bot tom t o  t h e  t o p  o f  p i l e s .  

The e q u a t i o n s  o b t a i n e d  f o r  s t a t i o n  i ,  Formula ted  from Equa t ion  11, a r e  a s  

f o l l o w s  : 

where R = f l e x u r a l  r i g i d i t y  ( E f ) .  Equa t ions  8 ,  13, 1 6 ,  18, and  19 can be 

employed. and  E q u a t i o n  20 c a n  be fo rmula t ed  from Equat ion  9 .  

E q u a t i o n  2 1  c a n  be  fo rmula t ed  from Equa t ion  10 i n  a  s i m i l a r  manner.  

S o I u t l o a  o f  t h e  f l n l i e  
d l  Efererice e q u a l  rons  ( e x t r a c t e d  
from Reese a n d  S u l l  i v a n  1980) 

2 8 .  T h e  f l r t a l  s t e p  i s  ttie for~i l i i i ' i t~ol l  of 3 S C L  o f  sl111iiI tctneot~s eqiia- 

t ioris w l ~  I rti w i i e r r  s o l  veii ? I  c I t i  t l > r ,  gir l f  I c ~ c - t ~ i l  s i ! ~ i l c :  ( J  i ! . l t t ,  r ) i  ; t b  Tiit, SCG 1 i ~ t  I ( . ) ~ I  



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

c o n d i t i o n s ,  s i n c e  E q u a t i o n  9 i s  a c t u a l i y  

a f o u r t h - o r d e r  d i f f e r e n t i a l  e q u a t i o n  i r ~  

t e rms  o f  t h e  d e p e n d e n t  v a r i a b l e  y . :If 

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

s h e a r ,  and  s o i l  r e a c t i o n  can  b e  o b t a i n e d  

f o r  a n y  l o c a t i o n  a l o n g  t h e  p i l e  by back-  

s u b s t i t u t i o n  o f  a p p r o p r i a e e  v a l u e s  of' de-  

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

29.  T h e  p i l e  i s  d i v i d e d  i n t o  e q u a l  

i n c r e m e n t s  o f  l e n g t h  h  ( F i g u r e  1 1 ) .  I n  

a d d i t i o n ,  two f i c t i t i o u s  i n c r e m e n t s  arc: 

added t o  b o t h  t h e  t o p  and bot tom o f  t h e  

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

used i n  f o r m u l a t i n g  t h e  s e t  o f  e q u a t i o r i s ,  

b u t  t h e y  w i l l  n o t  a p p e a r  i n  t h e  s o l u t i o n  

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

sys t em and  numbering sys tem used  a r e  a l s o  

i l l u s t r a t e d  i n  F i g u r e  1 1 .  

30. Using  t h e  n o t a t i o n  shown i n  

F i g u r e  11,  t h e  two boundary c o n d i t i o n s  a t  

t h e  bot tom o f  t h e  p i l e  ( p o i n t  0) a r e  z e r o  

bending  n~otnent , 

and z e r o  s h e a r ,  

F i g u r e  11 .  F i n i t e  d i f f e r e n c e  rep-  
r e s e n t a t i o n  of  a p i l e  (Reese  and 

S u l l i v a n  1980) 

For s i m p l i c i t y  i t  i s  assumed :hat  

T h e s ~  h o i . ~ n r t a r ) i  c - o n c l i  t ioiis ;t I - ? ,  i n  f i  slit-e c f i  f t e r e n c c  f o r m ,  



r e s p e c t i v e l y .  S u b s t i i ~ ~ t i r i g  t h e s e  bounclary c o n d i t i o n s  i n  f i n i c e  d i f f e r e n c e  

form i n  E q i ~ a t i o n  20 where  i i s  e q u a l  t o  z e r o ,  and  r e a r r a n g i n g  terms, r e s u l t s  

i n  t h e  f o l l o w i n g  e q u a t i o n s  : 

where  

31. E q u a t i o n  20 c a n  be  e x p r e s s e d  f o r  a l l  v a l u e s  o f  i o t h e r  t h a n  0 

a n d  t h e  t o p  of t h e  p i l e  by  t h e  f o l l o w i o g  r e l a t i o n s h i p s :  



and 

3 2 .  The t o p  o f  t h e  p i l e  ( i = t )  i s  shown i n  F i g u r e  11. T h r e e  s e t s  o f  

boundary c o n d i t i o n s  a r e  c o n s i d e r e d .  

a .  The l a t e r a l  l o a d  (Pt )  and t h e  moment (My) a t  t h e  t o p  o f  t h e  - 
p i l e s  a r e  known. 

b .  The l a t e r a l  l o a d  (PC) and t h e  s l o p e  o f  r h e  e l a s t i c  curve  ( S t )  a t  - 
t h e  t o p  o f  t h e  p i l e  a r e  known. 

c .  The l a t e r a l  l o a d  (P t )  and t h e  r o t a t i o n a l - r e s t r a i n t  c o n s t a n t  - 
(Mt/St) a t  t h e  t o p  of  t h e  p i l e  a r e  known. 

33. F o r  conven ience  i n  e s t a b l i s h i r l g  e x p r e s s i o n s  f o r  t h e s e  boundary  

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

and 



3 4 .  T h r  d i  f f r r e n r e  P q l r a t i o n s  ~ x ! i r r s s i n g  t h e  f i r s t  o f  t h e  hounddrv  con- 

d i t i o n s  f o r  t h e  cop o f  t h e  p i l e  a r e :  

A f t e r  some s u b s t i t u t i o n s  t h e  d i f f e r e n c e  e q u a t i o n s  f o r  t h e  d e f l e c t i o n  a t  t h e  

t o p  o f  t h e  p i l e  and a t  t h e  two i m a g i n a r y  p o i n t s  above  t h e  t o p  o f  t h e  p i l e  a r e :  

a n d  

f i , = - . i  b + L h  + 2 + ~ ( 1  + h  1 L L - 2  [ - i  t -  i i -  I 

2 6 



3 5 .  The d i f f e r e n c e  e q u a t i o n s  f o r  t h e  s econd  s e t  o f  boundary  c o n d i t i o n s  

a r e  E q u a t i o n s  27a and 29: 

3 6 .  The r e s u l t i n g  d i f f e r e n c e  e q u a t i o n s  f o r  t h e  d e f l e c t i o n s  a t  t h e  t h r e e  

p o i n t s  a t  t h e  t o p  of t h e  p i l e  a r e :  

where 

and 

G = 1 + b  
4 t- 1 

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

3 7 .  The d i f f e r e n c e  e q u a t i o n s  f o r  t h e  t h i r d  s e t  of boundary  c o n d i t i o n s  

a r e  E q u a t i o n s  27a and  31: 

3 8 .  The  r e s u l t i n g  d i f f e r e n c e  e q u a t i o n s  f o r  t h e  d e f l e c t i o n s  a t  t h e  t h r e e  

p o l n t s  a t  t h e  t o p  o f  Ltie p i l e  < + r e :  



where 

- 1 
Yt+2  - g ( a t v t + i  - Y t  + (at: 

The  o the r  c b n s t a n t s  have  b e e n  p r e v i o u s l y  d e f i n e d .  

39.  U s i n g  t h e  above e q u a t i o n s ,  t h e  b e h a v i o r  o f  a p i l e  u n d e r  L a t e r a l  

l o a d  may be o b t a i n e d  by u s i n g  COM624G. 
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40. The methods of  c o n s t r u c t i n g  p-y c u r v e s  a s  p r e s e n t e d  i n  t h i s  r e -  

p o r t  were developed a t  UT. The methods were d e r i v e d  l a r g e l y  from r e s u l t s  ob- 

t a i n e d  i n  f i e l d  t e s t s  o f  p i l e s  under  l a t e r a l  l o a d i n g .  The approach was t o  

r a k e  t h e  exper imenta l  f i e l d  c u r v e s  and c o r r e l a t e  them e m p i r i c a l l y  w i t h  s i m p l e ,  

b a s i c  s o i l  mechanics t h e o r y  and e x p e r i e n c e .  By combining s o i l  mechanics 

t h e o r y  w i t h  e x p e r i m e n t a l  r e s u l t s ,  c o r r e l a t i o n s  cou ld  be  made between s o i l  

p r o p e r t i e s ,  p i l e  d i a m e t e r ,  and d e p t h .  Th i s  g i v e s  g e n e r a l i t y  t o  t h e  methods 

used i n  c o n s t r u c t i o n  o f  t h e  p-y c u r v e s .  

4 l .  McClelland and Fockt  (1958) were t h e  f i r s t  t o  r e p o r t  p-y c r i t e r i a  

which cons ide red  t h e  n o n l i n e a r i t y  o f  t h e  s o i l .  S i n c e  t h e i r  work, numerous r e -  

s e a r c h e r s  have c o n t r i b u t e d  t o  p-y curve  development ;  however, most of  %he 

developmental  work h a s  been performed a t  UT. A h i s t o r y  o f  t h e  development 

w i l l  n o t  be  p r e s e n t e d  h e r e ;  however, t h e  i n t e r e s t e d  r e a d e r  can r e f e r  t o  Meyer 

and Reese (1979) f o r  more d e t a i l e d  i n f o r m a t i o n .  

4 2 .  The methods p r e s e n t e d  h e r e i n  r e p r e s e n t  t h e  c u r r e n t  s t a t e  of p-y 

curve  development; however, i t  i s  expec ted  t h a t  t h i s  development w i l l  c o n t i n u e  

a s  more f i e l d  t e s t s  a r e  performed and a s  more e x p e r i e n c e  i s  ga ined .  The u s e r  

must remain a b r e a s t  o f  t h e s e  changes i n  o r d e r  t o  e n s u r e  t h a t  t h e  a n a l y s e s  r e -  

f l e c t  t h e  s t a t e  o f  t h e  a r t  a t  t h e  p a r t i c u l a r  t ime  t h e y  a r e  performed.  

43. Recommended methods f o r  computing p-y curves  a r e  based on f i e l d  

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

c o n d i t i o n s .  These a r e :  

a .  S o f t  c l a y  below t h e  wa te r  t a b l e  (Matlock 1970). - 
b ,  - S t i f f  c l a y  below t h e  wa te r  t a b l e  (Reese ,  Cox, and Koop 1975) .  

c .  S t i f f  c l a y  above t h e  wa te r  t a b l e  (Keese and Welch 1975).  - 
d .  Uni f i ed  c l a y  c r i t e r i a  developed f o r  combined s o f t  and s t i f f  - 

c l a y s  below t h e  w a t e r  t a b l e ,  ( S u l l i v a n ,  Reese ,  and Fenske 1979) .  

e .  Sands (Reese ,  Cox, and Koop 1 9 7 4 ) .  - 
4 4 .  These r e f e r e n c e s  d e s c r i b e  f i e l d  e x p e r i m e n t s ,  t h e  s o i l  c o n d i t i o n s  i n  

which they  were performed,  t h e  r a t i o n a l e  and c o n s i d e r a t i o n s  invo lved  i n  

e v a l u a t i n g  t h e  d a t a ,  and c o n c l u s i o n s  from t h e  exper iments  p r e s e n t e d  i n  t h e  

form o f  recommended p-y curve  c r i t e r i a .  As can be seen from t h e  d e s c r i p t i v e  

r ~ a m e s ,  t h e  c r i t e r i a  were d e v e l o p e d  s e p a r a t e l y  f o r  c l a y s  above a n d  below t h e  



water t a b l e  and f o r  s a n d s .  O t h e r  s o i l  t y p e s  would be expec ted  t o  e x h i b i t  

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

ghese  t e s t s .  

45 .  The c r i t e r i a  f o r  t h e  c o n d i t i o n s  l i s t e d  i n  subpa rag raphs  4 3 a ,  b ,  c ,  

and e have been combined i n t o  summary form and a r e  p r e s e n t e d  i n  Reese and 

S u l l i v a n  (1980) and Reese  and A l l e n  ( 1 9 7 7 ) .  The m a t e r i a l  p r e s e n t e d  h e r e i n  i s  

e x t r a c t e d  p r i m a r i l y  from t h e s e  two r e f e r e n c e s .  However, t h e  u s e r  o f  COM624G 

i s  s t r o n g l y  encouraged t o  s t u d y  t h e  r e f e r e n c e s  c i t e d  i n  p a r a g r a p h  42 b e f o r e  

becoming deep ly  i n v o l v e d  i n  t h e  a n a l y s i s  o f  l a t e r a l l y  loaded p i l e s .  A l s o ,  t h e  

u s e r  shou ld  b e a r  i n  mind t h a t  a n y  one s e t  o f  p-y  curves  i s  s t r o n g l y  r e l a t e d  

t o  o n l y  one o r  two l a t e r a l  l o a d  t e s t s ,  and  t h i s  f a c t  shou ld  be c o n s i d e r e d  when 

u s i n g  t h e  cu rves  f o r  d e s i g n ,  

F a c t o r s  I n f l u e n c i n g  p-y Curves 

46.  F a c t o r s  t h a t  most  i n f l u e n c e  p-y c u r v e s  a r e  s o i l  p r o p e r t i e s ,  p i l e  

geometry ,  n a t u r e  o f  l o a d i n g ,  and p i l e  s p a c i n g .  The c o r r e l a t i o n s  t h a t  have 

been  developed f o r  p r e d i c t i n g  s o i l  r e s p o n s e  have been based on b e s t  e s t i m a t e s  

o f  s o i l  p r o p e r t i e s  de t e rmined  from b o r i n g s ,  l a b o r a t o r y  t e s t s ,  and f i e l d  

i n  s i t u  t e s t s ,  Thus f a r ,  no i n v e s t i g a t i o n s  have been per formed t o  d e t e r m i n e  

the  e f f e c t  which t h e  method o f  p i l e  i n s t a l l a t i o n  h a s  on t h e s e  s o i l  p r o p e r t i e s .  

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

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

w a l l ,  w h i l e  a mass o f  s o i l  s e v e r a l  d i a m e t e r s  from t h e  p i b e  i s  s t r e s s e d  a s  

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

i n s t a l l a t i o n  must be c o n s i d e r e d ;  e . g . ,  i f  a  p i l e  i s  j e t t e d  i n t o  p l a c e ,  a  con- 

s i d e r a b l e  volume o f  s o - l  c o u l d  be removed w i t h  a  c o n s i d e r a b l e  e f f e c t  on  t h e  

s a i l  r e s p o n s e .  I n  s u c h  i n s t a n c e s ,  t h e  u s e r  must r e l y  on e x p e r i e n c e  i n  ad -  

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

4 7 .  The p r i n c i p a l  d imension  o f  t h e  p i l e  which a f f e c t s  t h e  s o i l  r e s p o n s e  

i s  i t s  d i a m e t e r .  A 1 1  recommendations f o r  d e v e l o p i n g  p-y cu rves  i n c l u d e  t h e  

term f o r  t h e  d i ame te r  o f  t h e  p i l e :  i f  t h e  c r o s s  s e c t i o n  of  t h e  p i l e  i s  n o t  

c i r c u l a r ,  t h e  width  o f  t h e  p i l e  p e r p e n d i c u l a r  Lo t h e  d i r e c t i o n  o f  l o a d i n g  is  

u s u a l l y  t aken  a s  t h e  d i a m e t e r .  F i e l d  t e s t s  have been performed on p i l e s  w i t h  

a l i m i t e d  range  of  d i a m d e r s .  Expe r i ence  i n d i c a t e s  t h a t ,  f o r  t h e  normal r ange  

cf p i l e  d i z ~ n e t e r s  e n c ~ ~ ! r ! t e r e d  ir! y r a r - t  i r ~ ,  t lli- c i - i  r i.rin a d ~ c 2 i ~ a t e l y  r e p r e s e n t  



t h e  e f f e c t  of  p i l e  d i a m e t e r .  However. a d d i t i o n a l  r e s e a r c h  i s  needed on l a r g e -  

d i a m e t e r  p i l e s  (30 in.$: and l a r g e r )  t o  d e t e r m i n e  t h e  e f f e c t  o f  p i l e  d i a m e t e r  

on l a r g e  p i l e  b e h a v i o r  (Meyer and Reese  1979) .  S t e v e n s  and A u d i b e r t  (1979) 

have  p r e s e n t e d  e v i d e n c e  t h a t ,  f o r  p i l e s  50 i n .  and  l a r g e r ,  t h e  o b s e r v e d  ground-  

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

48. p-y c u r v e s  can  b e  g r e a t l y  a f f e c t e d  by t h e  t y p e  of l o a d i n g .  T h i s  

a r i z e s  recommendations f o r  s h o r t - t e r m  s t a t i c  l o a d s  and f o r  c y c l i c  

( o r  r e p e a t e d )  l o a d i n g .  The c u r v e s  do r io t  c o n s i d e r  any  c o n s o l i d a t i o n  e f f e c t s  

t h a t  would o c c u r  u n d e r  s u s t a i n e d  l o a d i n g .  Nor do t h e y  c o n s i d e r  c a s e s  where 

t h e  l o a d i n g s  a r e  dynamic ,  a s  would o c c u r  d u r i n g  a n  e a r t h q u a k e .  

49.  Because  t h e  f i e l d  t e s t s  were  r u n  on s i n g l e  p i l e s ,  t h e  p-y c r i -  

t e r i a  do n o t  c o n s i d e r  group e f f e c t s .  I I n f o r t u n a t e l y ,  t h e  d e s i g n e r  i s  o f t e n  

f a c e d  w i t h  t h e  problem o f  a n a l y z i n g  t h e  l a t e r a l  r e s p o n s e  o f  p i l e  g r o u p s ,  A l -  

t hough  s e v e r a l  methods a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  t h e r e  i s  no one  e s t a b -  

l i s h e d ,  w i d e l y  u sed  method which c o n s i d e r s  t h e  g roup  e f f e c t  on s o i l  r e s p o n s e .  

F o u r  a v a i l a b l e  methods which a d d r e s s  g r o u p  e f f e c t  a r e  p r e s e n t e d  i n  O ' N e i l l ,  

Hawkins,  and Mahar ( 1 9 8 0 ) ,  Davisson  ( 1 4 7 0 ) ,  F o c h t  and Koch ( 1 9 7 3 ) ,  and P o u l o s  

(1971a and  b ) ,  

50.  Another  f a c t o r  which can influence p-y  c r i t e r i a  i s  t h e  e f f e c t  o f  

p i l e  b a t t e r .  The c r i t e r i a  were d e r i v e d  from e x p e r i m e n t s  on v e r t i c a l  p i l e s .  

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

where t h e  c r i t e r i a  f o r  v e r t l c a l  p i l e s  a r e  no l o n g e r  a p p l i c a b l e .  I n f c r m a t i o n  

f o r  s p e c i f i c  recommendations on t h i s  p rob lem i s  n o t  a v a i l a b l e ;  however,  some 

compar i son  s t u d i e s  per formed by Meyer and  Reese (1979) i n d i c a t e  t h a t  by a p p l y -  

i n g  a d j u s t m e n t  f a c t o r s  recommended by Kubo ( 1 9 6 7 ) ,  r e a s o n a b l e  e s t i m a t e s  of  

p i l e  d e f l e c t i o n  f o r  l a t e r a l l y  l oaded  b a t t e r  p i l e s  can  be  o b t a i n e d .  

A n a l v t i c a l  B a s i s  f o r  D-v Curves 

51. As d i s c u s s e d  p r e v i o u s l y ,  t h e  methods o f  c o n s t r u c t i n g  p-y c u r v e s  

were  d e r i v e d  from r e s u l t s  o b t a i n e d  i n  f i e l d  t e s t s  o f  p i l e s  unde r  l a t e r a l  l o a d -  

i n g .  R e s u l t s  were t h e n  c o r r e l a t e d  w i t h  s o i l  p r o p e r t i e s ,  p i l e  d i a m e t e r ,  and 

d e p t h  t o  g i v e  g e n e r a l i t y  t o  t h e  methods .  S o i l  r e s i s t a n c e - p i l e  d e f l e c t i o n  

* A t a b l e  o f  f a c t o r s  f o r  c o n v e r t i n g  non-SI u n i t s  d f  measurement t o  ST 
( m e t r i c )  u n i t s  i s  p r e s e n t e d  on page 3 .  



curves a r e  generally cons ide red  t o  be composed ~f a n  i n i t i a l  e l a s t i c  p o r t i o c  

and an u l t i m a t e  f a i l u r e  v a l u e .  P r i n c i p l e s  of t h e  theory  of e l a s t i c i t y  a r e  

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

mechanisms a r e  p o s t u l a t e d  and used t o  d e f i n e  t h e  u l t i m a t e  v a l u e s .  The fo l low-  

i n g  paragraphs  b r i e f l y  d e s c r i b e  t h e  a n a l y t i c a l  concep t s  which were c o r r e l a t e d  

w i t h  t h e  e x p e r i m e n t a l  c u r v e s .  

5 2 .  The t h e o r y  o f  e l a s t i c i t y  i s  o n l y  a p p l i c a b l e  t o  l i n e a r l y  e l a s t i c  

m a t e r i a l s ;  bbwever, u s e  h a s  been made o f  t h e  t h e o r y  of e l a s t i c i t y  and r e l a t e d  

approaches  i n  d e s c r i b i n g  c e r t a i n  concep t s  which have been i n c o r p o r a t e d  i n t o  

t he  n o n l i n e a r  p-y c u r v e s .  

I n i t i a l  P o r t i o n  o f  p-y Curve 

Terzagh i  

5 3 .  I n  h i s  c l a s s i c  paper  "Eva lua t ion  of  C o e f f i c i e n t s  o f  Subgrade Reac- 

t i o n , "  Terzaghi  (1955) proposed c o e f f i c i e n t s  of  l a t e r a l  subgrade reasZion 

whish used a  s t r a i g h t - l i n e  r e l a t i o n s h i p  between d e f l e c t i o n  o f  t h e  p i l e  y and 

r e s i s t a n c e  o f f e r e d  by t h e  s o i l  p . Terzaghi  r ecogn ized  t h e  l i n l i t a t i o n s  o f  

t h i s  approach and s t a t e d  t h a t  t h e  l i n e a r  r e l a t i o n s h i p  between p and y was 

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

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

5 4 .  For  s t i f f  c l a y s ,  Terzaghi  gave t h e  r e l a t i o n s h i p  

where 

kh r c o e f f i c i e n t  of  h o r i z o n t a l  subgrade r e a c t i o n  - 
ksl = c o e f f i c i e n t  o f  v e r t i c a l  subgrade r e a c t i o n  f o r  a  I - f t -wide  beam 

b = width  of  t h e  p i l e ,  f t  
Adapting t h e  c o e f f i c i e n t  o f  l a t e r a l  subgrade r e a c t i o n  t o  f i t  t h e  s o i l  modulus 

Es y i e l d s  

E s = k b  h 

55. Terzaghi  proposed t h a t  t h e  c o e f f i c i e n t  of  h o r i z o n t a l  subgrade r e a c -  

t i o n  f o r  p i l e s  i n  s t i f f  clay was c o n s t a n t  with depth and  recommended t h e  
- 

v a l u e s  o f  k g i v e n  i n  T a b l e  1 
s 1 



Table  1 - 
T e r z a g h i ' s  Recornenda t ions  f o r  S o i l  Modulus 

les 1 

f o r  L a t e r a l l y  Loaded P i l e s  i n  S t i f f  Clay 

C o n s i s t e n c y  o f  Clay 
S t i f f  Very S t i f f  Ward 

Value of qu , t s f  1-2 2-4 4- 7 
- 

Range f o r  k s i  9 58-116 116-232 232-464 

m 

Proposed v a l u e s  f o r  ksl 9 p c i  8 7 174 348"'.' 

Higher  v a l u e s  shou ld  be used o n l y  i f  e s t i m a t e d  on t h e  b a s i s  o f  adequa te  
t e s t  r e s u l t s .  

56, For  s a n d s ,  Terzagh i  r ecogn ized  t h a t  t h e  s t i f f n e s s  i n c r e a s e s  w i t h  

d e p t h  ( o r  c o n f i n i n g  p r e s s u r e ) ,  Thus ,  t h e  f a m i l y  o f  p-y c u r v e s  recommended 

f o r  sand c o n s i s t e d  of  a  s e r i e s  of  s t r a i g h t  l i n e s  w i t h  s l o p e s  h o r i z o n t a l  a t  t h e  

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

between p  and y  can  be e x p r e s s e d  i n  terms of E a s :  
S 

E = kx s  

where 

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

x = d e p t h  below ground s u r f a c e  

Table  2 g i v e s  T e r z a g h i ' s  recommendations f o r  k . Terzagh i  a l s o  recogn ized  

t h a t ,  a s  f o r  c l a y ,  t h e  assumed l i n e a r  r e l a t i o n s h i p  between p and y was 

v a l i d  o n l y  f o r  v a l u e s  o f  p s m a l l e r  than  abou t  one-ha l f  t h e  u l t i m a t e  b e a r i n g  

c a p a c i t y  of t h e  sand.  

Tab le  2 

T e r z a g h i ' s  Recommendations f o r  Values of  k f o r  

L a t e r a l l y  Loaded P i l e s  i n  Sand 

R e l a t i v e  D e n s i t y  o f  Sand 
Loose Medium Dense 

Dry o r  mois t  k , p c i  

Submerged sand k , p c l  



5 7 .  Even though  T e r z a g h i ' s  work assumed a  l i n e a r  r e l a t i o n s h i p  be tween 

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

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

s o i l  r e a c t i o n  i s  l e s s  t h a n  h a l f  t h e  u l t i m a t e  s o i l  r e a c t i o n .  T h i s  concep t  was 

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

(Reese ,  Cox, and Koop 19751,  f o r  t h e  u n i f i e d  s o i l  c r i t e r i a  ( S u l l i v a n ,  R e e s e ,  

and Fenske  1979) ,  and  f o r  s a n d s  (Reese,  Cox, and Koop 1974) ,  e x c e p t  t h a t  t h e  

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

tests.  

Skemp t o n  

58, Skempton (1951) s u g g e s t e d  a r e l a t i o n s h i p  between l o a d  and s e t t l e -  

ment. f o r  v a r i o u s  f o o t i n g  shapes  b e a r i n g  on c l a y .  By combining t h e  t h e o r y  o f  

e l a s t i c i t y  w i t h  f i e l d , o b s e r v a t i o n s  from f u l l - s c a l e  f o u n d a t i o n s ,  Skempton r e -  

l a t e d  s e t t l e m e n t s  of  f o o t i n g s  t o  s t r a i n s  o b t a i n e d  from u n c o n s o l i d a t e d ,  un- 

d r a i n e d  (Q) t r i a x i a l  t e s t s  w i t h  t h e  e q u a t i o n  

where 

p1 = mean s e t t l e m e n t  o f  t h e  f o u n d a t i o n  f o r  t h e  p a r t i c u l a r  c a s e  

E = s t r a i n  i n  l a b o r a t o r y  t r i a x i a l  t e s t  f o r  t h e  d e v i a t o r  s t r e s s  c o r r e -  
spond ing  t o  t h e  mean f o u n d a t i o n  p r e s s u r e  unde r  t h e  f o o t i n g  

b  = f o o t i n g  w i d t h  

E q u a t i o n  36 i n v o l v e s  numerous a p p r o x i m a t i o n s ;  n e v e r t h e l e s s ,  because  o f  t h e  ex -  

p e r i m e n t a l  e v i d e n c e  p r e s e n t e d  by Skernpton, t h e  method i s  f r e q u e n t l y  used i n  

p r e d i c t i n g  f o u n d a t i o n  s e t t l e m e n t s .  However, f u r t h e r  a s sumpt ions  a r e  n e c e s s a r y  

b e f o r e  t h e  e q u a t i o n  c a n  be used  i n  p r e d i c t i n g  p-y c u r v e s .  The concept  i s  ex-  

t ended  t o  t h e  p-y c u r v e  f o r  a l a t e r a l l y  l oaded  p i l e  by assuming t h a t  t h e  

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

s o i l .  

5 9 .  A s  an  example o f  t h e  u s e  o f  Skempton ' s  c o n c e p t ,  E q u a t i o n  36 was ex -  

t ended  t o  d e f i n e  t h e  d e f l e c t i o n  o f  t h e  p i l e ,  '50 
, a t  o n e - h a l f  t h e  u l t i m a t e  

s o i l  r e s i s t a n c e  (Mat lock  1970;  Reese ,  Cox, and Koop 1975;  Reese and Welch 1 9 7 5 ;  

and S u l l i v a n ,  Reese ,  and Fenske 2979).  The e q u a t i o n  i s  

y , ,  = AE t) 
I) U 5 G 

3 4 



where 

A = f a c t o r  v a r y i n g  from 0.35 t o  2 .5  base; or1 e x p e r i r n e n t a l ' r e s u h t s  froill 
t h e  p i l e  tests for  t h e  d i f f e r e n t  s o i l  c o n d i t i o n s  

r = s t r a i n  front an undra ined  s o i l  t e s t  c o r r e s p o n d i n g  t o  h a l f  t h e  inaxi- 
5 0 mum p r i n c i p a l  s t r e s s  d i f f e r e n c e  

McClel land and Foch t  

60. McCle l land  and Focht  (1958) p r e s e n t e d  work which p a r a l l e l e d  t h e  

work o f  Skempton (195P), a l t h o u g h  t h e i r  work was n o t  a s  s t r o n g l y  based  on t h e  

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

e x p e r i m e n t a l  p-y c u r v e s  from a f u l l - s c a l e  l o a d  t e s t .  They a t t e m p t e d  t o  re- 

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

c o n s o l i d a t e d  undra ined  (W) t r i a x i a l  t es t s  w i t h  c o n f i n i n g  p r e s s u r e  e q u a l  t o  

ove rburden  p r e s s u r e .  To o b t a i n  v a l u e s  o f  s o i l  r e s i s t a n c e  p  from t h e  l a b o s a -  

t o r y  t e s t s ,  they recommended t h e  f o l l o w i n g  e q u a t i o n  

where 

b  = p i l e  d i a m e t e r  

a = d e v i a t o r  stress (o n 1 P "3) 
To o b t a i n  v a l u e s  o f  p i l e  d e f l e c t i o n  y from s t r e s s - s t r a i n  c u r v e s ,  McCle l land  

and F o c h t  p roposed  

where t h e  0 . 5  c o r r e s p o n d s  t o  a  v a l u e  o f  2 s u g g e s t e d  by Skempton. 

61 .  McClel land and F o c h t ' s  work h a s  been  supe r seded  by a d d i t i o n a l  r e -  

s e a r c h  on p - y  c u r v e s  because  i t  h a s  s i n c e  been  p roven  t h a t  t h e  a p p r o p r i a t e  

s o i l  modulus c a n n o t  be de termined d i r e c t l y  from a  s h e a r  t e s t .  N e v e r t h e l e s s ,  

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

n o n l i n e a r i t y  o f  p-y curves t o  a n  a n a l y t i c a l  app roach  u t i l i z i n g  s o i l  s h e a r  

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

S o i l  Models -- f o r  P r e d i c t i n g  U l t i m a t e  S o i l  R e s i s t a n c e  

6 2 .  T h i s  s e c t i o n  reviews t h e  cor lcepts  i n v o l v e d  i n  d e t e r m i n i n g  t h e  u l t i -  

ma t r  I-PS i s t ; i r1(-fx 
f ) , ,  

. t h a t  caii be drve lopet i  a w i i i s t  a p i  l e  n e a r  t h ~  grountl 



s u r f a c e  and a t  some d e p t h - b e l o w  t h e  s u r f a c e .  T h i s  r ev i ew  was e x t r a c t e d  from 

Weese and S u l l i v a n  (1980) and Reese and A l l e n  ( 1 9 7 7 ) .  

§a t u r a  Led c l a y  

63. T h e o r e t i c a l  v a l u e s  f o r  u l t i m a t e  r e s i s t a n c e  a g a i n s t  p i l e s  i n  s a t u -  

r a t e d  c l a y  employ t h e  u s e  o f  two models  which assume t h a t  t h e  c l a y  a round t h e  

p i l e  s h a f t  f a i l s  a s  e i t h e r  a  group o f  s l i d i n g  b l o c k s  o r  a  wedge, depending  on 

t h e  d e p t h  below t h e  s u r f a c e .  The s o i l  is  assumed t o  b e  s a t u r a t e d  a n d  t o  f a i l  

unde r  und ra ined  c o n d i t i o n s  s o  t h e  s h e a r  s t r e n g t h  i s  r e p r e s e n t e d  by c o h e s i o n  c: 

w i t h  t h e  a n g l e  o f  i n t e r n a l  f r i c t i o n  @ e q u a l  t o  z e r o .  

6 4 .  The f a i l u r e  of t h e  c l a y  a s  t h e  p i l e  s h a f t  moves l a t e r a l l y  i n t o  t h e  

s o i l .  i s  c o n s i d e r e d  i n  two p a r t s .  A t  some d e p t h  i n  t h e  g round ,  f a i l u r e  w i l l  

o c c u r  by  f l o w  o f  t h e  s o i l  a round t h e  p i l e  w iehou t  v e r t i c a l  d i s p l a c e m e n t ;  i . e . ,  

p l a n e  s t r a i n  c o n d i t i o n s ,  T h i s  t y p e  o f  f a i l u r e  i s  d e p i c t e d  i n  F i g u r e  12. Near 

t h e  s u r f a c e ,  a  wedge-shaped b l o c k  o f  s o i l  i s  assumed t o  form which i s  moved 

upward and outward  by t h e  f o r c e  o f  t h e  p i l e .  F i g u r e  13 i l l u s t r a t e s  t h i s  t h e o -  

r e t i c a l  wedge o f  s o i l .  

6 5 .  The b l o c k s  i n  F i g u r e  12 can be  considered t o  be  samples  of  u n r t  

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

1 ,  2 ,  4 ,  and 5 f a i l  by s h e a r  and c h a r  b i o c k  3 d e v e l o p s  resistance by s l i d i n g ,  

t h e  s t r e s s  c o n d i t i o n s  a r e  r e p r e s e n t e d  hy  F i g u r e  1 2 b .  I f  ol i s  t aken  t o  be 

some s m a l l  s t r e s s  e q u a l  t o  t h e  a c t i v e  p r e s s u r e ,  t h e n  b l o c k  I mus t  move i n  t h e  

d i r e c t i o n  o f  p i l e  movement. o must  be a p p r o x i m a t e l y  2c i n  o r d e r  t o  c a u s e  
2 

f a i l u r e  o f  b l o c k  1 .  I f  a2 i s  c o n s i d e r e d  t o  be t h e  c o n f i n i n g  s t r e s s  on b l o c k  

2 ,  t h e n  0 must be  a p p r o x i m a t e l y  4c  . I f  b l o c k  3 s l i d e s  due t o  t h e  s t r e s s  3 
o t h e n  b l o c k  3 must  have  a r e s i s t a n c e  t o  s l i d i n g  o f  2c . Ey assuming t h a t  

3 
b l o c k s  4 and 5 P a i l  by the  same l i n e  oi: r e a s o n i n g  a s  b l o c k s  1 and 2  ( i . e . ,  

o = 6 ~ ) .  i t  can  be found t h a t  o6 = !Lit . By examin ing  a f r e e  body o f  a  s e c -  
4 

t i a n  o f  t h e  p i l e  ( F i g u r e  P2c) ,  i t  can  be concluded  t h a t  t h e  t o t a l  f o r c e  ex- 

e r t ed  by t h e  p i l e  segment  on  t h e  s o i l  d u r i n g  f a i l u r e  i s  

" = l l c b  (40 1 

6 6 .  The wedge i n  F i g u r e  13 o f f e r s  r e s i s t a n c e  t o  l a t e r a l  movement of  t h e  

p i l e  by means o f  c o h e s i o n  a l o n g  t h e  s i d e s  and bot tom and i t s  w e i g h t .  Summing 

components o f  t h e  f o r c e s  i n  t h e  h o r i z o r l t a l  d i r e c t i o n ,  t h e  r e s u l t a n t  f o r c e  F P  
i s  



b .  Mohr-Coialornb d i a g r a m  

c .  F o r c e s  a c t i n g  or1 p i l e  

F i g u r e  1 2 .  Model o f  l a t e r a l  f l o w - a r o u n d  t y p e  o f  f a l l u r e  f o r  c l a y  
( R e e s e  a n d  S u l l i v a n  1980) 

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



a .  Shape  o f  wedge 

h .  F o r c e s  a c t i n g  on wedge 

F i g u r e  13.  Assumed p a s s i v e  wedge t y p e  o f  f a i l u r e  f o r  c l a y  
(Reese a n d  S u l - l i v a n  1980) 



1 F = c  b ~  t s n  t ( 1  + m) c o t  u t - y b ~ 2  + c a ~ 2  s e e  a 
P  a  2 

where 

c  = average undrained s h e a r  s t r e n g t h  
a  
H = dep th  t o  t h e  p o i n t  under c o n s i d e r a t i o n  

rn = r e d u c t i o n  f a c t o r  t o  b e  m u l t i p l i e d  by c t o  y i e l d  t h e  a v e r a g e  
s l i d i n g  s t r e s s  between t h e  p i l e  and t h e a s t i f f  c l a y  

y = average  u n i t  weight o f  t h e  s o i l  (submerged u n i t  we igh t  i f  t h e  s o i l  
i s  below t h e  water  t a b l e )  

The remaining terms a r e  d e f i n e d  i n  F i g u r e  13. I t  i s  p o s s i b l e  t o  t a k e  t h e  p a r -  

t i a l  d e r i v a t i v e s  of Equat ion 41 w i t h  r e s p e c t  t o  t h e  a n g l e  a and s e t  t h e  

e q u a t i o n  e q u a l  t o  z e r o  t o  f i n d  t h e  a n g l e  a t  which t h e  e q u a t i o n  i s  minimized.  

However, a s  an  approximat ion,  t h e . a n g l e  a can be t a k e n  a s  4 5 O  and m can be  

assumed e q u a l  t o  z e r o .  D i f f e r e n t i a t i o n  sf t h e  r e s u l t i n g  e x p r e s s i o n  w i t h  r e -  

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

o f  p i l e  a s  fo l lows :  

67 .  Equat ions  40 and 42 a r e  approximace i n  t h a t  t h e  two models g i v e  a  

g r e a t l y  s i m p l i f i e d  p i c t u r e  of  how s a t u r a t e d  c l a y  behaves i n  r e s i s t a n c e  t o  l a t -  

e r a l  l o a d i n g .  However, t h e  t h e o r e t i c a l  e x p r e s s i o n s  g i v e  a  p o i n t  of  d e p a r t u r e  

f o r  u s i n g  t h e  r e s u l t s  of exper iments  t o  a r r i v e  a t  more r e a l i s t i c  e x p r e s s i o n s .  

The two e q u a t i o n s  can be so lved  s i m u l t a n e o u s l y  t o  f i n d  t h e  d e p t h  a t  which t h e  

f a i l u r e  would change from t h e  wedge type  t o  t h e  flow-around t y p e .  

Sands 

68. The express ions  f o r  d e t e r m i n i n g  t h e  u l t i m a t e  r e s i s t a n c e  o f  sand t o  

t h e  l a t e r a l  movement of a p i l e  can a g a i n  be d i v i d e d  on t h e  b a s i s  o f  two d i f -  

f e r e n t  f a i l u r e  mechanisms (group o f  sliding blocks  o r  wedge) 

69.  The model f o r  computing t h e  u l t i m a t e  s o i l  r e s i s t a n c e  a t  a  dep th  

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

g iven  i n  F i g u r e  14.  The s t r e s s  a i s  ob ta ined  by assuming a  Rankine a c t i v e  I 
f a i l u r e  c o n d i t i o n .  Th i s  assumpt ion i s  based on two-dimensional  behav io r  and 

is  s u b j e c t  t o  some u n c e r t a i n t y .  However, t h e  assumption shou ld  be adequa te  

f o r  p r e s e n t  purposes because t h e  developed e q u a t i o n s  w i l l  s u b s e q u e n t l y  be  ad- 

j u s t e d  t o  r e f l e c t  o h s r r v e d  c o n d i t i o n s  f r o m  f i e l d  t e s t s .  I f  - 0 i s  imposed a s  
1 



2fOVLTIENT 

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

iomb d i ag ram r e p r e s e n t i n g  s t a t e s  o f  s t r e s s  o f  s o i l  
f l o w i n g  a r o u n d  a p i l e  

F i g u r e  14*  Asswned mode o f  s o i l  f a i l u r e  by l a t e r a l  f l o w  a round  t h e  p i l e  
(Reese and S u l l i v a n  1980) 

t h e  c o n f i n i n g  s t r e s s  on  b l o c k  1, t h e  s t r e s s  r e q u i r e d  t o  cause  t h e  f a i l u r e  o f  

b l o c k  1 a l o n g  t h e  dashed  l i n e s  would b e  a p p r o x i m a t e l y  

where i s  t h e  a n g l e  o f  i n t e r n a l  f r i c t i o n  of  t h e  s a n d .  Assuming t h e  s t a t e s  

o f  s t r e s s  shown i n  F i g u r e  14b,  b lock  2 would be r e q u i r e d  t o  f a i l  a l o n g  t h e  

d a s h e d  l i n e  because  o f  t h e  imposed s t r t i s s  o f  n N l o c k  3 c o u l d  be assumed 3 .  





Pile of  Diaaerer  b 

1 

b .  F o r c e s  a c t i n g  on wedge r .  Forces  a c t i n g  on p i l e  

F 1 ~ l i r c  15  ~ ~ s s i l ~ t ~ d  J ) < I b S  i V t >  h~t~(1gcl t y ~ j p  o f  f < $  ( 1 t j*-p ( J < t ~ f x s (  , l , l ( j  S t i J  ] 1 \ ~ ~ i ~ l  ] o E Q )  
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-I- 
t a n  @ 

P, = YM t a n  I B  - @> cos a t a n  (/3 - $1 

X (b -+ H t a n  t a n  a )  + KoH t a n  p ( t a n  @ s i n  $ - t a n  a )  - Kab ( 4 6  1 

7 2 .  The v a l u e s  o f  t h e  p a r a m e t e r s  i n  E q u a t i o n  46 must be e s t i m a t e d  u s i n g  

s o i l  mechanics  t h e o r y .  S e l e c t i o n  o f  t h e  pa rameee r s  w i l l  be d i s c u s s e d  i n  t h e  

s u b s e q u e n t  s e c t i o n  on  p-y c u r v e s .  

73.  E q u a t i o n s  44 and 46 c a n  be s o l v e d  s imuPtaneous ly  t o  f i n d  t h e  appro:<- 

i m a t e  d e p t h  a t  which t h e  s o i l  changes  from t h e  wedge t y p e  t o  t h e  f low-around 

t y p e .  Aga in ,  i t  s h o u l d  be emphas ized  t h a t  t h e  e q u a t i o n s  a r e  n o t  e x p e c t e d  Lo 

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

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

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

E x p e r i m e n t a l  Techn iques  f o r  Deve lop ing  p-y Curves  

7 4 .  The p r e c e d i n g  p a r a g r a p h s  have d e s c r i b e d  t h e  b a s i c  t h e o r y  u t i l i z e d  

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

s e c t i o n  d e s c r i b e s  s e v e r a l  methods for o b t a i n i n g  e x p e r i m e n t a l  p-y c u r v e s ,  

D i r e c t  measurement  

7 5 .  D i r e c t  measurement o f  p-y c u r v e s  i n  t h e  f i e l d  would i n v o l v e  mea- 

s u r i n g  t h e  p i i e  d e f l e c t i o n  a t  some p r e d e t e r m i n e d  p o i n t s  and t h e n  measu r ing  t h e  

soil r e s p o n s e  c o r r e s p o n d i n g  w i t h  t h e  measured  d e f l e c t i o n .  D e f i e c t i o n  can  b e  

measured by i n s t a l l i n g  s l o p e  i n c l i n o m e t e r  c a s i n g s  e i t h e r  on t h e  i n s i d e  o r  o n  

the s u r f a c e  of a  p i l e  and t a k i r i g  readiz lgs  with a s l o p e  i n c l i n o m e t e r .  A l r e r -  

n a t i v e l y ,  s i g h t i n g  down 3 hoilo~7 p i l e  froin a  fixed p o s i t i o n  a r  s c a l e s  t h a t  

have been  pl-aced a t  i n t e r v a l s  a l o n g  t h e  l e n g t h  o f  t h e  p i l e  h a s  been  u s e d .  

T h i s  [nethod i s  cumbersome i n  p r a c t i c e ,  however ,  and has  n o t  been  v e r y  

succes s fu : .  

76. Measur ing  t h e  so11 r e s p c n s e  p  i s  c o n s i d e r a b l y  mcre i n v o l v e d  and 

difficult t h a n  meas : i r ing  t h e  d e f l e c t i o i i .  The d i s t r i b u t i o n  o f  p r e s s u r e  a c t i n g  

oil t i le p l l c  rnusi first be i!elern:~~:ed d l l t l  then t h e  p r e s s c r e  diagr-im i n t e g r a t e d  

Lo tit.ter111ine s o i I  response. Prcssilr-e rne te rs  of many d i ~ i ~ r e n t  types .ire 

a v a i l a b l e  and have b c e n  u t i l i z e d  i n  m e , i s t ~ r i n g  p r e s s u r e s  (Bierschwale. C o y l e ,  

,in(! R;irtoskt,wi t z  1 9 8 1 ) .  Tlli s ; ippronch r c q u i  r e s  rncssrircri!erlt o f  t he s o i  1 

I ~ I ~ f ~ X > ~ ~ ~ ~ ~  , t  8 ? ' ' ! < ,  ! , , , + I , [ , ,  ,,. 3 ! , l , , l  p < [ ( , r  : o r  , > f  , I  l > l  . i  , s !  t> : , t ! ! l l : t  :o l :  of > > ( , ' I !  , - - .  



p r e s s u r e s  between t h e  p r e s s u r e  m e t e r s  t o  o b t a i n  t h e  p r e s s t l r e  d i s t r i h u t i n n .  

Whether or  not  t h i s  p r o c e d u r e  y i e l d s  a c c u r a t e  p r e s s u r e  d i s t r i b u t i o n  is a  sub -  

j e c t  o f  deba te  (Reese and S u l l i v a n  1980; B i e r s c h w a l e ,  Coyle ,  and B a r t o s k e w i t z  

1981). 

Exper imen ta l  moment c u r v e s  

7 7 .  The  method used  most  s u c c e s s f u l l y  a t  UT f o r  d e t e r m i n i n g  p-y c u r v e s  

i n v o l v e s  t h e  p l acemen t  o f  e l e c t r i c a l  r e s i s t a n c e  s t r a i n  gages  a t  p o i n t s  a l o n g  

t h e  p i l e  s h a f t .  B e f o r e  t h e  f i e l d  tes t  i s  pe r fo rmed ,  s t r a i n  r e a d i n g s  a r e  c o r r e -  

l a t e d  w i t h  moment by p l a c i n g  t h e  p i l e  h o r i z o n t a l l y  on s i m p l e  s u p p o r t s  and ap-  

p l y i n g  known moments. Dur ing  t h e  l a t e r a l  l oad  t e s t ,  s t r a i n  r e a d i n g s  a r e  t a k e n  

a t  each p o i n t  a t  e a c h  i n c r e m e n t  of load  and c o n v e r t e d  t o  moment v a l u e s  by u s e  

of t h e  moment c a l i b r a t i o n  c u r v e s ,  D e f l e c t i o n  v a l u e s  a r e  o b t a i n e d  by use o f  

Equaeion  47:  

where 

M = measured moment 

E I  = f l e x u r a l  s t i f f n e s s  o f  t h e  p i l e  

The d e f l e c t i o n  can  b e  o b t a i n e d  w i t h  c o r a s i d e r a b l e  a c c u r a c y  u s i n g  numer i ca l  p r o -  

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

78. The compueat ion  o f  s o i l  r e s i s t a n c e  i s  somewhat more d i f f i c u l t  t h a n  

d e t e r m i n i n g  d e f l e c t i o n s .  I t  i s  o b t a i n e d  by doub le  d i f f e r e n t i a t i o n  o f  the 

moment c u r v e s  u s i n g  Equa t ion  48: 

n 

The d i f f i c u l t y  i n  d i f f e r e n t i a t i n g  t h e  moment c u r v e s  lies i n  t h e  f a c t  t h a t  a  

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

d a t a  p o i n t s  and d i f f e r e n t i a t i o n  r e s u i t s  c a n  b e  e r r a t i c ,  p a r t i c u l a r l : :  f o r  

d o u b l e  d i f f e r e n t i a t i o n .  

7 9 .  T a k i n g  t h e  family o f  curves  showrcg the d l s t r l  t:ot - G [ I  o f  t i e f l e c t  lon  

a n d  sol1 r e s l s t a r l c e ,  p-lr  c u r v e s  c a n  he  ploLte t i  a s  shown I;, l ' lgurt i  I t ; .  T h e  

s u r v e s  can  b e  c h e c k e d  by  performing a n  a n e l y s l s  u s l n g  t h e  fzeld loads a n d  com- 

paring ttle r e s u i t s  w ~ t h  t t i r  rxpcrlmcri t  i i  :rlo~nc.n: i ~ i ~ - \ e ' >  ,is 1 I I L L ~  I ( ( , ( !  1 1 1  y l g -  

t i  1 t A  1 7 . 



a .  p-y c u r v e s  deve loped  Prom 
s t a t i c - l o a d  t e s t  o n  2 4 - i n .  d i -  

ameter p i l e  

b .  p-y c u r v e s  deve loped  from 
p i l e - l o a d  test on 2 4 - i n .  diarn- 

e t e r  p i l e  

F i g u r e  16 .  Examples of  e x p e r i m e n t a l  p-y c u r v e s  from f i e l d  test 
(Reese ,  Cox, and Koop 1975) 



2 7 C u e d  a n d  e s r e d  U S  of  monen: 
d e p t h  f r o m  a a l o a d e d  p i l e  ;esc ( [ (e lch  and Reese 

2 9 7 2 )  



Nondimens ions l  metnods 

80.  Nondimens ional  methods h a v e  been  used f a i r l y  s u c c e s s f u l l y  t o  o b t a  . 
/ 
1 p-y c u r v e s  from a l a t e r a l  l o a d  test  (Heese ,  Cox, and Koop 1974).  The b a s i s  

f o r  t h i s  method i s  d e s c r i b e d  i n  Appendix  A .  The p r o c e d u r e  d o e s  n o t  r e s u l t  i n  

p-y c u r v e s  wh i sh  a r e  a s  a c c u r a t e  a s  t h e  c u r v e s  0bta ine .d  u s i n g  s t r a i n  gage  

d a t a .  The main a d v a n t a g e  i s  t h a t  c o s t l y  i n s t r u m e n t a t i o n  is  n o t  r e q u i r e d .  

81. D e f l e s t i o n  and  s l o p e  a r e  measu red  a t  t h e  t o p  o f  t h e  p i l e  a f t e r  e a c h  

i n c r e m e n t  o f  l o a d  is  a p p l i e d .  The p-y c u r v e  is  computed by f i r s t  a s suming  a 

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

a  nond imens iona l  s o l u t i o n .  T h i s  p r o c e d u r e  i s  r e p e a t e d  u n t i l  t h e  assumed v a r i a -  

t i o n  o f  s o i l  modulus  y i e l d s  computed r e s u l t s  which a g r e e  w i t h  t h e  measured  de-  

f l e c t i o n  and  s l o p e  a t  t h e  t o p  o f  t h e  p i l e .  When t h e  c a l c u l a t e d  s l o p e  and  de- 

f l e c t i o n  a g r e e  w i t h  t h o s e  measured ,  t h e  assumed v a r i a t i o n  i s  t a k e n  t o  b e  c o r -  

r e c t .  T h i s  " c o r r e c t "  modulus is  u s e d  f o r  t h e  computer  s o l u t i o n  f rom which  t h e  

d e f l e c t i o n  i s  o b t a i n e d  w i t h  d e p t h .  Given  t h e  s o i l  modulus and t h e  d e f l e c t i o n ,  

t h e  v a l u e  o f  r e s i s t a n c e  a t  d e s i r e d  d e p t h s  can  t h e n  be  computed. One c o m p l e t e  

s o l u t i o n  g i v e s  one  p o i n t  on t h e  p-y c u r v e  a t  e a c h  d e p t h  b e i n g  c o n s i d e r e d .  

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

p o i n t s  on t h e  p-y c u r v e .  

Recommendations on Use o f  p-y Curves  

82 .  I d e a l l y ,  f u l l y  i n s t r u m e n t e d  t e s t i n g  s h o u l d  be  per formed f o r  e a c h  

d e s i g n  i n v o l v i n g  l a t e r a l l y  l oaded  p i l e s .  U n f o r t u n a t e l y ,  t h e  c o s t  o f  l o a d  

t e s t s  can o f t e n  o n l y  b e  j u s t i f i e d  f o r  Large p r o j e c t s .  On p r o j e c t s  where  f u l l y  

i n s t r u m e n t e d  l a t e r a l  l o a d  t e s t s  can  be  j u s t i f i e d ,  t h e  t e s t s  s h o u l d  b e  p e r -  

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

t o  be u t i l i z e d  i n  c o n s t r u c t i o n .  On intermediate-sized p r o j e c t s  f o r  which  s i t e -  

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

j u s t i f i e d ,  t h e  nond imens iona l  methods f o r  o b t a i n i n g  p-y c u r v e s  p r e s e n t e d  by 

Reese and Cox (1968) a r e  recommended. T h e s e  methods a r e  a p p r o x i m a t e ;  however ,  

t h e y  r e q u i r e  o n l y  p i l e  head measurements  whlch a r e  relatively e a s y  and economi-  

c a l  t o  o b t a i n  and  t h e y  p r o v i d e  p r o j e c t - s p e c l f r c  d a t d  n o t  a v a i l a b l e  o t h e r w i s e .  

I n  c e r t a i n  s i t u a t i o r t s ,  t h e  d e s i g n e r  niay a l s o  c o n s r d e r  u s l n g  a  comblna t ior l  o f  

i n s : r~~rnen ted  p l  l p  t e s t i n g  and r lo r~d lmens lona l  methods .  T h ~ s  can  be  accompl i shed  

1 ) : ~  ~ t t  I 1 1  71 1 1 ~  t ~ I P  I o,,fJ I I ~ O I ~ I ~ ~ ~  p,- t o  O i l ~ ~ i l ~ l  ! ) I  I C ,  , I c ~ ~ I ~ J L - ~ I O I I S  L J ~ I L I Y  using 



nondimens ional  methods t o  o b t a i n  s o i l  r e s i s t a n c e .  

8 3 .  The p-y c r i t e r i a  p r e s e n t e d  i n  t h e  remain ing  s e c t i o n s  o f  t h i s  part,  

o f  t h e  r e p o r t  a r e  p rov ided  f o r  t h e  p u r p o s e  of a s s i s t i n g  t h e  d e s i g n e r  i n  s i t u a -  

t i o n s  where l a t e r a l l y  l oaded  p i l e  tests canno t  b e  j u s t i f i e d .  The d e s i g n e r  

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

t h e i r  l i m i t a t i o n s ,  Under no c i r c u m s t a n c e s  s h o u l d  a  d e s i g n  be u n d e r t a k e n  w i t h -  

o u t  a  s u f f i c i e n t  number of b o r i n g s  t o  d e f i n e  t h e  s u b s u r f a c e  p r o f i l e  and a SUP- 

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

v e r s u s  d e p t h  p r o f i l e .  A l so ,  t h e  d e s i g n e r  s h o u l d  b e  e v e r  ntindfril  o f  t h e  f a c t  

t h a t  any  one set o f  p-y c o n s t r u c t i o n  methods p r e s e n t e d  h e r e i n  i s  s t r o n g l y  

r e l a t e d  t o  o n l y  one  o r  two l a e e r a l  l o a d  t e s t s .  

8 4 .  I n  pe r fo rming  a n a l y s e s ,  t h e  d e s i g n e r  s h o u l d ,  a t  a minimum, pe r fo rm 

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

p a r a m e t e r s .  F o r  example,  t h e  l o a d ,  b o ~ ~ n d a r y  cond i "bons ,  and  p a r a m e t e r s  spe-a 

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

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

s t u d i e s  s h o u l d  t h e n  be c o n s i d e r e d  i n  making d e s i g n  d e c i s i o n s ,  An example de -  

s i g n  problem i s  p r e s e n t e d  i n  Appendix B .  

Curves f o r  c l a y s  

85. The recornended g-y c u r v e s  f o r  c l a y s  were deve loped  from t h r e e  

ma jo r  test  programs on  t h r e e  d i f f e r e n t  t y p e s  o f  c l a y  s o i l s :  ( a )  s o f t  c l ay s  

below t h e  w a t e r  t a b l e ,  ( b )  s t i f f  c l a y s  below t h e  w a t e r  t a b l e ,  and  ( c )  s t i f f  

c l a y s  above t h e  w a t e r  t a b l e .  I n  each L e s t  program,  the  p i l e s  were  s u b j e c t e d  

Lo s h o r t - t e r m  s t a t i c  l o a d s  and t o  r e p e a t e d  ( c y s E i c )  l o a d s ,  The test  program 

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

g r a p h s ,  I n  a d d i t i o n ,  s t e p - b y - s t e p  p r o c e d u r e s  a r e  g i v e n  f o r  comput ing  t h e  p->? 

c u r v e s ,  recommendations a r e  g iven  f o r  o b t a i n i n g  t h e  necessary d a t a  on s ~ i l  

p r o p e r t i e s ,  and example cu rves  a r e  p r e s e n t e d .  

86. The f i n a l  p o r t i o n  o f  t h i s  s e c t i o n  on c l a y s  p r e s e n t s  a  method t h a t  

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

o f  any  s h e a r  s t r e n g t h .  Th i s  " u n i f i e d "  method ( S u l l i v a n ,  Reese ,  and Fenske  

1979)  i s  based  on a l l  o f  t h e  major  exp t? r imen t s  i n  c l a y  b e l o w  t h e  w a t e r  t a b l e .  

Response o f  s o f t  
c l a y  below t h e  w a t e r  t a b l e  

87. F i e l d  e x p e r i m e n t s .  The r e s e a r c h  progr,iin Ic tc i lng  t o  t h e  d c t t ~ l o p ~ i ~ t ~ ! ~ t  -- -- .- 
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The r e s e a r c h  invo lved  e x t e n s i v e  f i e l d  t - e s t i n g  w i t h  a n  i n s t r u m e n t e d  p i l e ?  ex-  

p e r i m e n t s  w i th  Labora tory  models ,  and p a r a l i e l  development  of  a n a l y t i c a l  ~ n e t h -  

ods  and c o r r e l a t i o n s .  

88. There  were two t e s t  s i t e s :  one  a t  Lake A u s t i n  i n  A u s t i n ,  T e x . ,  and 

t h e  o t h e r  a t  t h e  mouth of  t h e  S a b i n e  R i v e r ,  which forms much o f  t h e  Texas-  

L o u i s i a n a  b o r d e r .  The s o i l s  a t . t h e  Lake A u s t i n  s i t e  c o n s i s t e d  o f  c l a y s  and  

s i l t s ,  somewhat j o i n t e d  and f i s s u r e d  due  t o  d e s i c c a t i o n  d u r i n g  p e r i o d s  o f  low 

w a t e r  w i t h  vane s h e a r  s t r e n g t h s  a v e r a g i n g  a b o u t  800 p c f .  The S a b i n e  c l a y  a p -  

p e a r e d  t o  be a  more t y p i c a l ,  s l i g h t l y  o v e r c o n s o l i d a t e d  mar ine  d e p o s i t  w i t h  

vane  s h e a r  s t r e n g t h s  a v e r a g i n g  a b o u t  300 p c f  i n  t h e  s i g n i f i c a n t  u p p e r  z o n e .  

8 9 .  A s t e e l  t e s t  p i l e  12 .75  i n .  i n  d i a m e t e r  w i t h  an embedded l e n g t h  o f  

42 f t  was used a t  b o t h  t e s t  s i t e s .  The p i l e  c o n t a i n e d  35 p a i r s  s f  e r e c t r i c a l  

r e s i s t a n c e  s t r a i n  gages  which were  c a l i b r a t e d  t o  p r o v i d e  e x t r e m e l y  a c c u r a t e  

d e t e r m i n a t i o n s  of  bend ing  moment. Gage s p a c i n g s  v a r i e d  from 6 i n .  n e a r  t h e  

t o p  t o  4 f t  i n  t h e  l o w e s t  s e c t i o n .  T e s t s  were  pe r fo rmed  ( a )  w i t h  t h e  p i l e  

head  f r e e  t o  r o t a t e  and ( b )  w i t h  t h e  p i l e  head  r e s t r a i n e d  a g a i n s t  r o t a t i o n  t o  

d e t e r m i n e  what d i f f e r e n c e  t h e r e  migh t  be i n  t h e  s o i l  r e sponse  due  t o  d i f f s r c n t  

boundary  c o n d i t i o n s ,  The f r e e - h e a d  t e s t s  were  pe r fo rmed  w i t h  o n l y  a l a t e r a l  

Load a p p l i e d  a t  t h e  mud l ine .  The r e s t r a i n e d  head  t e s t s  u t i l i z e d  a  framework 

t o  s i m u l a t e  t h e  e f f e c t  of  a  j a c k e t - t y p e  s t r u c t u r e ,  a s  shown i n  F i g u r e  1%. 

S h o r t - t i m e  s t a t i c  l o a d i n g  and c y c l i c  l o a d i n g  were  u sed  i n  t e s t i n g  t h e  p i l e .  

The moment c u r v e s  o b t a i n e d  i n  t h e  t e s t s  were  d i f f e r e n t i a t e d  t o  d e t e r m i n e  s o i l  

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

90 .  I n  a d d i t i o n  t o  f i e l d  e x p e r i m e n t s ,  some l a b o r a t o r y  e x p e r i m e n t s  were 

pe r fo rmed  which were o f  v a l u e  i n  e x p l a i n i n g  t h e  n a t u r e  o f  d e t e r i o r a t i o n  o f  

s o i l  r e s i s t a n c e .  These  exper in len ts  were n o t  u t i l i z e d  d i r e c t l y  i n  c o t l s t r u c t i n g  

t h e  p-y c r i t e r i a ,  b u t  were o f  u s e  i n  e x p l a i n i n g  and i n e e r p r e t i n g  t h e  f i e l d  

d a t a .  P r i n c i p a l  c o n c l u s i o n s  from t h e  t e s t s  a r e  l i s t e d  be!ow: 

a .  The r e s i s t a n c e - d e f l e c t i o n  c h a r a c t e r i s t i c s  of  t h e  s o i l  were - 
h i g h l y  n o n l i n e a r  and i n e l a s ~ i c .  

b .  Wi th in  p r a c t i c a l  r a n g e s ,  t h e  d e g r e e  o f  p i l e  head r e s t r a i n t  ap -  - 
p e a r e d  t o  have no e f f e c t  on t h e  p - y  r e l a t i o n s h i p .  

c .  C y c l i c  l o a d i n g  produced  a  permarlent p h y s i c a l  d i s p l a c e n ~ e n t  o f  - 

t h e  s o i l  away from t h e  $ r i l e  i n  t h e  d i r e c t i o n  o f  l oad i r ig .  

d .  The  permanent  d i s p l a c e m e n t  o f  t h e  s o i l  ahra\l from t t ie  p i l e  p r o -  
.- 
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F i g u r e  18. Arrangement  f o r  f i e l d  t e s t s  a t  
S a b i n e  R i v e r  s i t e  u s i n g  r e s t r a i n e d - h e a d  

l a t e r a l  Loading  (Ma t lock  1970)  

t h e  p i l e ,  t h i s  s l a c k  zone  was r e f l e c t e d  i n  bend ing  moinents 

which were much h i g h e r  t h a n  t h o s e  produced  by  e q u a l  l o a d s  d u r -  

i n g  t h e  i n i t i a l  c y c l i c  s e r i e s .  

e .  Dur ing  c y c l i c  l o a d i n g  with a c o n s t a n t  Load, t h e  d e f l e c t i o n s  a n d  - 

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

r a t e  o f  i n c r e a s e  d imi r i i shed  t o  t h e  p o i n t  where t h e  s o i l - p i l e  

sy s t em p r a c t i c a l l y  s t a b i l i z e d  and  no f u r t h e r  i n c r e a s e s  i n  d e -  

f l e c t i o n s  o r  moments occurred w i t h  c o n t i n u e d  r e p e t i t i o n s  o f  

l o a d .  I t  c a n  be i n t u i t i v e l y  s e e n  t h a t  some uppe r  l i m i t  o f  l oad  

must  e x i s t  f o r  arty p i l e  above  which t h e  system would n o t  s t a -  

b i i i z e  under  c y c l i c  l o a d i n g ,  and t h i s  c o n c l c s i o n  was b o r n e  o u t  

by tile t e s t s .  Belor-  t t i is u p p e r  ! i n l i t ,  s t a b i  1 i z a r i o n  g e r i e r a l l y  

o c c u r r e d  i n  l e s s  tiiL3n 100 c y c l e s .  

r .- 
L .  liie rneasurcd u!t i m a t e  r t i . s i s t a n c e  near t h e  ~ ~ ! ! - f a c e  ~ 3 s  s i m i l a r  - 

Lo tile i h e o r e t j c a l  t l l t i r n a t e  r e s i s t a t i c e  a s  ex:lr-ossod : I ]  E t j o a -  
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g .  I f    he p - v  tiat') r e s u  - ~ n g  from t h e  t e s t s  a r e  p l o t t e d  i n  non- 

t d ~ n l e n s i o n a l  for111 of1 l o g - l o g  p a p e r ,  a  r e l a t i v e l y  smooth s t r n ~ g t l c  

l i n e  c a n  be  f i t t e d  t o  t h e  d a t a  up t o  t h e  v a l u e  o f  u l t i m a t e  r e -  

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

f o r  c o n s t r u c t i n g  t h e  p-y c u r v e s .  

9 1 .  The d e t a i l s  o f  t h e  e x p e r i n ~ e r l t s  f o r  the s o f t - c l a y  c r i t e r i a  a r e  d l s -  

c u s s e d  more t h o r o u g h l y  h e r e  t h a n  w i l l  b e  t h e  c a s e  f o r  t h e  r ema in ing  c r i t e r i a .  

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

s t a n d i n g  o f  t h e  e x p e r i m e n t s  which p r o v i d e  t h e  b a s i s  f o r  t h e  p-y c r i t e r i a .  

92 .  Recommerldations f o r  cornputir~g p-y c u r v e s .  The f o l l o w i n g  p r o -  

c e d u r e  i s  f o r  s h o r t - t e r m  s t a t i c  l o a d i n g  and i s  i l l u s t r a t e d  by F i g u r e  1 9 a .  

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

A l s o ,  o b t a i n  t h e  v a l u e s  o f  E , t h e  s t r a i n  c o r r e s p o n d i n g  t o  
5 0 

h a l f  the maximum p r i n c i p a l  s t ress  d i f f e r e n c e .  I f  no stress- 

s t r a i n  c u r v e s  a r e  a v a i l a b l e ,  t y p i c a l  v a l u e s  of  E g i v e n  i n  
5 0 

T a b l e  3 c a n  be u sed .  

R e p r e s e n t a t i v e  Va lues  of E5n 

E 
S h e a r  S t r e n g t h  5 0 

- c , g1sf p e r c e n t  

250-500 2 

500- 1000 1 

1000-2000 0.7 

2000-4000 O a 5  

4000-8000 0.4 

! I .  Compute t h e  u l t i m a t e  s o l i  r e s i s t a n c e  p e r  u n i t  l e n g t h  o f  p l l e ,  - 

i l s ~ r l q  t h e  s m a l l e r  o f  tt ie v a l u e s  g i v e n  by t h e  e q u a t l o r l s  below: 



a .  S t a t i c  l o a d i n g  

b .  C y c l i c  l o a d i n g  

F i g u r e  1 9 .  C h a r a c t e r i s t i c .  shapes o f  t h e  p-y curves 
f o r  s o f t  c l a y  below t h e  r a t e r  s u r f a c e  ( H a t l o c k  1910 )  

where 

Y' = average e f f e c t l v c  u i i l t  w e ~ g l i t  froii, the  g r o u n d  surfac,r3 
to tile 11-y ( .urve 

c = s h e a r  s i r ~ n g t b  a t  d e p t h  x 



Matfock  (1970)  s t a t e s  t h a t  t h e  v a l u e s  of  J were de te rmined  

e x p e r i m e n t a l l y  t o  be 0 . 5  f o r  a  s o f t  c l a y  and a b o u t  0 .25  f o r  a  

medium c l a y ,  A v a l u e  o f  0 . 5  i s  f r e q u e n t l y  u sed .  The v a l u e  of 

P u  i s  computed a t  each  d e p t h  where a p-y c u r v e  i s  d e s i r e d ,  

b a s e d  on s h e a r  s t r e n g t h  a t  t h a t  d e p t h ,  

c .  Compute t h e  d e f l e c t i o n  y a t  h a l f  t h e  u l t i m a t e  s o i l  r e s i s -  - 50 
t a n c e  from t h e  f o l l o w i n g  e q u a t i o n :  

d .  P o i n t s  d e s c r i b i n g  t h e  p-y c u r v e  a r e  now computed from t h e  - 
f o l l o w i n g  r e l a t i o n s h i p :  

The v a l u e  of  p remains  c o n s t a n t  beyond y  = 8y50 

93.  The f o l l o w i n g  p rocedure  i s  f o r  c y c l i c  l o a d i n g  and  i s  i l l u s t r a t e d  i n  

F i g u r e  19b.  

a ,  C o n s t r u c t  t h e  p-y c u r v e  i n  t h e  same manner a s  f o r  s h o r t - t e r m  - 

s t a t i c  l o a d i n g  For v a l u e s , o f  p l e s s  t h a n  0 . 7 2 ~ ~  . 

b .  - S o l v e  E q u a t i o n s  49 and 50 s i m u l t a n e o u s l y  t o  f i n d  t h e  d e p t h  
x r  

where t h e  t r a n s i t i o n  Accurs .  Sf t h e  u n i t  w e i g h t  and s h e a r  

s t r e n g t h  a r e  c o n s t a n t  i n  t h e  u p p e r  z o n e ,  t h e n  

I f  t h e  u n i t  w e i g h t  and s h e a r  s t r e n g t h  v a r y  w i t h  d e p t h ,  t h e  

v a l u e  o f  x s h o u l d  be  computed w i t h  t h e  s o i l  p r o p e r t i e s  a t  
r  

t h e  d e p t h  where t h e  p-y c u r v e  i s  d e s i r e d .  

c .  I f  t h e  d e p t h  t o  t h e  p-y c u r v e  i s  g r e a t e r  t h a n  o r  e q u a l  t o  - 
x t h e n  p  i s  e q u a l  t o  0 . 7 2 ~  f o r  a l l  v a l u e s  o f  y r '  u  
g r e a t e r  t h a n  3Y50 . 

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

v a l u e  o f  p d e c r e a s e s  From i'. 72p u a t  y = 3y5* t o  t h e  v a l u e  

g i v e n  by t h e  f o l l o w i n g  e x p r e s s r o n  a t  y = I j y  50 ' . 



T h e  v a l u e  of  p remains c o n s t a n t  beyond y 1 5 ~ ~ ~  . 
94 .  Recommended s o i l  tests.  For d e t e r m i n i n g  t h e  v a r i o u s  s h e a r  s t r e n g t h s  

of  t h e  s o i l  required i n  t h e  p-y c o n s t r u c t i o n ,  Mat lock  (1970) rcconmended t h e  

f o l l o w i n g  tests  i n  o r d e r  of  p r e f e r e n c e ,  

a ,  I n  s i t u  vane - shea r  tests w i t h  p a r a l l e l  s ampl ing  f o r  s o i l  - 
i d e n t i f i c a t i o n .  

b .  U n c o n s o l i d a t e d ,  und ra ined  t r i a x i a f  compress ion  tests  hav ing  a - 
c o n f i n i n g  stress e q u a l  t o  t h e  ove rbu rden  p r e s s u r e ,  w i t h  c  

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

d i f f e r e n c e .  

c .  M i n i a t u r e  vane  t e s t s  o f  s amples  i n  t u b e s .  - 
d .  Unconf ined  compress ion  t e s t s .  - 

T e s t s  must a l s o  be pe r fo rmed  Lo d e t e r m i n e  t h e  u n i t  we igh t  o f  t h e  s o i l .  

95. Example c u r v e s .  An example se t  o f  g-y  c u r v e s  was computed f o r  

s o f t  c l a y  f o r  a  p i l e  w i t h  a  d i a m e t e r  o f  48 i n .  The s o i l  p r o f i l e  t h a t  was u sed  

is  shown i n  F i g u r e  20 .  In t h e  absence  o f  a  s t r e s s - s t r a i n  curve f o r  t h e  s o i l ,  

E was t a k e a  a s  0 . 0 1  f o r  t h e  P u l l  d e p t h  o f  t h e  s o i l  p r o f i l e .  The l o a d i n g  5 0 
was assumed t o  be b o t h  s t a t i c  and c y c l i c .  

9 6 .  p-y curves  were computed f o r  t h e  f o l l o w i n g  d e p t h s  below t h e  rnud- 

l i n e :  0, 1 ,  2 ,  4, 8, 2 2 ,  20 ,  40,  and 60 i t .  The p l o t t e d  curves  a r e  shown i n  

F i g u r e  21 f o r  s t a & i c  l o a d i n g  and i n  F i g u r e  22 f o r  c y c l i c  l o a d i n g .  

Response o f  s t i f f  
c l a y  below t h e  w a t e r  t a b l e  

9 7 .  F i e l d  e x p e r i m e n t s .  Reese ,  Cox, a n d  Koop (1975)  per formed l a t e r a l  

l o a d  t e s t s  employing  s t e e l  p i p e  p i l e s  r h a t  were 24 i n .  i n  d i a m e t e r  and 50 f t  

l o n g .  The p i l e s  were  d r i v e n  i n t o  s t i f f  c l a y  a t  a s i t e  n e a r  Manor, Tex .  The 

c l a y  had a n  u n d r a i n e d  s h e a r  s t r e n g t h  r a n g i n g  from a b o u t  1 t s f  a t  t h e  g round  

s u r f a c e  t o  a b o u t  3 t s f  a t  a d e p t h  of  12 f t .  

98 .  Recommendations f o r  c o m p ~ i t i r ~ g  p-y c u r v e s .  The f o l l o w i n g  psocedul-e 

1s f o r  s h o r t - t e r m  s t a t l c  l o a d i n g  and i s  i l l u s t r a t e d  by F i g u r e  2 3 .  

a .  O b t a i n  v a l u e s  f o r  und ra jned  s o i l  s h e a r  s t r e n g t h  c , s o s l  s u b -  - 
merged unit we igh t  y '  . and p r i e  di ' imeter  b . 

b .  Cornpuee t h e  a v e r a g e  u n d l - n i n e t i  sol1 s h e a r  s t r e r i g t h  c o v e r  t h e  - 

d e p t h  x . 

c .  Conrpute t h e  i ~ l i ~ a l n t e  sol 1 t .estst ,ance Ijt'r u r l i  t l e n g t h  o f  pl 
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F i g u r e  2 1 ,  Example p-y c u r v e s  i'or s o f t  c l a y  below t h e  water  t a b l e ;  
Mat lock  c r i t e r i a ,  s t a t i c  l o a d i n g  
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F i g u r e  2 2 .  Example p-y curves  f o r  s o f t  c l a y  belox the water t a b l e :  
Mat lock  c r i t e r i a ,  c y c l i c  l o a d i n g  





= 2cb 9 y ' b x  9 2 . 8 3 ~ ~  (55) 
P C  t 

= l l c b  (5611 
Pcd 

d. Choose the approximate value of As from Figure 24 for the - 
particular nondimensional depth. 

.c 2 4 .  V , i l u e s  of tikc.. c o n s t a r i t s  1 a n d  1-2 c (Reese ,  Cox ,  and  
Koop 1 0 7 5 1 ~  



e .  Establish the  i n i t i a l  s t r a i g h t - l i n e  portion n f  t h p  p-y curve - 

Use t h e  app rop r i a t e  va lue  o f  k o r  k from Tab le  4 for  k . 
S 6 

T a b l e  4 

for S t i f f  Cl 

Average Undra ined  Shear S t r e n g t h , "  - 

t s f  
0.5-1 - 1-2 - 2-4 - 

ks (static),  pci 500 1000 2000 

k ( cyc l i c ) ,  p c i  
C 

200 40 0 800 

* The average s h e a r  s t rength  s h o u l d  be computed from t h e  s h e a r  
s t r e n g t h  o f  t h e  s o i l  t o  a d e p t h  o f  f i v e  p i l e  d i a m e t e r s .  I t  
s h o u l d  be  d e f i n e d  a s  h a l f  Che t o t a l  maximum p r i n c i p a l  s t ress  d i f -  
ference i n  an u n c o n s o l i d a t e d  undra ined  t r i a x i a l  t e s t .  (Also see 
T a b l e  6 , )  

f .  Compute t h e  f o l l o w i n g :  - 

Use a n  a p p r o p r i a t e  v a l u e  of  E from r e s u l t s  of l a b o r a t o r y  
50 

tes ts  o r ,  i n  t h e  absence of l a b o r a t o r y  t e s t s ,  f rom T a b l e  3 .  

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

the f o l l o w i n g  e q u a t i o n  and o b t a i n i n g  p from E q u a t i o n  55 
C 

o r  56: 

E q u a t i o n  59 c o u l d  d e f i n e  the p o r t i o n  of  t h e  p -y  curve  f r o m  

t h e  p o i n t  o f  t h e  i n t e r s e c t i o n  with E q u a ~ i o n  59 t o  a p o i n t  where 

y i s  e q u a l  t o  AsyS0 ( s e e  n o t e  a f t e r  s t e p  j ) .  

h .  E s t a b l i s h  t h e  second  p n r a h o l i c  p o r t i o n  o f  t h e  p-y c u r v e ,  - 



E q u a t i o n  60  shou ld  d e f i n e  t h e  p o r t i o n  o f  t h e  p-y cu rve  from 

t h e  p o i n t  where y i s  e q u a l  t o  AsyS0 t o  a  p o i n t  where y  i s  

e q u a l  t o  6Asy50 ( s e e  n o t e  a f t e r  s t e p  j ) .  

i. E s t a b l i s h  t h e  n e x t  s t r a i g h t - l i n e  p o r t i o n  o f  t h e  p-y c u r v e ,  - 

E q u a t i o n  61 shou ld  d e f i n e  t h e  p o r t i o n  o f  t h e  p-y c u r v e  from 

t h e  p o i n t  where y i s  e q u a l  t o  6Asyw t o  a  p o i n t  where y 

i s  e q u a l  t o  18ASy50 ( s e e  n o t e  a f t e r  s t e p  j ) .  

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

E q u a t i o n  6 2  shou ld  d e f i n e  t h e  p o r t i o n  o f  t h e  p-y cu rve  from 

t h e  p o i n t  where y  i s  e q u a l  t o  18AsySO and f o r  a l l  l a r g e r  

v a l u e s  o f  y ( s e e  f o l l o w i n g  n o t e ) .  

(Note :  The s t e p - b y - s t e p  p r o c e d u r e  i s  o u t l i n e d ,  and F i g u r e  23 
i s  drawn,  a s  i f  t h e r e  i s  a n  i n t e r s e c t i o n  be tween E q u a t i o n s  57 
and 59 .  However, t h e r e  may be no i n t e r s e c t i o n  o f  E q u a t i o n  5 7  
w i t h  any  o f  t h e  o t h e r  e q u a t i o n s  d e f i n i n g  t h e  p-y c u r v e .  
E q u a t i o n  57 d e f i n e s  t h e  p-y c u r v e  u n t i l  i t  i n t e r s e c t s  w i t h  
one  o f  t h e  o t h e r  e q u a t i o n s  o r ,  i f  no i n t e r s e c t i o n  o c c u r s ,  Equa- 
t i o n  57 d e f i n e s  t h e  comple te  p-y c u r v e . )  

9 9 .  The f o l l o w i n g  p rocedure  i s  used  f o r  computing p-y c u r v e s  i n  which 

l o a d i n g  i s  c y c l i c  ( s e e  F i g u r e  2 5 ) .  

a .  S t e p s  a ,  b ,  c ,  e ,  and f  a r e  t h e  same a s  f o r  t h e  s t a t i c  c a s e .  - 

d .  Choose t h e  a p p r o p r i a t e  v a l u e  o f  - Ac from F i g u r e  24 f o r  t h e  

p a r t i c u l a r  nondimensional  d e p t h .  
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g .  E s t a b l i s h  t h e  p a r a b o l i c  p o r t i o n  o f  t h e  p-y  c u r v e ,  

E q u a t i o n  65 s h o u l d  d e f i r ~ e  t h e  p o r t i o n  o f  t h e  p-y c u r v e  from 

t h e  p o i n t  of  t h e  i n t e r s e c t i o n  w i t h  E q u a t i o n  57 t o  t h e  p o i n t  

where y i s  e q u a l  t o  0 . 6 ~  ( s e e  n o t e  a f t e r  s t e p  i). 
P 

h.  E s t a b l i s h  t h e  n e x t  s t r a i g h t - l i n e  p o r t i o n  o f  t h e  p-y c u r v e ,  - 

E q u a t i o n  66 shou ld  d e f i n e  t h e  p o r t i o n  o f  t h e  p-y c u r v e  from 

t h e  p o i n t  where y i s  e q u a l  t o  0 . 6 ~  t o  t h e  p o i n t  where y 
P 

i s  e q u a l  t o  1 .8y ( s e e  n o t e  a f t e r  s t e p  i ) .  
P  

i .  E s t a b l i s h  t h e  f i n a l  s t r a i g h t - l i n e  p o r t i o n  o f  t h e  p-y c u r v e ,  - 

E q u a t i o n  67 shou ld  d e f i n e  t h e  p o r t i o n  o f  t h e  p-y c u r v e  from 

t h e  p o i n t  where y i s  e q u a l  t o  1.8y and f o r  a l l  l a r g e r  
P 

v a l u e s  of  y ( s e e  f o l l o w i n g  n o t e ) .  

(No te :  The s t e p - b y - s t e p  p r o c e d u r e  i s  o u t l i n e d ,  and F i g u r e  25 
i s  drawn,  a s  i f  t h e r e  i s  a n  i n t e r s e c t i o n  between E q u a t i o n s  57 
and  65 .  However, t h e r e  may be no i n t e r s e c t i o n  o f  t h o s e  two 
e q u a t i o n s ,  and t h e r e  may be no i n t e r s e c t i o n  o f  E q u a t i o n  57 
w i t h  any  of t h e  o t h e r  e q u a t i o n s  d e f i n i n g  t h e  p-y c u r v e .  I f  
t h e r e  i s  no i n t e r s e c t i o n ,  t h e  e q u a t i o n  shou ld  b e  employed t h a t  
g i v e s  t h e  s m a l l e s t  v a l u e  of  p f o r  any  v a l u e  o f  y . 

100. Recommended s o i l  t e s t s .  T r i a x i a l  compress ion  t e s t s  o f  t h e  uncon- 

s o l i d a t e d ,  u n d r a i n e d  ( Q )  t ype  w i t h  c o n f i n i n g  p r e s s u r e s  conforming t o  i n  s i t u  

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

v a l u e  o f  r s h o u l d  be t aken  a s  t h e  s t r a i n  d u r i n g  t e s t i n g  which  c o r r e s p o n d s  
5 0 

t o  a  s t r e s s  e q u a l l i n g  one -ha l f  t h e  maximum t o t a l  p r i n c i p a l  s t r e s s  d i f f e r e n c e .  

The s h e a r  s t r e n g t h  c  should  b e  I n t e r p r e t e d  a s  h a l f  o f  t h e  maxlrnum t o t a l  

s t r e s s  difference. Values o b t a l n e d  from t h e  t r l a x l a l  t e s t s  might  be samekhat  

c o n s e r v a t i v e  b u t  would r e p r e s e n t  more r e a l i s t i c  s t r e n g t h  v a l u e s  t h a n  any from 



101. Example ctrrves. Example sees  of  p - y  ctlrves were computeci f o r  - 
s t i f f  c l a y  u s i n g  a p i l e  w i t h  a d i a m e t e r  o f  48 i n .  The s o i l  p r o f i l e  t h a t  was 

u s e d  is  shown i n  F i g u r e  26.  T h e  submerged u n i t  weight o f  t h e  s o i l  was assumed 

LO be  50  pcf  f o r  t h e  e n t i r e  d e p t h .  I n  t h e  abserice o f  a s t r e s s - s t r a i n  cu rve ,  

E was t a k e n  a s  0 , 0 0 5  f o r  t h e  f u l l  d e p t h  o f  t t ~ e  s o i l  p r o f i l e .  The s l o p e  of  
50 

t h e  i n i t i a l  p o r t i o n  o f  t h e  p-y c u r v e s  was e s t a b l i s h e d  by assuming a  v a l u e  of 

k o f  1000 pci a n d  a v a l u e  of kc  of  400 p c i .  The l o a d i n g  was assumed t o  be 
s 

b o t h  s t a t i c  and  c y c l i c .  

102. The p-y c u r v e s  were  computed f o r  t h e  f o l l o w i n g  d e p t h s  below the 

mudl ine :  0, 1,  2 ,  4 ,  8, 1 2 ,  2 0 ,  40 ,  and 60 f t .  The p l o t t e d  c u r v e s  a r e  shown 

i n  F igure  27 POP s t a t i c  l o a d i n g  and  i n  F i g u r e  28 f o r  c y c l i c  l o a d i n g .  

COHESION C. PSF 

€2 1000 2000 3000 4000 

F i g u r e  2 6 .  S o i l  p r o f i l e  used  f o r  example  p - y  cu rves  
f o r  stiff c l a y  
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Figu re  2 7 .  Example p - y  c u r v e s  f o r  stiff c l a y  below t h e  w a t e r  t a b l e ;  
Reese c r i t e r i a ,  s t a t i c  l o a d i n g  
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F i g u r e  28 ,  Example p-y  c u r v e s  f o r  s t i f f  c l a y  below 
t h e  w a t e r  t a b l e ;  Reese  c r i t e r i a ,  c y c l i c  l o a d i n g  

Response o f  s t i f f  
c l a y  above  t h e  w a t e r  t a b l e  

103. F i e l d  e x p e r i m e n t s .  A l a t e r a l  l o a d  t e s t  was per formed a t  a s i t e  i n  

Mouston, T e x . ,  where t h e  f o u n d a t i o n  was a d r i l l e d  s h a f t ,  36 i n .  i n  d i a m e t e r .  

X 10- in . -d i am p i p e ,  i n s t r u m e n t e d  a t  i n t . e r v a l s  a l o n g  i t s  l e n g t h  w i t h  e l e c t r i c a l -  

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

c o n c r e t e  was p l a c e d .  The embedded l e n g t h  o f  t h e  s h a f t  was 42 f t .  The a v e r -  

a g e  u n d r a i n e d  s h e a r  s t r e n g t h  o f  t h e  c l a y  i n  t h e  uppe r  2C f t  was a p p r o x i m a t e l y  

2280 p s f .  The  expe r imen t s  and t h e i r  i n t e r p r e t a t i o n  a r e  d i s c u s s e d  i n  d e t a i l  

by Welch and Reese (1972 )  and Reese  a n d  Welch (1975) .  

104. Recommendations f o r  c o m q u t i a  p-)I c u r v e s .  The f o l l o w i n g  p ro -  - -- 

c e d u r e  i s  f o r  s h o r t - t e r m  s t a t ~ ~  Loading and i s  i l l u s t r a t e d  I n  F i g u r e  2 9 :  

a .  - O b t a i n  v a l u e s  f o r  u r i d r a ~ n e d  s h e a r  s t r e n g t h  c , s o l 1  u n i t  

weight y , dnd p r l e  d ~ a n ~ e t e r  h . A l s o  o b t a ~ n  t h e  v a l u e s  o f  

E 
5 0 

from s t r e s s - s t  ralrr c u r v e s .  I f  no s ~ r e s s - s t r a l n  c u r v e s  

a r e  d v a r l a b l e ,  u s e  a v ~ ~ l u e  o f  
E ; 5 0  

o f  O.OiO o r  0 . 0 0 5  a s  g iver )  

111  'r<ill 1 (, 1 , L i l t ,  l d ~ g t , !  V < i  I t l ?  1 llg l l l ~ ~ - ~ ~  < , l \ ? ! - \ J '% t  I l l ? .  



F i g u r e  2 9 .  C h a r a c t e r i s t i c  s h a p e  o f  p-y c u r v e  f o r  s t a t i c  l o a d i n g  
i r e  s t l f f  c l a y  above t h e  w a t e r  t a b l e  (Reese  and S u l l i v a n  1980) 

b .  Compute t h e  u l t i m a t e  s o i l  r e s i s t a n c e  p e r  u n i t  l e n g t h  o f  s h a f t  - 
u  u s i n g  t h e  s m a l l e r  o f  t h e  v a l u e s  g i v e n  by E q u a t i o n s  49 and 

50. ( I n  t h e  use  o f  Equa t ion  4 9 ,  t h e  s h e a r  s t r e n g t h  is  t a k e n  

a s  t h e  average  from t h e  ground s u r f a c e  t o  t h e  d e p t h  b e i n g  con- 

s i d e r e d ,  and J i s  t a k e n  a s  0 .5 .  The u n i t  w e i g h t  of  t h e  s o i l  

s h o u l d  r e f l e c t  t h e  p o s i t i o n  o f  t h e  water  t a b l e . )  

c .  Compute t h e  d e f l e c t i o n  y a t  h a l f  t h e  u l t i m a t e  s o i l  r e s i s -  - 5 0 
t a n c e  from Equa t ion  5 1. 

d .  P o i n t s  d e s c r i b i n g  t h e  p-y c u r v e  may be  computed from t h e  r e -  - 
l a t i o n s h i p  below. 



. ncyonii y = - , p  Pis e q u a l  t o  , f o r  a1 1 val i res  o f  y , 

105. The f o l l o w i n g  p r o c e d u r e  i s  f o r  c y c l i c  ioaci ioq and i s  i l l u s t r a t e d  

i n  F i g u r e  30: 

a .  Determine  t h e  p-y c u r v e  f o r  s h o r t - t e r m  s t a t i c  l o a d i n g  by the  - 
~ r o c e d u r e  p r e v i o u s l y  g i v e n .  

b .  Determine  t h e  number o f  t i m e s  t h e  d e s i g n  l a t e r a l  l oad  w i l l  be - 
a p p l i e d  t o  t h e  p i l e .  

C .  For s e v e r a l  v a l u e s  o f  p /p  + o b t a i n  t h e  v a l u e  o f  C , t h e  - u  
p a r a m e t e r  d e s c r i b i n g  t h e  e f f e c t  o f  r e p e a t e d  l o a d i n g  o n  deforma- 

t i o n ,  from a  r e l a t i o n s h i p  deve loped  t h r o u g h  l a b o r a t o r y  t e s t s  

(Welch and Reese  1972)  o r ,  i n  t h e  a b s e n c e  o f  r e s t s ,  from t h e  

f o l l o w i n g  e q u a t i o n :  

F i g t l r e  3 0 .  C h i f r a c t e r i s i i r  shape  o f  p - y  c i l r v e  f o r  r y c l i c  l o o d i n g  i n  
5 L l  f f  ~ I I C I V F  i 6 1 ~  w a t e r  t . i i ~ l e  (Rrese alld Stii i t v a l l  1980) 



d A t  t h e  v;ll ue o .  p c n r r ~ s p o n ~ l i n g  t o  the v a l  i i ~ s  o f  p /pu  se -  - 
l e c t e d  i n  s t e p  c ,  compute new v a l u e s  o f  y f o r  c y c l i c  loaci ing 

from 

where  

c  
= d e f l e c t i o n  unde r  N c y c l e s  o f  l o a d  

s 
= d e f l e c t i o n  unde r  a  s h o r t - t e r m  s t a t i c  l o a d  

yS0 = d e f l e c t i o n  unde r  a  s h o r t - t e r m  s t a t i c  l o a d  a t  h a l f  
t h e  u l t i m a t e  r e s i s t a n c e  

N = number o f  c y c l e s  o f  l o a d  a p p l i c a t i o n  

e .  The p-y c u r v e  d e f i n e s  t h e  s o i l  r e s p o n s e  a f t e r  N c y c l e s  o f  - 
l o a d .  

106.  Recommended s o i l  t e s t s .  T r i a x i a l  compres s ion  t e s t s  o f  t h e  uncon- 

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

p r e s s u r e s  a t  t h e  e l e v a t i o n s  from which t h e  s amples  were t a k e n  a r e  recommended 

t o  d e t e r m i n e  t h e  s h e a r  s t r e t i g t h .  The v a l u e s  o f  r s h o u l d  b e  t a k e n  a s  t h e  5 0 
s t r a i n  d u r i n g  t h e  t e s t  c o r r e s p o n d i n g  t~ t h e  s t r e s s  e q u a l  t o  h a l f  t h e  maximum 

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

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

o f  t h e  s o i l  must a l s o  b e  d e t e r m i n e d .  

107.  Example c u r v e s .  - An example s e t  o f  p-y c u r v e s  was computed f o r  

s t i f f  c l a y  above t h e  w a t e r  t a b l e  f o r  a  p i l e  w i t h  a d i a m e t e r  o f  43  i n .  The 

s o i l  p r o f i l e  t h a t  was used  i s  shown i n  F i g u r e  2 6 .  The u n i t  w e i g h t  o f  t h e  s o i l  

was assumed t o  be  112 pc f  f o r  t h e  e n t i r e  d e p t h .  I n  t h e  a b s e n c e  o f  a  s t r e s s -  

s t r a i n  c u r v e ,  E 
5 0  

was t a k e n  a s  0 . 0 0 5 .  The p-y c u r v e s  were computed f o r  

bo th  s t a t i c  and c y c l i c  l o a d i n g s .  E q u a t i o n  69 was used  t o  compute v a l u e s  f o r  

t h e  p a r a m e t e r  C f o r  c y c l i c  l o a d i n g s ,  and i t  was assumed t h a t  t h e r e  a r e  t o  b e  

100 c y c l e s  of  l o a d  a p p l i c a t i o n .  

108. p-y c u r v e s  were computed f o r  t h e  f o l l o w i n g  d e p t h s  below t h e  

ground s u r f a c e :  0 ,  1 ,  2 ,  4 ,  8, 1 2 ,  20 ,  40, and 60 f t .  The p l o t t e d  c u r v e s  a r c  

shown i n  F i g u r e  31 f o r  s t a t i c  l o a d i n g  and i n  F i g u r e  32 f o r  c y c l i c  l o a d i n g .  

Unsf ied  c r i t e r i a  f o r  
c l a y s  below t h e  w a t e r  t a b l e  

109. - T n t r o d u c t  o n .  -- As was n o t e d  i n  t h e  p r e v i o u s  s e c t i o n ,  no recommenda- 

t ~ o r t s  w e r e  ~n,rde f o r  a s c e r t a l n l n g  t h e  r . lnge o f  t indra ined  s h e a r  s t r e n g t h  i n  
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F i gu re  31. Example p-y curves f o r  s t i f f  c i a y  a b o v e  
t h e  w a t e r  t a b l e ;  Reese  and Welch c r i t e r i a ,  s t a t i c  

l o a d i n g  

which t h e  c r i r e r i a  f o r  s o f t  c i a y  v e r s u s  t h o s e  f o r  s t i f f  c l ay  s h o u l d  be used. 

S u l l i v a n  (1977) and S u l l i v a n ,  Reese ,  and Fenske (1979)  examined t h e  o r i g i n a l  

experiments and deve loped  a se t  o f  r e c o r n e n d a t i o n s  t h a t  y i e l d  computed be- 

haviors  i n  r e a s o n a b l y  good agreement  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  from the  

Sab ine  R i v e r  t es t s  r e p o r t e d  by Mat lock  (19?0) and w i t h  t h o s e  from rhe Hanor, 

T e x . ,  t e s t s  r e p o r t e d  by Reese ,  Cox, and  Koop (1975).  However, a s  w i l l  be seeii 

from t h e  f o l l o w i n g  p r e s e n t a t i ~ n ,   here i s  a  need f o r  t h e  u s e r  to employ some 

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

e q u a t i o n s .  

110. Recommendations f o r  computing p-y curves. The f o l l o w i n g  pro-  

cedure i s  fo r  s h o r t  term s t a t i c  l o a d i n g  and  i s  i l l u s t r a t e d  i n  F i g u r e  33: 

a .  O b t a i n  v a l u e s  f o r  t h e  undra ined  s h e a r  s t r e n g t h  c , t h e  sub- - 
merged u n i t  o f  we igh t  y' , and t h e  p i l e  d i a m e t e r  b . A l s o ,  

o b t a i n  v a l u e s  o f  E~~ from s t r e s s - s t r a i n  c u r v e s .  If no 

s t b - e s s - s e r a ~ n  c u r v e s  a r e  a v a i l a b l e ,  the v a l u e s  i n  T a b l e  3 can 

Re u s e d  a s  g u i d e 1  ines f o r  s e I ~ c - t ~ o n  o f  t,, ~3 ' 
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F i g u r e  32.  Example p-lr c u r v e s  f o r  s t i f f  c l a y  above  
t h e  wa te r  t a b l e ;  Reese 2nd Lre1ch c r i t e r i a ,  c y c l i c  

l.o,jding 

- 
b =  Compute c  and ov , f o r  x < 126 , - 

2 

where 

c = a v e r a g e  undr.lined s h e a r  s t r e n g t h  a  - 
a = a v e r a g e  e f f e c t i v e  s t r e s s  

v 
x  = d e p t h  

C .  Compute t h e  v a r i a t i o n  o f  pu w i t h  d e p t h  us ing  t h e  e q u a t i o n  - 
below: 

(1) F o r  x  < 12b , pU i s  t h e  smaller o f  t h e  values compsted 

from 

(2) F o r  x > 12b  , 





Tab 1 (, 5 

Curvc Parameters for the U n i f i e d  C r i t e r i a  
-.-- 

(Reese and S u l l i v a n  1980) 

Clay D e s c r i p t i o n  A F 

Sabine River sire 2.5 1 . 0  

I n o r g a n i c ,  i n t a c t  

c = 300 I b / f t  
2 

>lanor, Tex., s i t e  

Inorganic ,  ve ry  f i s s u r e d  



Curve Parameters for the Unified Criteria -- -- - (Reese and S u l l i v a n  1980) 

Clay Description - A - F 

Sabine  River s i t e  

I n o r g a n i c ,  i n t a c t  

Manor, Tex. ,  s i t e  

I n o r g a n i c ,  very f i s s u r e d  

c = 2400 1 b / f t  2 

E = O , S %  5 0 

OR > 10 

St = I 

w = 7 7  
L 

PI - 60 
LI = 0.2 



I i c ~ p r ~ s e ~ - t L t "  t i v r  V a l u e s  l o r  k -- -- - - - - .- - - - - 

-. 
S h e a r  S t r e n g t h  k ,  

c , p s f  pel- 

250-500 30 

500- 1000 100 

1000-2000 300 

2000-4000 1000 

4000-8000 3000 

(Also  s e e  T a b l e  4 . )  

g.  Compute t h e  d e f l e c t i o n  a t  t h e  i n t e r s e c t i o n  between ;he i r i i e i a i  

l i n e a r  p o r t i o n  and  c u r v e d  p o r t i o n  from t h e  e q u a t i o n  

(yk c a n  be  no l a r g e r  t h a n  8yS0 . ) 

h .  (1 )  F o r  0 < y < y - k 

Y 
max 

( 3 )  F o r  8y5* < y < 3 0 ~ ~ ~  

where 

( p R  
w i l l  b e  e q u a l  Lo o r  less thdn 

PLJ 



( 4 )  F o r  s > 30y 
S 0 

l l I .  The fo l lowing p r o c e d u r e  i s  f o r  c y c l i c  load ing  and is i l l u s t r a t e d  

i n  F i g u r e  34: 

a .  Repeat s t e p s  a through h(1) f o r  s t a t i c  load ing .  - 
b .  Compute - 

(3 )  For  y > 2 0 ~ ~ ~  . 

112. Comments. The procedures  o u t l i n e d  above f o r  b o t h  s t a t i c  and  

c y c l i c  l o a d i n g  assume t h a t  a n  i n t e r s e c t i o n  of t he  curve d e f i n e d  by Equa- 

t i o n s  7 7  and 98 o c c u r s .  I f  t h a t  i n t e r s e c t i o n  does  not. o c c u r ,  the p-y c u r v e  

is d e f i n e d  by Equa t ion  77 u n t i l  it intersects a por t ion  o f  t he  curve  d e f i n e d  

by Equa t ions  79 and 81 f o r  s t a t i c  l o a d i n g  a n d  Equat ions  83 o r  84 f o r  c y c l i c  

l o a d i n g ,  

112. Example curves .  Example sets  o f  p-y curves  were computed u s i n g  

t h e  u n i f i e d  c r i t e r i a  and t h e  s o i l  p r o f i l e s  i n  F i g u r e s  20 and  26. The s o i l  pro- 

f i l e  i n  F i g u r e  20 r e p r e s e n t s  a  s o f t  c l a y ,  and t h e  p r o f i l e  i n  F i g u r e  26 repre- 

s e n t s  a s t i f f  c l a y ,  bo&h below t h e  w a t e r  t a b l e .  T h e  p-y curves  f o r  bo th  

s o i l  p r o f i l e s  were computed f o r  s t a t i c  a n d  c y c l i c  l o a d i n g s  us ing  a p i l e  48 i n .  

i n  d i a m e t e r  a n d  t h e  f o l l o w i n g  d e p t h s :  0 ,  1 ,  2 ,  4, 8,  12,  20, 40, and 60 f t .  

114.  For  t h e  s o f t  c l a y  p r o f i l e  i n  F i g u r e  2 0 ,  t h e  v a l u e  of c 5 0 
was a s -  

sumed eo be 0 .02  from t h e  mudline LO a d e p t h  of  20 f t  arid t o  d e c r e a s e  t o  0 .01  





. i t  a dcpth o f  90 f t .  The va111f'  o f  A ~ ' 1 s  a s s ~ ~ r n ( ~ d  t o  h~ 2 . 5 ,  drti i  t h t .  v n l t l r  o f  

F was a s s u ~ ~ ~ e d  t o  be I . O .  ?'hc v a l u e  o f  k l o r  c o r n p u t ~ n g  t h e  tnaxllnurn v a l u e  o f  

t h e  s o i l  modulus was assumed t o  be 200,000 p c f .  F i g u r e  35 shows the s e t  of  

0 2.5 5.0 7.5 10.0 12.5 15.0 1'7.5 20.0 22.5 26.0 27.5 30.0 
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F i g u r e  3 5 .  Example p-y curves f o r  s o f t  s l a y  below 
t h e  water t ab le ;  u n i f i e d  c r i t e r i a ,  staCic l o a d i n g  

p-y c u r v e s  f o r  s t a t i c  loading,  and F igure  36 shows curves f o r  c y c l i c  l o a d i n g .  

115. For t h e  s t i f f  c l a y  p r o f i l e  i n  F igure  26, rhe va lue  of was 

assumed t o  be 0.005 and y was t aken  as 58 pcf f o r   he e n t i r e  d e p t h .  The 

va lue  of A was assumed t o  be 0,35, the value  of F t o  be 800,000 p c f .  F ig -  

ure 39 shows t h e  s e t  o f  p-y c u w e s  f o r  static l o a d i n g ,  and Figure 38 shows 

curves fo r  cyclic Loading. 
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F i g u r e  36,  Example p-y curves f o r  s o f t  c l a y  below t h e  w a t e r  t a b l e ;  
u n i f i e d  c r i t e r i a ,  c y c l i c  l o a d i n g  

920 IN. 
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F i g u r e  37 .  Example p-y curves  for  s t i f f  c l a y  below t h e  water  t a b l e ;  
u n i f i e d  c - i t - . r i  2 ,  s t a t i c  l o a d i n g  
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F i g u r e  38. Example p-y c u r v e s  f o r  s t i f f  c l a y  below the w a t e r  t a b l e ;  
unified c r i t e r i a ,  cyclic l o a d i n g  

116. A s  shown below, a major  e x p e r i m e n t a l  program was cotlducted on t h e  

behav io r  of l a t e r a l l y  l o a d e d  p i l e s  i n  s and  below t h e  water t a b l e .  The r e s u l t s  

can be ex tended  to s a n d  above t h e  water  t a b l e .  

An ex tens ive  series o f  t e s t s  was per formed a t  a 

s i t e  on Mustang I s l a n d ,  n e a r  Corpus C h r i s t i ,  Tex, (Cox, R e e s e ,  and Grubbs 1974). 

Two steel pipe piles, 24 in, i n  diameter, were d r i ven  i n t o  s a n d  i n  a manner 

s i m u l a t i n g  t h e  d r i v i n g  of a n  open-ended p i p e ,  The p iEes  were t h e n  s u b j e c t e d  

t o  l a t e r a l  l o a d i n g .  The embedded l e n g t h  of t h e  piles was 69 f t .  One o f  t h e  

p i l e s  was s u b j e c t e d  t o  s h o r t - t e r m  l o a d i n g  and the o t h e r  t o  repeated l o a d i n g .  

118. The s o i l  a t  bhe  s i t e  was a u n i f o r m l y  g r a d e d  f ine  s a n d  wish a n  

a n g l e  o f  i n t e r n a l  f r i c t i o n  of  39 d e g .  The submerged u n i t  weight was 66 pcf. 

The  w a t e r  s u r f a c e  was m a i n t a i n e d  a few i n c h e s  above  t h e  mud l i n e  t h r o u g h o u t  

t h e  t es t  program. 

119.  R e c o m m e n d a t i o n ~ _ f o r  - . . . - . . - . comguting p-y curves .  The  following - - - 



p r n c ~ d , , r ~  i.; f o r  ) , n t h  s h n r t - l e r m  s l ~ t ~ ~  l o a d i n g  2 n d  cyclic loading and 1 s  1 1 -  

l u s t r a t e d  I n  F l g u r e  39 (Reese, Cox, anti koop 1 9 7 4 ) .  

a .  O b t a i n  v a l u e s  f o r  t h e  a n g l e  o f  i n t e r n a l  f r i c t i o n  $ , t h e  s o i l  - 
u n i t  w e i g h t  y , and p i l e  d i a m e t e r  b . 

b .  Make t h e  f o l l o w i n g  p r e l i m i n a r y  computa t ions .  - 

c .  Compute t h e  u l t i m a t e  s o i l  r e s i s t a n c e  p e r  u n i t  l e n g t h  of  p i l e  - 
u s i n g  t h e  smaller  .of t h e  v a l u e s  g i v e n  by t h e  e q u a t i o n s  below. 

K x t a n  (p s i n  8 
- - 0 

-I- 
t a n  

ps t a n  (/3 - 4) cor  a t a n  (@ @ )  

x (b  + x t a n  f3 t a n  0) + Kox t a n  B (87) 

x ( t a n  @ s i n  f3 - t a n  a)  - Kab 

F i g u r e  3 9 .  C h a r a c t e r i s t i c  shape  o f  a  f a m i l y  o f  p - y  curves f o r  s t a t i c  and 
c y c l i c  l o a d i n g  i n  s and  (Reese, Cox, a n d  Koop 1 9 7 4 )  



d .  I n  making t h e  c o m p u t a t i o n s  i n  s t e p  c ,  f i n d  t h e  d e p t h  x a t  - t 
which t h e r e  i s  an  i n t e r s e c t i o n  between Equa t ions  87 and 88. 

Above t h i s  d e p t h ,  u s e  E q u a t i o n  8 7 .  Below t h i s  d e p t h ,  u s e  Equa-  

t i o n  88. 

e.  S e l e c t  a  d e p t h  a t  which a  p-y cu rve  is  des i red .  - 
f .  E s t a b l i s h  yu  as  3b/80 . Compute pu from - 

- - 
Use t h e  a p p r o p r i a t e  v a l u e  o f  As o r  A c  from F i g u r e  40 f o r  

t h e  p a r t i c u l a r  n o n d i ~ n e n s i o n a l  d e p t h ,  and  f o r  e i t h e r  t h e  s t a t i c :  

o r  c y c l i c  c a s e .  Use t h e  a p p r o p r i a t e  e q u a t i o n  f o r  pS from 

E q u a t i o n  87 o r  E q u a t i o n  88 by r e f e r r ing  t o  t h e  compu ta t ion  i n  

s t e p  d ,  

- - 
F i g u r e  4 0 .  Values  o f  t h e  c o e f f i c i e n t s  Ac and As 

(Reese  and S u l l i v a n  1980) 



. t . . ~ t ~ i b I i s h  ,ts f>/hO . C o n r p ~ l t ~  
. ill ?"I 

f rom 

Use t h e  a p p r o p r i a t e  v a l u e  o f  B o r  B from F i g u r e  41  f o r  
S c  

t h e  p a r t i c u l a r  nondin iens iona l  d e p t h ,  and f o r  e i t h e r  t h e  s t a t i c .  

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

The two s t r a i g h t - l i n e  p o r t i o n s  o f  t h e  p-y c u r v e ,  beyond the  

p o i n t  where y  i s  e q u a l  t o  b /60  , can now be  e s t a b l i s h e d .  

F i g u r e  41.  Nondimens ional  c o e f f i c i e n t  b f o r  
s o i l  r e s i s t a n c e  v e r s u s  d e p t h  (Reese  a n d  

S u l l i v a n  1980) 

h .  E s t a b l i s h  t h e  i n i t i a l  s t r a i g h t - l i n e  p o r t i o n  o f  t h e  p-y c u r v e ,  - 

P = ( k x ) y  (911 

Use the a p p r o p r i a t e  v a l u e  o f  k from T a b l e  7 o r  8 .  

i ,  E s t a b l i s h  t h e  p a r a b o l i c  s e c t i o n  o f  t h e  p-y c u r v e ,  - 





(5)  Compute t h e  a p p r o p r i a t e  nrimber o f  p o i n t s  on the  pal  101a 

by us ing Equat ion 92.  

Note: The s t ep -by-s tep  procedure  i s  o u t l i n e d ,  and F ig -  
u r e  39 i s  drawn, a s  i f  t h e r e  i s  a n  i n t e r s e c t i o n  between 
the i n i t i a l  s t r a i g h t - l i n e  p o r t i o n  of t h e  p-y curve  and 
t h e  p a r a b o l i c  p o r t i o n  o f  t h e  curve a t  p o i n t  k . However, 
i n  some i n s t a n c e s ,  t h e r e  may be no i n t e r s e c t i o n  w i t h  t h e  
pa rabo la .  Equa t ion  91 d e f i n e s  t h e  p-y curve u n t i l  t h e r e  
is a n  i n t e r s e c t i o n  wi th  a n o t h e r  branch o f  t h e  p-y c u r v e ,  
o r ,  i f  no i n t e r s e c t i o n  o c c u r s ,  Equat ion 9 1  d e f i n e s  t h e  
complete p-y curve .  T h i s  completes t h e  development o f  
t h e  p-y curve  f o r  t h e  d e s i r e d  dep th .  Any number o f  
curves  can be devel.oped by r e p e a t i n g  t h e  above s t e p s  f o r  
each d e s i r e d  dep th .  

120.  Recommended s o i l  t e s t s .  T r i a x i a l  compression t e s t s  a r e  recommended 

f o r  o b t a i n i n g  t h e  ang le  of i n t e r n a l  f r i c t i o n  o f  t h e  sand.  Conf ining p r e s s u r e s  

should  be  used which a r e  c l o s e  o r  e q u a l  t o  t h o s e  a t  t h e  dep ths  be ing  cons ide red  

i n  t h e  a n a l y s i s .  I f  samples cannot  be o b t a i n e d ,  c o r r e l a t i o n s  between d and 

r e s u l t s  from p e n e t r a t i o n  t e s t s  can be  used.  T e s t s  must be performed t o  d e t e r -  

mine t h e  u n i t  weight  of  t h e  sand.  

121. Example curves .  An example s e t  of  p-y curves  was computed f o r  

sand b e l w  t h e  wa te r  t a b l e  f o r  a p i l e  wi th  a  d iamete r  of 48 i n .  The s o i l  pro-  

f i l e  used i s  p r e s e n t e d  i n  F i g u r e  42 ,  The submerged u n i t  weight was assumed t o  

be 57.5 p c f ,  and k was t aken  t o  be 80 p c i .  The load ing  was assumed t o  be  

bo th  s t a t i c  and c y c l i c ,  

122. p-y curves  were computed f o r  t h e  fo l lowing  d e p t h s  below t h e  mud 

l i n e :  0, 1 ,  2 ,  4 ,  8, 12, 20,  40, and 663 ft. The p l o t t e d  curves  a r e  shown i n  

F i g u r e  43 f o r  s t a t i c  l o a d i n g  and i n  F i g u r e  44 %or  c y c l i c  l o a d i n g .  

Response o f  sand above t h e  wa te r  t a b l e  

123. The p rocedure  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  can be used f o r  

sand above t h e  w a t e r  t a b l e  i f  a p p r o p r i a t e  ad jus tments  a r e  made t o  t h e  u n i t  

weight  and a n g l e  o f  i n t e r n a l  f r i c t i o n  of t h e  sand.  Some s m a l l - s c a l e  e x p e r i -  

ments were performed by P a r k e r  and Reese (1971) ,  and recommendations f o r  p"Y 

curves  f o r  d r y  sand were developed from t h o s e  exper iments .  The r e s u l t s  of  the  

Parker  and Reese exper iments  shou ld  be u s e f u l  i n  checking s o l u t i o n s  which  were 

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

Su~~~rna ry -- 

124. T h i s  p a r t  of t h e  r e p o r t  has  d e s c r i b e d  procedures  w h i c h  can be used 

i n  deve lop ing  s o i l  respcnse c u r v e s  f o r  l a t e r a l l y  loaded p i l e s  i n  s o f t  c l a y ,  



Figure  42.  S o i l  p r o f i l e  used f o r  example p-y 
curves  f o r  sand below t h e  w a t e r  t a b l e ;  Reese 

c r iLe r i a  

s t i f f  c l ay ,  o r  s a n d s ,  Mast o f  t h e  m a t e r i a l  covered i n  t h i s  p a r t  o f  the report 

was ext rac ted  from repores  of work done and docramented a t  UT by Prof .  Reese 

and h i s  associates. The examples a r e  se lec ted  from Corps of Engineersq f i l e s .  

125. I t  must be emphasized t h a t  development of  p r o p e r  s o i l - r e s p o n s e  

curves  r e q u i r e s  e x p e r i e n c e  and a feel  f o r  the problem. A t  b e s t ,  t h e  p rocedurc?~  

d e s c r i b e d  i n  t h i s  p a r t  s h o u l d  on ly  be  used a s  g u i d e l i n e s .  I n  every  case ,  a 

u s e r  i s  r e s p o n s i b l e  f o r  deve lop ing  these c u r v e s ,  and i t  i s  assumed that he 

will: a p p l y  judgment i n  u s i n g  t h e  guidance provided he re .  
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Figu re  43. Example p-y curves for sand below the water table, 
static loading 
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Figure  4 4 .  Example p-y curves far sand below t h e  wa&es t a b l e ,  
cyclic loading 



Awoshika, K., and Reese ,  L. C .  1971. "Analys is  o f  Founda t ion  w i t h  Widely 
Spaced B a t t e r  P i l e s , "  Resea rch  Repor t  117-3F,  C e n t e r  f o r  Highway Resea rch ,  
U n i v e r s i t y  of Texas a t  A u s t i n ,  A u s t i n ,  Tex. 

B ie r schwa le ,  M. W . ,  Coyle ,  H. M . ,  and B a r t o s k e w i t z ,  R .  E .  1981. " F i e l d  T e s t s  
and New Des ign  P rocedure  f o r  L a t e r a l l y  Loaded D r i l l e d  S h a f t s  i n  C lays , "  Re- 
s e a r c h  R e p o r t  211-3F, conducted  f o r  Texas S t a t e  Department  o f  Nighways and 
P u b l i c  T r a n s p o r t a t i o n  and F e d e r a l  Highway A d m i n i s t r a t i o n  by Texas T r a n s p o r t a -  
t i o n  I n s t i t u t e ,  Texas A&M U n i v e r s i t y ,  Co l l ege  S t a t i o n ,  Tex. 

Broms, B. B .  1964a.  " L a t e r a l  R e s i s t a n c e  o f  P i l e s  i n  C o h e s i o n l e s s  S o i l s , "  
J o u r n a l ,  S o i l  Mechanics and Founda t ions  D i v i s i o n ,  American S o c i e t y  o f  C i v i l  

Vol 89, No. SM3, pp 123-157. 

, 196413, " L a t e r a l  R e s i s t a n c e  o f  P i l e s  i n  Cohes ive  S o i l s , "  J o u r n a l ,  
S o i l  Mechanics and Founda t ions  D i v i s i o n ,  American S o c i e t v  o f  C i v i l  E n g i n e e r s ,  
V O ~  8 9 ,  No. SPb2, pp 27-63. 

CASE Task Group on P i l e  F o u n d a t i o n s .  1980. "Bas i c  P i l e  Group B e h a v i o r , "  
T e c h n i c a l  R e p o r t  K-80-5, U. S.  Army Eng inee r  Waterways Exper iment  S t a t i o n ,  CE,  
V icksburg ,  Miss. 

Cox, W.  R . ,  R e e s e ,  L ,  C . ,  and Grubbs,  B.  R ,  1974.  " F i e l d  T e s t i n g  o f  L a t e r a l l y  
Loaded P i l e s  i n  Sand , "  P r o c e e d i n g s ,  O f f s h o r e  Technology Confe rence ,  P a p e r  
No. 2079,  Hous ton ,  Tex. 

Dav i s son ,  M. T .  1970. " L a t e r a l  Load C a p a c i t y  o f  P i l e s , "  T r a n s p o r t a t i o n  Re- 
s e a r c h  Record No. 3 3 ,  Transportation Kesearch  Board ,  Washington ,  D .  6, 

Dawkins, W .  P .  1982. "User's Guide: Computer Program f o r  A n a l y s l s  o f  Beam- 
Column S t r u c t u r e s  w i t h  N o n l i n e a r  S u p p o r t s  (CBEAMC)," I n s t r u c t i o n  R e p o r t  K-82-6, 
U. S. Army E n g i n e e r  Waterways Exper iment  S t a t i o n ,  CE, V icksburg ,  Miss. 

F o c h t ,  J. A . ,  and  Koch, K .  J. 1973. " R a t i o n a l  A n a l y s i s  of  t h e  L a t e r a l  Pe r -  
formance o f  O f f s h o r e  P i l e  Groups ,"  P r o c e e d i n g s ,  F o u r t h  Annual  O f f s h o r e  
Technology Confe rence ,  Wouston, Tex . ,  P a p e r  No. DTC 1896.  

G l e s e r ,  S. M. 1953. " 'La te ra l  Load T e s t s  on V e r t i c a l  Fixed-Head and Free-Head 
P i l e s , "  S p e c i a l  T e c h n i c a l  P u b l i c a t i o n  354, pp 75-101, American. S o c i e t y  f o r  
T e s t i n g  M a t e r i a l s ,  P h i l a d e l p h i a ,  P a .  

H a l i b u r t o n ,  T .  A .  1971.  " S o i l  S t r u c t u r e  I n t e r a c t i o n , "  T e c h n i c a l  P u b l i c a t i o n  
N O .  14 ,  Schoo l  o f  C i v i l  E n g i n e e r i n g ,  Oklahoma S t a t e  U n i v e r s i t y ,  S t i l l w a t e r ,  
Okla .  

H e t e n y i ,  Pf. 1946.  "Beams on E l a s t i c  F o u n d a t i o n , "  11946,  U n i v e r s i t y  o f  
Michigan P r e s s ,  Ann Arbor ,  Mich. 

Higdon, A . ,  e t  a l .  1967. Mechanics o f  F I a t e r i a l s ,  John Wiley ,  New York.  

Kubo, I'f. 1967 .  " L a t e r a l  R e s i s t a n c e  of  S i n g l e  Free-Head B a t t e r  P i l e s  and 
S i n g l e  Fixed-Head V e r t i c a l  P i l e s  ( l n  J a p a n e s e ) ,  ?lorittily R e p o r t s  of  T r a n s p o r t a -  
t i o n ,  Vol 1 2 ,  No. 2 ,  T e c h n i c a l  R e s e a r c h  I n s t i t u t e .  

P l a r t i n ,  D .  K . ,  J o n e s ,  H .  W . ,  and Radhakr i shnan ,  h'. 1980.  "Documentat ion f o r  
LFfirDPILE Program,"  T e c h n i c a l  Repor t  K-80-3, U. S .  Arniy Eng inee r  l j a ~ e r w a y s  E X -  
per l rnent  S t a t i o n ,  C E ,  V i c k s b u r g ,  ?Ilss. 



MaLlock, W. 1970, "Correlations for Ilesinn of Laterallv I,oaded Piles in S o f t  
Clay," Paper No. OTG 1204, Proceedrngs, Second A r ~ r l u a l  Offshore Technology f 
Conference, Houston, Tex. 

Matlock, M., and Reese, L. C ,  1960. "Generalized Solutions for Laterally 
Loaded Piles," Journal, Soil Mechanics and Foundations Division, American 
Society of Civil Engineers, Vol 86, No. SM5, pp 63-92. 

McClelland, B. and Focht, J. A .  1958, "Soil Hodulus of Laterally Loaded 
Piles,'' Transac&ions, American Society of Civil Engineers, Vol I23 ,  pp 1049- 
1063. 

Meyer, B. J., and Reese, L. 6. 1979. "Analysis of Single Piles Under Lateral 
Loading,'"esearch Report 244-1, Center for Transportation Research, Bureau of 
Engineering Research, University of Texas at Austin, Austin, Tex. 

O'Neill, M. M e ,  Nawkins, R. A . ,  and Mahar, L. J. 1980. "Field Study o f  Pile 
Group Action," U. S. Depargment of Transportation, Federal Wighway Administra- 
tion, Office of Research and Development, Washington, D. C. 

Parker, F., Jr., and Reese, L .  C. 1371. "Lateral Pile-Soil Interaction Curve 
for Sand," Proceedings, international Symposium on the Engineering Properties 
of Sea-Floor Soils and Their Geophysical Identification, University of Wash- 
i n g % ~ ~ ,  Seattle, Wash. 

Poulos, K .  G ,  1971a. "Behavior of LaLerally Loaded Piles: I-Single Piles," 
~ivision, American Society of Civil ' 

E991b. "Behavior sf Laterally Loaded Piles: 11-Pile Groups," 
Journal, Soil Mechanics and Foundation Division, American Society of Civil 
Engineers, Vol 9 7 ,  No. SMS, 

Wadlaakrishnan, N .  , and Parker, F. , Jr, 1975. "Background Theory and Documenta- 
tion of Five Universiky of Texas Soil-Struceure Interaction Computer Programs," 
Miscellaneous Paper K-95-2, U. S ,  Army Engineer Waterways Experiment Station, 
CE, Vicksburg, Miss. 

Reese, L. C. 1998. "Design and Evaluation of %sad Tests an Deep Foundat ion,"  

1988. "lecture on Analysis of Pile Croups," 
Huntsville, APa. 

Reese, L ,  C . ,  and Allen, J ,  B .  1977, 
Manual, Vol 2, U. S. Department of TranspsrLatian, Federal Highway Administra- 
tion, Washington, D. G. 

Weese, L. C., and Cox, W. R. 1968. "'Soil Behavior from Analysis of Tests of 
Uninstrumented Piles Under Lateral Loatfing," Proceedings, American Society f o r  
Testing and Materials, San Francisco, Calif., pp 141-176. 

Reese, L. C . ,  and Efatlock, W. 1 9 5 6 .  "Won-Dlrnensions! Solutions for Caterall*: 
Loaded Piles with Soil Elodultss Assumed Proportional t o  Depth," Proceedings, 
Eighth Texas -- Confererlce on Soil Flechanlcs - and Foundation Engineerim AusTFI~, -- 
~ e x .  



Rccse ,  I.. C . .  a n d  ?!,jt l ock ,  H .  1960. "Numerltai A r t a l v s i s  of L a t e r a l l y  Loadcci 
P i  ips ,"  P r o c e e d i n g s ,  Second S t r u c t u r a l  D i v i s i o r ~  Conference on E l e c ~ r o ~ i i c  Compii- -- - -- - - - - - -- - 

t a t  i o n ,  Amerlcan - Soc1t7ty o f  C l v l l  E n g i n e e r s ,  P i t t s b u r g h ,  Pa.  

Reese ,  L .  C,, and S u l l i v a n ,  W.  R .  1980. "Documentation of Computer Program 
COM624; P a r t s  I and 11, A n a l y s i s  o f  S t r e s s e s  and D e f l e c t i o n s  f o r  L a t e r a l l y -  
Loaded P i l e s  I n c l u d i n g  G e n e r a t i o n  o f  p-y Curves ,"  Geo techn ica l  E n g i n e e r i n g  
S o f t w a r e  GS80-1, Geo techn ica l  E n g i n e e r i n g  C e n t e r ,  Bureau o f  E n g i n e e r i n g  Re- 
s e a r c h ,  U n i v e r s i t y  o f  Texas a t  A u s t i n ,  A u s t i n ,  Tex. 

Reese ,  L. C . ,  and Welch, R .  C .  1975.  " L a t e r a l  Loading o f  Deep Founda t ions  i l l  

S t i f f  C l a y , "  J o u r n a l ,  G e o t e c h n i c a l  E n g i n e e r i n g  D i v i s i o n ,  American S o c i e t y  o f  
C i v i l  E n g i n e e r s ,  Vol 201, No. GT7, pp 633-649. 

R e e s e ,  L. C . ,  Cox, W .  R . ,  and  Koou, F.  D.  1974. "Analys is  o f  L a t e r a l l y  
~ o a d e d  P i l e s  . i n  sand ," pape r  No. ~ T C  2080, p roceed ings  , - ~ i f t h  Annual O f f s h o r e  
Technology Conferenc-e, Houston ,  Tex. 

. 1975. " F i e l d  T e s t i n g  and A n a l y s i s  of L a t e r a l l y  Loaded P i l e s  i n  
S t i f f  C l a y , "  Paper  No. OTC 2312,  P r o c e e d i n g s ,  Seventh  O f f s h o r e  Technology 
Confe rence ,  Houston,  Tex. 

Skemgkon, A .  W .  1951. "The B e a r i n g  C a p a c i t y  o f  C l a y s , "  P r o c e e d i n g s ,  B u i l d i n g  
Resea rch  Congres s ,  Vof I ,  P a r t  IIV, pp 180-189. 

S t e v e n s ,  J, B . ,  and A u d i b e r t ,  J. M. E ,  1979.  "Re-Examination o f  p-y Curve 
~ o r m u l a t i o n s  , " ' P a p e r  No. OTG '3402 ,  
Confe rence ,  Houston,  Tex . 
S u l l i v a n ,  W, R .  1974. Development and E v a l u a t i o n  of  a  U n i f i e d  Method f o r  t h e  
A n a l y s i s  o f  L a t e r a l l y  Loaded P i l e s  i n  C l a y ,  M.S. T h e s i s ,  Gradua te  Schoo l  of  
t h e  U n i v e r s i t y  of  Texas a t  A u s t i n ,  A u s t i n ,  Tex. 

S u l l i v a n ,  W .  R . ,  Reese ,  L. C . ,  and F e n s k e ,  C .  W .  1979. "Un i f i ed  Method f o r  
A n a l y s i s  o f  L a t e r a l l y  Loaded P i l e s  i n  Cfay , "  P r o c e e d i n g s ,  Numerical Methods i n  
O f f s h o r e  P i l i n g ,  I n s t i t u t i o n  of C i v i l  ~ n g i n e e r s ,  Londora, pp 107-118. 

T e r z a g h i ,  K .  1955.  " E v a l u a t i o n  o f  C o e f f i c i e n t s  o f  Subgrade  R e a c t i o n , "  
Geo techn ique ,  VoP 5 ,  pp 297-326. 

Welch, R e  C . ,  and Reese ,  L. C .  1972.  " L a g e r a l l y  Loaded Behav io r  o f  D r i l l e d  
S h a f t s , "  R e s e a r c h  Repor t  No, 89-10,  conduc ted  f o r  Texas Highway Depar tment  and 
U, S.  Depar tment  o f  T r a n s p o r t a t i o n ,  F e d e r a l  Highway A d m i n i s t r a t i o n  Bureau  o f  
P u b l i c  Roads ,  by C e n t e r  f o r  Highway R e s e a r c h ,  U n i v e r s i t y  o f  Texas  a t  A u s t i n ,  
A u s t i n ,  T e x .  

Winkle r ,  E .  1967. Die Lehre  von E l a s t i z i t a l  and T e s t i g k e i t  (On E l a s t i c i t y  
and F i x i t y ) ,  P rague .  





APPENDIX A: NONDIMENSlONAL SOLUTIONS FOR ANALYSlS Ob 
LATERALLY LOADED PILES 

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

1. The p r i n c i p l e  of  d i m e n s i o n a l  a n a l y s i s  i s  u s u a l l y  a p p l i e d  t o  p t l y s i c a j  

models;  however,  Reese and Mat lock  (1956)" a p p l i e d  t h e  p r i n c i p l e  t o  ma thema t i -  

c a l  models  a s  w e l l .  They used  t h e  p r i n c i p l e  o f  d i m e n s i o n a l  a n a l y s i s  t o  produce  

a se t  o f  nondimens ional  c o e f f i c i e n t s  which  c a n  be used  t o  s o l v e  t h e  g o v e r n i n g  

d i f f e r e n t i a l  e q u a t i o n  f o r  l a t e r a l l y  l o a d e d  p i l e s .  

2 .  The development  o f  bhc nondinrens iona l  s o l u t i o n  method was a  r e s u l t  

o f  e x t e n s i v e  e x p e r i e n c e  g a i n e d  a t  The U n i v e r s i t y  o f  Texas a t  A u s t i n  t h r o u g h  

manual u s e  of t h e  d i f f e r e n c e  e q u a t i o n  method.  P a r e s  o f  t h e  method were done  :I 

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

a b l e s .  I t  was found t h a t  t h e s e  s o l u t i o n s  c o u l d  t h e n  be  a p p l i e d  t o  many s i m i l a r  

problems.  The t h e o r e t i c a l  l e g i t i m a c y  o f  t h i s  method o f  a p p r o a c h  kcas con f i rmed  

by a p p l y i n g  t h e  p r i n c i p l e s  of e i l g i n e e r i n g  s i m i l i t u d e  t o  d e r i v e  t h e  method.  

3 .  A t  t h e  t ime  of  t h e  d e v e l o p m e r ~ t  o f  nond imens iona l  methods o f  a n a l y s i s ,  

computers  were a v a i l a b l e  t o  few engineers o u t s i d e  o f  r e s e a r c h .  The  nondimen- 

s i o n a l  methods were deve loped  b e c a u s e  t h e y  i n c l u d e d  many of t h e  a d v a n t a g e s  o f  

t h e  f i n i t e  d i f f e r e n c e  s o l u t i o n s ,  y e t  c o u l d  b e  per formed r e l a t i v e l y  e a s i l y  by 

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

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

t i o n .  The s a i n  d i s a d v a n t a g e  was t h a t  a p r e d e t e r m i n e d  v a r i a t i o n  o f  s o i l  modulus 

with d e p t h  tnust be assumed.  Today,  t h e  nond imens iona l  methods  a r e  i m p o r t a n &  

b e c a u s e  they :  ( a )  p r o v i d e  a Rand s o l u t i o n  method t o  v e r i f y  computer  results 

by t h e  f i n i c e  d i f f e r e n c e  t e c h n i q u e ,  (b )  p r o v i d e  a  b e t t e r  u n d e r s t a n d i n g  o f  ehe 

mechanics  o f  t h e  r e s p o n s e  o f  a  p i l e  u n d e r  l a t e r a l  l o a d i n g ,  and  ( c )  c a n  be used  

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

4 ,  Reade r s  a r e  r e f e r r e d  t o  Reese  and  S u l l i v a n  (1980) ,  Reese  and  A l l e n  

( 1 9 7 7 ) ,  Reese and Flat lock (1956) and  Mat lock  and Reese (1960) f o r  t h e  c o n c e p t  

and t h e o r y  o f  nond imens iona l  s o l u t i o n s  and t h e  d e t a i l s  o f  t h e  s o l u t i o n  p r o -  

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

R e f e r e n c e s  c i t e d  i n  t h i s  a p p e n d i x  a r e  i r ic luded  I n  t h e  R e f e r e n c e s  a t  t h e  end 
o f  t h e  main t e x t .  



s tep-by-s tep  procedure and a n  example s o l u t i o n ,  inc lud ing  t h e  manual genera-  , 
tion of a p-y curve  us ing  s o f t  c l a y  c r i t e r i a .  

S o l u t i o n  Procedure ( E x t r a c t e d  from Reese and S u l l i v a n  1980) 

5, The s o l u t i o n  procedure  i s  d e s c r i b e d  below f o r  t h r e e  sets o f  boundary 

c o n d i t i o n s  a t  t h e  t o p  of t h e  p i l e :  ( a )  p i l e  head free t o  r o t a t e ,  ( b )  p i l e  

head f ixed  a g a i n s t  r o t a t i o n ,  and  ( c )  p i l e  head r e s t r a i n e d  a g a i n s t  r o t a t i o n .  

These boundary c o n d i t i o n s  a r e  shown i n  F i g u r e  A 1  along wi th  t h e  s i g n  conven- 

t i o n  used i n  t h e  s o l u t i o n s .  

6. L i m i t a t i o n s  imposed by t h e  nondimensional  s o l u t i o n s  a r e  a s  fo l lows :  

a .  The e f f e c t  on bending moment of  t h e  a x i a l  load cannot be  - 
i n v e s t i g a t e d .  

b ,  A c o n s t a n t  v a l u e  of  f l e x u r a l  r i g i d i t y  of t h e  p i l e  must  be used.  - 
e .  The nondimensional  cu rves  inc luded  h e r e i n  a r e  v a l i d  only  f o r  t h e  - 

c a s e  of a l i n e a r l y  v a r y i n g  s o i l  modulus w i t h  zero a t  t h e  

g r o u n d l i n e ,  

Case 1:  Pile head free t o  rotate 

7 .  The s o l u t i o n  p rocedure  f o r  Case E is  a s  fo l lows:  

a, C o n s t r u c t  p-y curves  a t  various depths  by procedures  secom- - 
mended i n  t h e  main text, with t h e  spacing between p-y curves 

b e i n g  c l o s e r  near t he  ground sur face  thaw near the  bottsm of t h e  

pile. 

b. Assume a value of T , tine re la t ive  stiffness f a c t o r ,  from - 

E I  = f l e x u r a l  r i g i d i t y  of p i l e  

k = cons tan t  relating the s e c a n t  m ~ d u l u s  s f  s o i l  r eac t ion  
to depth (Es = kx) 

c, Compute t h e  d e p t h  c o e f f i c i e n t  z - = L/T . max (A2?  

d .  Compute t h e  d e f l e c t i o n  g a t  each d e p t h  x a l o n g  t h e  p i l e  - 
where a  p-y curve i s  a v a i l a b l e  from 



a .  S ign  convent ion 

Case I. P i l e  Mead Case TI. P i l e  Head Case 111. P i l e  Head 
Frce  t o  Rotate Fixed A g a i ~ ~ s t  R o t a t i o n  R e s t r i c t e d  Againse: R o t a t i o n  

b .  B o u n d a r y  c o n d i t i o n s  

F i g u r e  A l .  S i g n  c o n v e n t i o n  and b o u n d a r y  c o n d i t i o n s  c o n s i d e r e d  i n  t h e  
s o l u t i o n  p r o c e d u r e  (Reese and S u l l  i \ - an  1980) 



where 

A = d e f l e c t i o n  c o e f f i c i e n t  (from Figure  A2) 
Y 

PT = shear a t  t o p  of pile 

T = r e l a t i v e  s t i f f n e s s  f a c t o r  

B = d e f l e c t i o n  c o e f f i c i e n t  (from Figure  A3) 
Y 

MT = moment a t  t o p  o f  p i l e  

The p a r t i c u l a r  cu rves  t o  be  employed i n  determining t h e  A 
Y 

and B c o e f f i c i e n t s  depend on t h e  v a l u e  of  zmax 
Y 

cornpilted i n  

s t e p  c .  

e .  From a p-y curve ,  s e l e c t  t h e  va lue  o f  s o i l  r e s i s t a n c e  p t h a t  

corresponds t o  the  p i l e  d e f l e c t i o n  v a l u e  y a t  t h e  d e p t h  o f  t h e  

p-y curve .  Repeat t h i s  procedure  f o r  every p-y curve t h a t  i s  

a v a i l a b l e .  

f *  Compute a  s e s a n t  modulus o f  s o i l  r e a c t i o n  E u s i n g  t h e  e q u a t i o n  - S 

P l o t  t h e  Es v a l u e s  versus dep th ,  
i 

g. From t h e  E -ve r sus -dep th  plot i n  s t e p  P, compute t h e  cons&ant 
S 

k whisk  r e l a t e s  Es t o  depth (k = Es/x). Give more weight  ts 

t h e  Es va lues  near  t h e  ground s u r f a c e .  

h .  Compute a  v a l u e  s f  t h e  r e l a t i v e  s t i f f n e s s  f a c t o r  T Prom t h e  - 
v a l u e  o f  g Pound i n  s$ep g .  Repeat s t e p s  b through g us ing  

the  new value of  T each time, u n t i l  the  assumed value of  T 

eguals t h e  c a l s u l a t e d  value of T . 
i, Wkew t h e  i t e r a t i v e  procedure has been comple ted ,  t h e  values o f  - 

d e f l e c t i o n  a long t h e  pile a r e  known from s t e p  d sf t h e  f i n a l  

i t e r a t i o n .  Values of  s o i l  r e a c t i o n s  may be computed from t h e  

bas i c  express ion  

Values of s l o p e ,  moment, a n d  s h e a r  a l o n g  t h e  p i l e  can be de- 

t e rmined  from 

A!, 



0 2 3 4 5 

DEPTH C O E F F I C I E N T ,  r 
I 

F i g u r e  A 2 .  Pile t i ~ f l e t - t i o n  p r o t i ~ l c e ~ j  bsr I n t e l - < i l  
l o a d  a t  111tld i l r i e  (i?ec.se aiid Si:bli\L3ri 19531 



DEPTH COEFFICIENT, z 

Figure A3. P i l e  d e f l e c t i o n  produced by moment 
applied a t  mud l i n e  (Xeese  and Sullivan 1 9 8 0 )  



and 

The a p p r o p r i a t e  c o e f f i c i e n t s  t o  be used i n  t h e  above e q u a t i o n s  

may be o b t a i n e d  f rom F i g u r e s  A 4  th rough A 9 .  

Case II:  P i l e  head 
f i x e d  a g a i n s t  r o t a t i o n  

8.  Case  I1 may be  used  t o  o b t a i n  a  s o l u t i o n  f o r  t h e  e a s e  where t h e  

s u p e r s t r u c t u r e  t r a n s l a t e s  unde r  l o a d  b u t  does  n o t  r o t a e e  a n d  where t h e  super- 

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

a .  Per form s t e p s  a ,  b ,  and  c of  t h e  s o l u t i o n  p r o c e d u r e  f o r  f r e e -  - 
head p i l e s  (Case  I ) .  

b .  Compute t h e  d e f l e c t i o n  y a t  e a c h  d e p t h  a l o n g  t h e  p i l e  where a - 
p-y c u r v e  i s  a v a i l a b l e  f rom 

The d e f l e c t i o n  c o e f f i c i e n t s  F may be found by e n t e r i n g  F i g -  
Y 

u r e  A10 w i t h  t h e  a p p r o p r i a t e  v a l u e  o f  z 
ma x 

c .  The s o l u t i o n  p r o c e e d s  i n  a manner s i m i l a r  t o  s t e p s  e t h r o u g h  h  - 
f o r  t h e  f r e e - h e a d  c a s e  (Case  I ) .  

d .  Compute t h e  moment a t  t h e  t o p  o f  t h e  p i l e  - MT from 

T h e  v a l u e  o f  FNT may be found by e t l t e r l n g  T a b l e  A 1  w i t h  t h e  

a p p r o p r i a t e  v a l u e  o f  z 
Ili i. X 

P .  Co~ilp:ltt' values of  s l o p e ,  moment ,  s h e a r ,  a n d  s o l  1 I -ezc t ior !  a l o n g  - 

tlic pile ily f o l l o w i n g  the p r o c e d u r e  i n  s t e p  I f o r  L!le f r e e - h e a d  

p~ l e .  



5 
D E P T H  C Q E F F I C I E N ' . - ,  2 

F l g u r e  Ah. Slope of p i l e  c a u s e d  by i a t r r a l  ]<)ad a t  mud l i n e  
(Heesr and S u l l l v a r l  1980) 



0 1 2 3 4 5 

DEPTH COEFFICIENT : 

F i g u r e  A 5 .  S l o p e  of p i l e  caused by moment applred at mud l l n e  
(Reese a n d  Sullivan 1980)  



F i g u r e  ~ 6 .  B e n d i n g  moment p r o d u c e d  by l a t e r a l  l o a d  a t  mud l i n e  
(Reese a n d  S u l l i v a n  1980) 



0 I 2 - 3 .- 
DEPTH C O E F F I C I E Q T ,  z 

F i g u r e  A 7 .  Bending m o m e n t  produced  by m o m e n t  applied a t  mud l i n e  
(Heese a n d  Sullivan 1980) 

A l l  



DEPTH COEFFICIEr\lT, r 
t 

VA =A?,(P, '  k = z ( T i  

WHERE T = ELk,' 'J 

F i g u r e  A 8 .  S h e a r  produced  by l a t e r a l  los i !  a t  nlud line 
(Reese a n d  Sullivan 1 9 8 0 )  



F i g u r e  A 9 .  Sttear- p r u d ~ ~ c e d  by inoment a p p l  led a t  niilcf 1 inc 
(Reese and Sullivan 1980) 



F i g u r e  d10 .  Deflection o f  p i l e  fixed agalnst r o t a t i o n  a t  
mud l i n e  ( R ~ e s e  and  Sullivan 1 9 8 0 )  



T a h l ~  A 1  

Moment C o e f f i c i e n t s  a t  Top o f  

P i l e  f o r  Fixed-Head Case 

z - max F ~ t  

2 -1.06 

3 

4 

5 and above 

Case 111: P i l e  head 
r e s t r a i n e d  a g a i n s t  r o t a e i o n  

9 .  Case  111 may be used t o  obba ln  a s o l u t i o n  f o r  the  c a s e  where t h e  

s u p e r s t r u c t u r e  t r a n s l a t e s  unde r  l o a d  b u t  d o e s  n o t  r o t a t e .  

a ,  Pe r fo rm s t e p s  a ,  b ,  c  o f  t h e  s o l u t i o n  p r o c e d u r e  f r e e - h e a d  pikes 

(Case  I). 

b. O b t a i n  t h e  v a l u e  o f  t h e  s p r i n g  s t i f f n e s s  kg o f  t h e  p i l e  super-  - 
s t r u c t u r e  sys t em.  The s p r i n g  s t i f f n e s s  i s  d e f i n e d  a s  

where  

Mt = moment a t  t o p  06 p i l e  

St = s l o p e  a t  t o p  o f  p i l e  

e .  Compute t h e  s l o p e  a t  t h e  t o p  of the p i l e  St Prom - 

where 

Ast  
s l o p e  c o e f f i c i e n t  (Froin F i g u r e  414) 

B s  t 
= s l o p e  c o e f f i c i e r l ~  ( f rom F l g u r e  A5) 

(1 .  S o l v c  Ec i~ i se io i i s  a n d  . i ' C  f o r  t f l e  i~iomenf; a t  t h e  t o p  o f  t h e  i ~ i l r  - 
8 .  

t 
e .  J j ~ r f o r i i i  s l rps  n f ; i ; rot~gi .  . o f  t h r  s o i u t ~ o i i  proceciure f o r  f r e e -  - 

h e a d  p i  l e s  (Case I ) .  



10. This  p r n c e s s  c ~ m p l e t e s  t h e  s o l u t i o n  of the l a t e r a l l y  l oaded  p l l r  

roblem f o r  t h ree  s e t s  o f  b o ~ ~ n d a r y  conditions. The  s o l u t ~ o n  g l v e s  v a l u e s  of  

d e f l e c t i o n ,  s l o p e ,  moment, s h e a r ,  and soil r e a c t i o n  a s  a  func t ion  of d e p t h .  

To i l l u s t r a t e  t h e  nondimensional method, an example s o l u t i o n  is p r e s e n t e d  nex t .  

Example S o l u t i o n  

11. The following paragraphs  p r e s e n t  an  example a n a l y s i s  us ing the non- 

d imensional  method and a  comparison of t h e  r e s u l t s  wi th  t h e  computer s o l u t i o n  

of  t h e  same problem. 

Problem s t a t e m e n t  

12. F i g u r e  A l l  i l l u s t r a t e s  the  problem t o  be solved by t h e  nondimen- 

s i o n a l  method a s  w e l l  a s  p e r t a n e n t  s o i i s  d a t a .  T h i s  same problem, as  s o l v e d  

by COM624G, i s  p r e s e n t e d  i n  Appendix D a s  example problem 1, A comparison o f  

t h e  two s o l u t i o n s  i s  p r e s e n t e d  fo l lowing  t h e  nondimensional  s o l u t i o n .  

Mondimensional s o l u t i o n  

1 3 .  The s o l u t i o n  w i l l  proceed i n  t h e  s t ep -by-s tep  manner d e s c r i b e d  f o r  

Case I .  

14,  S t e p  1. Compute and c o n s t r u c t  p-y curves .  The p-y curves  f o r  

t h e  example problem a s  genera ted  by CO!1424C ( u s i n g  t h e  s o f t  c l a y  c r i t e r h a ) . a r t  

p r e s e n t e d  i n  Appendix B ,  example problem 1. These same curves  a re  generated 

manually in t h e  f o l l o w i n g  s t e p s  co i l l u s t r a t e  t h e  hand procedure .  The compu- 

t a t i o n s  f o l l o w  t h e  s t ep -by-s tep  procedure  g iven  f o r  s o f t  c l ay  c r i t e r i a  i n  

P a r t  PPI of t h e  main r e p o r t ,  Computations f o r  b o t h  s t a t i c  and c y c l i c  curves 

a r e  p r e s e n t e d ;  however, on ly  c y c l i c  curves a re  u t i l i z e d  i n  t h e  p i l e  a n a l y s i s .  

The dep ths  f o r  which curves are  t o  be computed a r e :  0, 16, 92, 4 8 ,  80, 128, 

154,  and 240 i n .  Only t h e  s t a t i c  and c y c l i c  curves f o r  x = 48 i n .  a r e  corn- 

p u t e d  i n  t h e  f o l l o w i n g  example: 

a ,  S t a t i c  cu rves :  - 
( 1 )  Obta in  t h e  v a r i a t i o n  o f  s h e a r  s t r e n g t h  and submerged u n i t  

w e i g h t  wi th  d e p t h  and  de te rmine  &50 . (See Tab le  3 ,  

P a r t  111 o f  t h e  m a i n  t e x t . )  

The  following p r o p e r t i e s  a r e  u s e d  : 

c = 500 ps f  = 3 . & 7  p s i  

y '  = 30 p c f  = O.fI168 p c l  



( \ M r =  -821,130 IN-LB 

P+ = 32,000 t B 

F i g u r e  A l l .  Example problem f o r  solution by  
n o n d i n l e ~ l s i u n a l  ineehods 



/ 

b = 16 i n .  

x = 48 in. 

(2) Compute pu using the s m a l l e r  o f  t h e  va lues  fram 

and  

T h e r e f o r e ,  use 

- - - - - - - - - - - - _ O _ - - _ _ _  - - - - - - - - - - - - - - = - - - - - - - - - ~ - - - - - ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~  

( 3 )  Compute y5* aL h a l f  p : 
u 1 

- - 
-.0-9- - - - - -=---- - -  - -_-------_--_-_ - - a - O - - - P - - - D - - - _ - _ ~ ~ - - - - - m ~ ~ ~  

YS0 = 2.56Qe010)(16)  = 0.40 i n .  
= O - - - = - - l _ _ _ _ - e _ - _ C - - - - - - ~ ~ ~ ~ * ~ ~ ~ ~ ~ - ~ - - ~ - ~ - -  -----s*-,,-,-.------ 

( 4 )  Compute p o i n t s  d e s c r i b i n g  t h e  p-y curve:  

p  i s  c o n s t a n t  beyond y = 
---.-----_--___ 8yso * 

- - = - - - - - - * - - - m - - _ w -  - - - - - - - = - - - - - - - - - = - - - - - - - - - - - -  

Y , i n .  

0 . 2  
0 .4  
0.8 
1.2 
2 . 0  
3 . 2  
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BY 50  

Y-IN. 

F i g u r e  A % 2 ,  Computed s t a t i c  and c y c l i c  p-y c u r v e s  f o r  x = 48 in. 

( 5 )  The computed s t a t i c  p-y curve i s  p l o t t e d  in F i g u r e  812. 

b .  C y c l i c  curves: - 
( a )  The c y c l i c  curve  i s  t h e  same as t h e  s t a t i c  curve f o r  p 

l e s s  than 0 .  72pu . 
( 2 )  So lve  f o r  xr : 

x = 146.2  in. 
f 

( 3 )  If x 9 x r  , - p = 0 . 7 2 p  f o r  y ,  3yS0 . 
U 

( 4 )  I f  x < xr , p d e c r e a s e s  from 0 . 7 2 ~ ~  a t  y = 3ys0 t o  

p i n  the f o l i o r i n g  e q u a t i o n  a t  y = 15y5* : 



Y = 1 5 ~ ~ ~  = 15(0.40) = 6.0 i n .  

P ' 0e72pu = Q.72(262.7)  = 189.1 l b / i n  

- - - - - - - - - - - - - - 0 - - - - - - - - - - - - - - - - - - - - - - - - - = - - - - - - - - - - - - - - - - - - = - - -  

(5) The computed c y c l i c  p-y  c u r v e  i s  p l o t t e d  i n  F i g u r e  A12. 

c .  The remainder  of  the p-y c u r v e s  f o r  t h e  o t h e r  v a l u e s  o f  x - 
a r e  computed u s i n g  t h e  same p r o c e d u r e .  These computed curves 

a r e  p r e s e n t e d  i n  F i g u r e  413. 

Q 

PILE MOVEMENT V, IN. 

F i g u r e  A 1 3 .  P l o t  of p-y c u r v e s  f o r  example problem 
s o l v e d  by nondimensional  method; soft c l a y  c r i t e r i a ,  

syclic l o a d i n g  

15. Assume T : T = 95 i a .  

fig. S t e p  3 .  Compute z 
max 



! ? .  : . Con:p::tc th:. :!:-! Lccriz:: ;. ;:: c!:xp:!:s cf 9 ,  !f:,  32, 4 8 ,  u 0 , 

:.'?f:, 1 5 4 ,  .?ik'l 240 i.ri. u s i n g  J l t j ~ ~ ; i t i o r )  A1 atid F ig t l r e s  A 2  a n d  A3. I'hc computa- 

t i o n s  a r e  p r e s e n t e d  i n  t a b u l a r  form i n  T a b l e  A 2 .  

18. S t e p  5 .  From t h e  set o f  p-y  c u r v e s  ( F i g u r e  A 1 3 )  t h e  v a l u e s  o f  p -- 
a r e  de t e rmined  c o r r e s p o n d i n g  t o  t h e  y v a l u e s  contputed i n  s t e p  4 ( s e e  t h e  

t a b u l a t i o n  i n  T a b l e  A 2 ) .  

19 .  S t e p  6 .  Compute t h e  Es v a l u e  a t  e a c h  d e p t h  ( s e e  t h e  t a b u l a t i o n  

i t 1  T a b l e  A 2 ) .  

20.  S t e p  - 7 .  P r e p a r e  a p l o t  o f  E v e r s u s  d e p t h  a s  shown i n  F i g u r e  A 1 4 .  
S 

I n  f i t t i n g  t h e  s t r a i g h t  l i n e  Lo the p l o t t e d  p a i n t s ,  more w e i g h t  s h o u l d  be g i v e n  

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

s l o p e  o f  t h i s  l i n e :  

2 1 .  S t e p  8.  Compute T : 

E I T = S - - =  
k 

= 97.9  i n .  

S t e p  8 comple t e s  t h e  f i r s t  iteration o f  t h e  s o l u t l o n  p r o c e d u r e .  B e f o r e  p r o -  

c e e d l n g  t o  t h e  n e x t  i t e r a t i o n ,  t h e  r e s u l t s  t h u s  f a r  s h o u l d  b e  examined t o  p r o -  

v i d e  g u i d a n c e  i n  f u r t h e r  c o m p u t a t i o n s .  I t  i s  e v i d e n t  from F i g u r e  A14 t h a t  

Es = kx i s  n o t  a  good r e p r e s e n t a t i o n  o f  t h e  v a r i a t i o n  o f  t h e  s o i l  modulus 

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

p o i n t s .  However, the c o n s t r a i n t s  ~f t h e  methad r e q u i r e d  t h a t  t h e  l i n e  p a s s  

t h r o u g h  t h e  o r i g l n  t o  s a t i s f y  t h e  a s su rnp t ion  t h a t  E = kx . F i g u r e  A14 a l s o  s 
r e v e a l s  t h a t  t h e  s o l u t l o n  h a s  n o t  been  f o ~ ~ n d  b e c a u s e  t h e  k v a l u e  o f  4 . 0  p ~ 1  

t h a t  was assunled L S  n o t  e q u a l  t o  t h e  k o f  3 .52 p c i  t h a t  was o b t a ~ n e d .  Car- 

r e s p o n d i n g l y ,  t h e  assumed v a l u e  of  T was n o t  e q u a l  t o  t h e  T v a l u e  o b t a l n s 3 .  

From tompar i s c r l s ,  i t  a p p e a r s  t h a t  t h e  v a l u e  c f  k will d e c r e d s e  artd ~ 1 1 1  

I n c r e a s e  w l t h  successive r t e r a t l o n s .  The l t e r a t l o n s  <] re  con t l r i ucd  u n t l l  the  

d e s l  r ed  c i eg r~c -  o f  c o n v e r g e n c e  1s ac l l l eved  In  t h e  e \a inp lc  p r o b l e m ,  t h e  compil- 

t a t l o l l s  were c o r ~ t l l i u ~ d  f o r  t h r e e  a d d l t  ~ o r l s l  1 t r r a t l o r , s .  Tii? n l i . i l t lo r ia l  coitl1:li- 

t a t i o n s  a r p  3;hown ~ n  T a t j l r s  A 3 - A 5 ;  t h e  co r r e spon t i rng  ~ l o L s  o t  b 5 L e r s u s  x 

drcx showrl i n  F lg t l r c s  A 1 5 - A ] 7 .  F o r  this e ~ a n l p l r ,  t h e  ~ . o i i i ~ ) ~ i t n t i o r l s  i+f-'rcb tort -  

tlr!!~et! u n t l b  t i l e  d e f l e c t l ~ n s  a t  the g r n t ~ n r l l l n e  a g r e ~ d  W l t h l r t  5 I 1 f A r C t a 1 i l .  f o r  i j i f  
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TRIAL 4 

F i g u r e  A 1 4 .  P l o t  o f  E v e r s u s  x for example problem; 
S 

f :rst iteration 
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F i g u r e  A 1 5 .  P l o t  o f  Es versus  x f o r  e x a m p l e  p r o b l e m ;  
second l t e r a L i o n  



F i g u r e  Ai6.  P l o t  o f  E versus  x f o r  example problec ; :  
S 

t h l r d  i t e r a t i o n  





l a s t  t w o  i t e r a t i o n s .  However, t h e  number of l t e r a t l o n s  f o r  2 particular 

l e m  should  be  determined by t h e  u s e r  a f t e r  g i v i n g  due consideration t o  t h e  

degree  o f  accuracy  r e q u i r e d  and t o  t h e  l i m i t a t i o n s  inherent  i n  t h e  method. 

A f t e r  t h e  f i n a l  i t e r a t i o n  i s  complete ,  c o n t i n u e  wi th  s t e p  9 .  

2 2 .  S t e p  9 .  The f i n a l  s t e p  i n  t h e  computation procedure i s  t o  d e t e r -  

mine t h e  r e s u l t s  o f  t h e  a n a l y s i s  a s  f o l l o w s :  

a .  The v a l u e  of d e f l e c t i o n  y and s o i l  r eac t ion  p along t h e  - 
p i l e  a r e  known from s t e p  4 o f  t h e  f i n a l  i t e r a t i o n  (Table  As). 

These r e s u l t s  a r e  p r e s e n t e d  i n  Figures  A18 and A19 and a r e  com- 

pared wi th  t h e  computer s o l u t i o n  of example problem 1 from B p -  

pendix  D. 

b .  Compute s l o p e  S v e r s u s  d e p t h  from E q u a t i o n  A 4 :  - 

where A and Bs a r e  s l o p e  c o e f f i c i e n t s  taken from Fig- 
s 

ures A4 and A5, r e s p e c t i v e l y .  R e s u l t s  of  t h e  computations a r e  

p r e s e n t e d  i n  t a b u l a r  form i n  Table  A 6  a n d  i n  g raph ic  form i n  

F i g u r e  A20. 

c .  Compute moment M v e r s u s  d e p t h  from Equation A S :  - 

where A and Bm a r c  moment c o e f f i c i e n t s  t aken  from F ig -  
m 

ures A 6  and A T ,  r e s p e c t i v e l y ,  R e s u l t s  of  t h e s e  computations 

a r e  presented i n  t a b u l a r  form rn T a b l e  A 9  and  i n  graphi -s  form 

i n  F igure  A 2 1 .  Also p l o t t e d  i n  F i g u r e  A 2 1  a r e  r e s u l t s  from t h e  

computer s o l u t i o n .  

d .  Compute s h e a r  V v e r s u s  d e p t h  from Equation A6: - 

where A a n d  N a r e  s h e a r  c o e f f l c l e n t s  t a k e n  from F i g -  v v 
ures  A8 a n d  t29, respectively. K ~ s u l t s  i.t t h e s e  compuLaLions  

a r e  p r ~ s e n t c d  l n  t a b u l a r  form i n  T a b l e  48 a n d  111 graphic torn)  

i n  Figrjrp A 7 2 .  



DEFLECTiON Y ,  IN. 
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NONDIMEI<SIONAL SOLUTION 
-===-m COMPUTER SOLUTION 

F i g u r e  A 1 8 .  P l o t s  o f  defiection y v e r s u s  d e p t h  x 
f o r  exariipl e problem 



-100 0 rno 

LEGEND 

NONDIMENSJONAL SOLUTION ---- COMPUTER SOLUTION 

F i g u r e  A19.  P l o t  o f  s o i l  r e s i s t a n c e  p verskls d e p t h  x f o r  
e x a n ~ p l e  problenl  



s l o p e  Depth  D e p t h  S lope  
i n .  C o e f f i c i e n t  C o e f f i c i e n t  C o e f f i c i e n t  S l o p e  

x, 

X 
A , f rom 

Bs 
f r o n ~  P ~ T ~  I.I ,~ 'T 

z = -  S 

x T Figure  A4 - F i g u r e  A5 S = A s ~  + Bs i??- - - 



SLOPE, S 

LEGEND 

NORDIMENSIONAL 
SOLUTION 

Figure  A20. P l o t  o f  s l o p e  v e r s u s  dep t i ?  f o r  exaiiiple 
problern 



T a b l e  A 7  

Computed Moments -- 

- 
Depth Depth Moment Moment Moment 
in. coefficient Coefficient Coefficient in. -1b 

AH , from 
X 

Bfl , from 
z = -  

x T Figure A 6  Figure A7 M t  - M = A P T + BHMt 



MOMENT, IN.-LBS n lo4 

NONDIMENSIONAL SOLUTION ---- COMPUTER SOLUT-I~N 

F i g u r e  A 2 1  P l o t  o f  rnomeilt v e r s u s  d e p t h  f o r  exaf i ip i r  

p r o b l e m  



- 
Depth Depth Shear Shear  Shear  

i n .  C o e f f i c i e n t  C o e f f i c i e n t  C o e f f i c i e n t  -- I b  
Av , f rom 

Bv 
from !I, 

X z = -  
T V = A P + B,, T- x Figure  A8 F i g u r e  A9 v t  



SWEAR V, LB 

Figure A22.  P l o t  of shear  versus  d e p t h  f o r  example 

problem 



23. Tsblcs  -49 t h r o u g h  :3!1 prexene forms -h i ck  a r e  inc!~ded f o r  ccn-  

venience  of  the  user when making nondirnensional a n a l y s e s .  

Comparison between nondimen- 
s i o n a l  and computer s o l u t i o n s  

2 4 .  Comparisons between t h e  nondimensional  s o l u t i o n  and t h e  computer 

s o l u t i o n  (Appendix D ,  example problem 1) a r e  p r e s e n t e d  i n  F i g u r e s  A18, 1419, 

and A21. F i g u r e  A18 p r e s e n t s  a  comparison of  d e f l e c t i o n  v e r s u s  d e p t h .  As i s  

shown, t h e  maximm v a r i a t i o n  o c c u r s  aL t h e  ground s u r f a c e  and i s  approximate ly  

12 p e r c e n t .  F i g u r e  A19 p r e s e n t s  a comparison of  s o i l  r e s i s t a n c e  v e r s u s  dep th .  

The maximum p e r c e n t a g e  d i f f e r e n c e  occurs  a t  the ground s u r f a c e  and i s  approx i -  

mate ly  10 p e r c e n t .  The maximum numerical  d i f f e r e n c e  occurs  a t  t h e  d e p t h  of  

maximum s o i l  r e s i s t a n c e  (120 i n . )  and i s  approximate ly  12 I b / i n .  F i g u r e  A 2 1  

p r e s e n t s  a  comparison of  moment v e r s u s  dep th .  The maximum v a r i a t i o n  i s  ap- 

p rox imate ly  6 p e r c e n t  and occurs  a t  a  dep th  of approx imate ly  100 i n .  The maxi- 

m u m  moment occurs  a t  a  dep th  s f  approx imate ly  150 i n .  and t h e  two methods 

y i e l d  e s s e n t i a l l y  e q u a l  r e s u l t s .  

25. The comparisons p r e s e n t e d  above i n d i c a t e  good t o  e x c e l l e n t  ag ree -  

ment between t h e  nondirnensional and computer s o l u t i o n s .  However, t h e  u s e r  

should  be aware t h a t  t h e  v a r i a t i o n s  p r e s e n t e d  above app ly  o n l y  t o  t h i s  p a r -  

t i c u l a r  problem and v a r i a t i o n s  f o r  o t h e r  problems may be l a r g e r  o r  s m a l l e r .  

When c o n s i d e r i n g  whether  o r  n o t  t h e  nondimensional  s o l u t i o n  y i e l d s  a s a t i s -  

f a c t o r y  degree  of  a c c u r a c y ,  t h e  u s e r  shou ld  c o n s i d e r  t h e  v a r i a b l e s  i n h e r e n t  i n  

computing t h e  response  of a L a t e r a l l y  loaded p i l e ,  
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APPEND1 )I' R :  EXAPIPLE DESTGN PROPLEM 

1. The b e h a v i o r  o f  a  l a t e r a l l y  l o a d e d  p i l e  i s  a  complex f u n c t i o n  of  

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

b e h a v i o r  combined w i t h  t h e  u n c e r t a i n t y  o f  l o a d i n g  c o n d i t i o n s  r e q u i r e s  t h e  de-  

s i g n e r  t o  i n v e s t i g a t e  a  range  o f  p a r a m e t e r s  and l o a d i n g  c o n d i t i o n s  b e f o r e  a r -  

r i v i n g  a t  a Pinaf d e s i g n .  T h i s  append ix  p r e s e n t s  a  d e s i g n  problem i n  w h i c h  

s o i l  and l o a d i n g  c o n d i t i o n s  a r e  n o t  known w i t h  c e r t a i n t y  and i l l u s r r a t e s  some 

o f  t h e  d e c i s i o n s  t h a t  must be made by t h e  d e s i g n e r ,  Meyer and Reese ( 1 9 7 9 ) $ ~  

p r e s e n t  an  e x c e l l e n t  s t u d y  on e h e  e f f e c t s  of  v a r i a t i o n s  i n  s o i l  p a r a m e t e r s  on 

computed p i l e  b e h a v i o r  which s h o u l d  p r o v i d e  t h e  user w i t h  f u r t h e r  i n s i g h t .  

From t h e  example i n  t h i s  a p p e n d i x  and the s t u d y  by Meyer and Reese (19791, t h e  

u s e r  s h o u l d  be aware o f  t h e  s e n s i t i v i t y  of  t h e  a n a l y s i s  t o  v a r i a t i o n s  i n  param- 

e t e r s  and l o a d i n g  c o n d i t i o n s  and t h e  n c c e s s i z y  f o r  sound e n g i n e e r i n g  judgmenL 

based  on a tho rough  u n d e r s t a n d i n g  o f  t h e  d e s i g n  v a r i a b l e s  and a n a l y s i s  

p r o c e d u r e s .  

Example Des ign  Problem 

2 .  The example problem,  which is  i l l u s t r a t e d  i n  F igure  B l ,  i s  t a k e n  

from d e s i g n  s t u d i e s  o f  mooring d o l p h i n  f a c i l i t i e s  f o r  C o l m b i a  Lock and Dam on 

t h e  O u a c h i t a  R i v e r  i n  c e n t r a l  L o u i s i a n a .  The example c o n s i d e r s  on@ p a r t i c u l a r  

Load c a s e  f o r  a s i n g l e - p i l e  do lph in .  

Loading  c a s e  

3 .  The l o a d i n g  c a s e  p r e s e n t e d  i r k  t he  example i s  one  o f  s e v e r a l  c a s e s  

t h a t  migh t  be  a n a l y z e d .  The s p e c i f i c  c a s e  i s  f o r  c o l l i s i o n  impact  between t h e  

end o f  a b a r g e  and t h e  d o l p h i n .  O t h e r  c a s e s  t h a t  migh t  b e  ana lyzed  a r e  moor- 

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

b a r g e ,  and c o l l i s i o n  inipact  be tween t h t ?  end  and s i d e  of  a  b a r g e  and t h e  

d o l p h i n .  

- ----- 

References c i t e d  i n  t h i s  appcrtdlx a r e  i n c l u d e d  i n  the References a t  t l ie  erld 

o f  t h e  main t e x t .  



Figure  B1. Example design problem, 
single-pile mooring d o l p h i i l  



f ~ ~ t j t ~ ~ t t a t  i o t i  r i f  l o , + d ~  I____ - - . 
4 .  Loads f o r  t h e  c a s e  p r e s e r t t e ~ l  were c o i ~ i p o t ~ d  a s  i o l  1 ow$:  

a .  Energy .  Barge impact  ene rgy  was coinpt~ t e d  from - 
1 

where 

E = impact  e o e r g y ,  f t - l h  

f  = d i s s i p a t i o n  f a c t o r  

W = weigh t  o f  b a r g e  ( tow and c a r g o ) ,  l h  

V = v e l o c i t y ,  normal t o  t h e  d o l p h i n ,  a t  i m p a c t ,  f t / s e c  

g = a c c e l e r a t i o n  o f  g r a v i t y ,  f t l s e c  
2 

The f a c t o r  f  r e f l e c t s  i h e  e n e r g y  dissipation c r e a t e d  by t h e  

swing  o f  t h e  v e s s e l  a b o u t  t h e  d o l p h i n  a f t e r  impact  and i s  ca l c t i -  

l a t e d  from 

where  

d  = d i s t a n c e  Prom p o i n t  o f  c o n t a c t ,  measured  t a n g e n t  t o  t h e  
p o i n t  o f  c o n t a c t ,  t o  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  
b a r g e ,  f t  

L = l e n g t h  o f  t h e  b a r g e ,  f t  

Equa t ion  B2 f o r  t h e  d i s s i p a t i o n  f a c t o r  r e v e a l s  t h a t ,  f o r  end i n i -  

p a c t ,  a n  80 p e r c e n t  r e d u c t i o n  i n  ene rgy  is e f f e c t e d .  

e-1. Normal fo rce .  Barge impact  f a r c e  w a s  computed frarn - 

P - 2 E 
max - ;T- 

where  

P = maxllnum r~nrrn,jl  f o r c e  reqi l l rcd  t o  r e s l s t  i m p a c t ,  l b  
lna x 

E = I m p a c t  energ\., f t -11)  

6 = deflection o f  d o l p h i n ,  P t  

u s i n g  t h e  & r i ; t l  I' t o  o t > t a ~ r l  '3 new ~ l c f l e c t i o i ~ ,  'and t l l r .  procciftire i s  
nla x 



con t inued  u n t i l  t h e  t r i a l  d e f l e c t i o n  and t h e  computed d e f l e c t i o n  a g r e e .  The 

f o r c e s ,  moments, s h e a r s ,  e t c . ,  a r e  t h e n  t aken  from t h e  f i n a l  i t e r a t i o n .  
'ma x 

can a l s o  be determined by computing a  cu rve  of P ve r sus  6 , p l o t t i n g  t h e  
ma x 

curve ,  and i n t e g r a t i n g  t h e  a r e a  under t h e  curve  by t r i a l  u n t i l  an  energy b a l -  

ance  is  o b t a i n e d .  

6. Because of t h e  dependence of Pmax on d e f l e c t i o n  and t h e  facL t h a t  

d e f l e c t i o n  i s  a  f u n c t i o n  of  t h e  bending moment a n d  s t i f f n e s s  of  t h e  p i l e ,  a  

p i l e  w i t h  a l a r g e r  s e c t i o n  modulus w i l l  n o t  n e c e s s a r i l y  have s m a l l e r  bending 

s t r e s s e s  t h a n  a p i l e  wi th  a  s m a l l e r  s e c t i o n  modulus. 

7 .  Surveys  i n d i c a t e d  t h e  mud l i r e @  t o  be a t  e l  40,;' a s  i n d i c a t e d  i n  Fig- 

u re  B 1 .  The t o p  of  t h e  d o l p h i n  was s e t  by t h e  des ign  c r i t e r i a  which requ i red  

8 f t  of  s t i c k u p  above t h e  10-year  f requency high-water  s t a g e  ( e l  70). The low- 

wa te r  s t a g e  is  e l  52 which is c o n t r o l l e d  by t h e  minimum upper pool  o f  t h e  l o c k .  

The d e s i g n  cons ide red  t h e  f o r c e  P 
ma x t o  be a p p l i e d  3 f t  above t h e  water  sur- 

face. Because of t h e  dependence sf 
Pmax 

on d e f l e c t i o n ,  which i n  t u r n  was 

dependent on bending moment and p i l e  s t i f f n e s s ,  i t  was n e c e s s a r y  t o  perform 

ana lyses  w i t h  P 
ma x a p p l i e d  a s  a low-level f o r c e  (3  f t  above low water)  and 

a s  a  h i g h - l e v e l  f o r c e  ( 3  ft above high w a t e r ) .  The exatnple p resen ted  h e r e l n  

c o n s i d e r s  o n l y  t h e  h i g h - l e v e l  f o r c e .  Another important  v a r i a b l e  i n  the  d e s i g n  

was t h e  v e l o c i t y  o f  t h e  barge  upon impact .  Based on t h e  h y d r a u l i c  a n a l y s i s  

fo r  t h e  d e s i g n ,  a v e l o c i t y  of  1.0 f t / s e c  was s e l e c t e d  a s  t h e  b e s t  e s t i m a t e .  

8, Borings  a t  t h e  s i t e  i n d i c a t e d  t h e  sskb to be silts from t h e  r iver 

bottom down t o  a d e p t h  o f  55 d f ,  Below t h i s ,  sands a r e  i n d i c a t e d  $0 extend 

beyond t h e  p e n e t r a t i o n  of  t h e  p i l i n g .  Because p-y c r i t e r i a  a r e  n o t  

a v a i l a b l e  f o r  s i l t s ,  i t  was n e c e s s a r y  t o  make a desigrl d e c i s i o n  a s  t o  t h e  ap-  

p r o p r i a t e  p-y c r i t e r i a  t o  use. The d e c i s i o n  was t o  use  s o f t  c l a y  c r i t e r i a  

f o r  t h e  silts, then  vary  t h e  c r i t e r i a  ts de te rmine  t h e  i n f l u e n c e  of t h e  v a r i a -  

t i o n  on t h e  pile behav io r .  Sand c r i t e r i a  were used f o r  t h e  sands .  The soil 

p r o f i l e  used and t h e  des ign  pa ramete r s  a r e  shown i n  F l g u r e  B 2 .  F igure  B3 p r e -  

s e n t s  t h e  g e n e r a t e d  p-y c u r v e s .  C y c l i c  p-y curves  were u s e d  f o r  b o t h  

s o i l s .  

fi A l l  e l e v a t i o n s  ( e l )  r ~ t c d  h e r e i n  a r e  ~n f e e t  r e fe renced  t o  t h e  Nat lonal  
Geodet ic  V e r t i c a l  Daeunl ( N G V D )  . 
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D P ~  I gn a r ~ ~  1 vrses - 
9 .  Tile vd r io i i s  c o n d i t i o n s  ~ r ~ v e : ; t r g a t e d  t ~ n d e r  t h e  load c a s e  a r e  t a h u -  

l a t e d  i n  T a b l e  B 1 .  R e s u l t s  o f  t h e  a r ~ a l y s i s  a r e  p r e s e n t e d  i n  c a l l u l a r  forrn i n  

T a b l e  B2 and i n  g r a p h i c a l  form i n  F i g u r e s  B4 and B5. 

Conc lus ions  

10. A s  can  be  s e e n  i n  F i g u r e s  B4 and  B5 and T a b l e  B2, t h e  r e s u l t s  froin 

an  a n a l y s i s  can v a r y  c o n s i d e r a b l y  d e p e n d i n g  on t h e  i n p u t  a s s u m p t i o n s .  For 

t h i s  p a r t i c u l a r  example ,  t h e  v a r i a t i o n  i n  s h e a r  s t r e n g t h  o f  I S 0  p e r c e n t  d i d  

n o t  have  a s i g n i f i c a n t  e f f e c t .  . T h e  c o r l d i t i o n s  which e x h i b i t  t h e  most  i n f l u -  

ence  a r e  t h e  assumed 10 f t  o f  s c o u r  and t h e  i n c r e a s e  i n  t h e  b a r g e  v e l o c i t y ,  

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

~ l io s t  c r i t i c a l  c o n d i t i o n .  As shown i n  T a b l e  B ? ,  t h e  f a c t o r  o f  s a f e t y  f o r  t h e  

combined c o n d i t i o n  d r o p s  d r a s t i c a l l y ,  T h i s  r e s p o n s e  i s  caused  by t h e  f a c %  

t h a t  t h e  l o c a t i o n  s f  t h e  maximum moment d ropped  i n t o  a segment  o f  t h e  p i . l e  

which had a r educed  s e c t i o n  modulus.  O b v i o u s l y ,  t h i s  p i l e  would n o t  have  an  

a d e q u a t e  s e c t i o n  modulus i f  t h e  c o n d i t i o n s  o f  s c o u r  a n d / o r  i n c r e a s e d  b a r g e  

v e l o c i t y  were  c o n s i d e r e d  r e a l i s t i c .  The f i n a l  d e c i s i o n s  i n  an exainple o f  t h i s  

t y p e  must be made by t h e  d e s i g n e r  a f t e r  c o n s i d e r i n g  t h e  d e g r e e  o f  c e r t a i n t y  

w i t h  which t h e  des igr i  cond i  t i o n 5  a r e  kr~own. 

11 .  A d e t a i l e d  i n p u t  arid o u t p u t  f o r  computer  a n a l y s i s  o f  one  l o a d  c a s e  

i s  p r e s e n t e d  i n  Appendix D, example 2 

T a b l e  B 1  

D e s c r i p t i o n  o f  C o n d i t i o n s  Analyzed  f o r  Load Case IIIA 

- 
C o n d i t i o n  

No - D e s c r i p t i o n  o f  C o n d i t i o n  ------ 
1 Analyzed w i t h  a  b a r g e  v e l o c i t y  o f  1 . 0  f t i s e c ,  g r o u n d l i n e  a t  

mud l i n e ,  and c o n v e n t i o n a l l y  g e n e r a t e d  p-y  c u r v e s  

Loaded a s  i n  C o n d i t i o n  1 e x c e p t  10 f t  o f  s c o u r  assumed below 
mud l i n e  

3 Loaded a s  i n  C o n d i t i o ~ l  1 e x c e p t  40 p e r c e n t  r e d u c t i o n  i n  e s t l -  
ma ted  s t r e n g t h  o f  t h e  s l l t s  

4 Loaded a s  I n  C o n d i t i o ~ !  1 e x c e p t  60  p e r c e n t  i n c r e a s e  l n  e s t l -  
mated  s t r e n g t h  o f  the s i l t s  

5 V e l o c i t y  o f  b a r g e  asstinled t o  be 1 . 5  f t / s e c .  A l l  o t h e r  f a c -  
t o r s  saint. a s  111 Condl t i o n  1 

b S a w  ,is Condl Llorl 5 e:.tcept 10 f t  o f  s c o u r  assiimed b e l o b  mud 

- line - 
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90 

CONDlTlOY 5 ------ CONDITION 6 

F i g u r e  B4. P l o t  of d e f l e c t i o n  v e r s u s  d e p t h  



CONDITION 4 
CONDfTION 5 --------- CCYDITION 6 

F i g u r e  115. P l o t  o f  moment vers t l s  drpiil  



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

1 .  COM624G I S  a computer  program t h a t  f a c i l i t a t e s  a n a l y s i s  o f  l a t e r a l l y  

loaded  p r l e s  f o r  v a r i o u s  boundary c o n d i t i o n s .  The program was o r i g i n a l l y  

wric:en hy  P r o f .  L. C .  Reese and W .  N ,  S u l l i v a n  a t  The U n i v e r s i t y  of  Texas  a t  

Aus t rn  and was l a b e l l e d  COM624 (Reese  and S u l l i v a n  1980).* I n  t h e  COM624C v e r -  

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

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

bo th  i n p u t  and  o u t p u t  d a t a ,  The program was a l s o  d o u b l e - p r e c i s i o n e d  f o r  u s e  

on t h e  W o n e w e l l  DPS-I computer .  These m o d i f i c a t i o n s  were p r o g r a m e d  by 

? f e s s r s .  M i c h a e l  Pare  and Reed L .  t-fosher c f  t h e  Automatic Data P r o c e s s r n g  

C e n t e r ,  U. S .  Army E n g i n e e r  Waterways Exper iment  S t a t r o n  ( % % I .  
2 .  Comple te  documen ta t ion  o f  COM624 i s  p rov ided  i n  Reese  and S u l l i v a n  

(19801, and t h e  r e a d e r  s h o u l d  r e f e r  t o  t h i s  s o u r c e  f o r  d e t a i l e d  i n f o r m a t i o n  on 

t h e  program, T h i s  a p p e n d i x  p r o v i d e s  an i n p u t  g u i d e  o n l y  t a  COM624G. The 

o r d e r  o f  t h e  i n p u t  d a t a  by ma jo r  g roups  ( i d e n t i f i e d  by a  k e p o r d )  i s  inma te -  

r l a l ,  a l t h o u g h  i n p u t  w i t h i n  e a c h  ma jo r  g roup  s h o u l d  be t o g e t h e r  i n  s e q u e n t i a l  

o r d e r .  A l l  m a j o r  g r o u p s  a r e  n o t  r e q u i r e d  f o r  problem s o l u t i o n ,  and w i t h i n  

each  g roup  some d a t a  a r e  o p t i o n a l .  The o p t i o n a l  d a t a  a r e  i n d i c a t e d  by i n -  

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

3 .  Example p rob lems  a r e  i n c l u d e d  a t  t h e  end of  t h e  i n p u t  g u i d e .  These 

problems a r e  t h e  same a s  t h o s e  used  i n  Weese and S u l l i v a n  (1980) f o r  C O M 6 2 4  

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

A c c e s s i n g  t h e  Program 

4 .  To run  COM624G on t h e  E S  o r  O f f i c e  o f  P e r s o n n e l  Hanagernent, Flacon, 

Ga . ,  computer  s y s t e m s ,  s i g n  on t o  t h e  ? a r t i c u l a r  sys tem.  Then 

* FORT 

5 OLD WF.SL.IB/CORPS/I0012,R 

2' GCS2D. 

* d e v i c e  - TK4 (4014)  

ALP (Alpt ianurneric  Te r tn lna l )  

-- -- -- 

* R e f e r e n c e s  c i t e d  i n  Lh i s  a p p e n d ~ ~  a r e  ~ n c i u d e d  i n  t h e  References a t  t h e  r n a  
o f  t h e  rnaln t e x t .  



C y b e r n c t  System 

5. /OED,CORPS/L?L' = CECELB 

/CALL,CORPS,I0012 

I n p u t  Guide f o r  COM624G 

Keyword [ L i n e  - Number] - (Op t iona l  In fo rma t ion )  

I .  T i t l e  

TITLE 
P 

One line f o r  i d e n t i f y i n g  t h e  i n d i v i d u a l  problem in a computer 
run. Et may be a n y  a l p h a n m e r i c  i n f o r m a t i o n  up t o  72 c h a r a c -  
ters  ineluding t he  line number and embedded b lanks .  

[ E N ]  TITLE 

[&HI Any a lphanumer i c  i n f o r m a t i o n  up t o  7 2  c h a r a c t e r s .  

11. System U n i t s  

WITS One l i n e  i d e n t i f y i n g  t h e  u n i t s  t o  be used i n  t h e  p rog ram,  
T h i s  i n f o r m a t i o n  i s  o n l y  u s e d  t o  i n s u r e  p r o p e r  u n i t  i d e n t i -  
f i c a t i o n  on o u t p u t  ( i . e . ,  no @owversion% are  made in t he  
p rog ram) .  

ILN) WITS 

[ E N ]  ISUSTM (IDUFfl IBLM2 IDL?M3) 

ISUSTM = ENCE - f o r  E n g l i s h  u n i t s  (Lz inehes ,  F z l b s . )  

= PETR - ftar m e t r i c  u n i t s  o r  any o t h e r  sys t em 

(IBUEI IDUH2 IDLT"i3) = Alphanumeric i n f o r m a t i o n  d e s c r i b i n g  t h e  s y s t e m  of 
u n i t s  se lecred .  ( i . e . ,  feet  and k i p s ,  em a n d  
grams, e t c . )  

PILE - Tws eo e leven  l ines  t h a t  d e s c r i b e  t h e  p i l e  geometry a n d  
p r o p e r t i e s .  

ILK] PILE NI ,WI.bd LENGTH EPELE XGS 

I s  t Group 

NT = Number o f  anerements  i n t o  which p lLe  1s dzvaded 

N&tZAM = Number of  segments  o f  p:;e with different 
d~a rne t e r s  

LENGTH = Length  o f  p l l e  

EPILE = P l o d u l u s  o f  e l a s t l c l t y  

X G S  = D e p t h  below t o p  o f  p l l e  :G g r o u ~ ~ d  s u a h d c r  



XDIiU'I = Depth below t o p  of p i l e  

D I .kt = Diameter  o f  p i l e  a t  XDIAM 

MINERT = Moment o f  i n e r t i a  a t  XDIAM 

(AREA)  
7 

= C r o s s - s e c t i o n a l  a r e a  o f  p i l e  (L") ( I f  l e f t  b l a n k ,  
computed a s suming  a  p i p e  s e c t i o n )  

I V .  S o i l  D e s c r i p t i o n  

SOIL Two t o  t e n  l i n e s  t h a t  d e s c r i b e  s o i l  sys tem and i t s  - 
p r o p e r t i e s .  

[LN] LAYEW(I) K S O I L ( 1 )  X T O P ( I )  X B O T ( 1 )  K ( I )  (AE(I) F R ( I ) )  
(1 = 1, NL) 

1 s t  Group 

HL = Number o f  l a y e r s  o f  s o i l .  

2nd Group 

LAYER ( I )  = Layer  number 

#SOIL(I) = Code t o  con t ro l .  t h e  t y p e  o f  p-y c u r v e s  

= I t o  have p-y c u r v e s  computed i n t e r n a l l y  u s i n g  
M a t l o c k ' s  (1970) c r i t e r i a  f o r  s o f t  c l a y  

= 2 t o  have p-y c u r v e s  computed i n t e r n a l l y  u s i n g  
R e e s e ' s  arad Welch ' s  (1975) c r i t e r i a  f o r  s t i f f  
c l a y  b e l o u  t h e  w a t e r  t a b l e  

= 3 t o  have p-y c u r v e s  computed i n t e r n a l l y  u s i n g  
R e e s e ' s  and W e l c h ' s  (1975) c r i t e r i a  f o r  s t i f f  
c l a y  above t h e  w a t e r  t a b l e  

= 4 t o  have p-y c u r v e s  computed i n t e r n a l l y  u s i n g  
Reese ek  n l .  ( 1 9 7 4 )  c r i t e r i a  f o r  sand  

= 5 t o  u s e  l i n e a r  i n t e r p o l a t i o n  between i n p u t  p-y 
c u r v e s  

= 6 t o  have p - y  c u r v e s  computed i n t e r n a l l y  u s i n g  
S u l l i v a n  e t  a l .  (1979) u n i f i e d  c l a y  c r i t e r i a  

XTOP(I) 

XBOT (I ) 

K ( I )  

= S - c o o r d i n a t e  o f  t o p  o f  l a y e r  

= S - c o o r d i n a t e  o f  bo t tom o f  l a y e r  
3 = C ~ n s t a n t  :F/L ) I n  e q u s t a o n  E = K x .  Thls 1 s  s 

used t o  d e f i n e  i n i t i a l  s o i l  modull  f o r  t h e  f i r s t  
i t e r a e l o n  and t o  d e t e r m i n e  a n i t l a 1  s l o p e  o f  p - y  
cu rve  where KSOIL = 2 ,  4 ,  o r  6 

= F a c t o r  "A" i n  un i fo rm c l a y  c r l t e r i a  

= f , l c t o r  "F" I n  uliiforn: c i a y  c-rl  t e r l a ,  i ;atadvts 
h i a r l k  u n l e s s  Ei'SOIL(1) = b )  



V .  Unrt Yclgh: P r o f i l e  ( O p t a o n a l )  

@IGHT One t o  e l e v e n  l i n e s  t h a t  d e s c r i b e  t h e  e f f e c t i v e  u n i t  w e i g h t s  ; 

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

[LN) mICHT N G I  

[LNl XGI(1) GAMI(I) 
I = l ,  NCI 

1 s t  Group 

N G I  

2nd Group 

= Number o f  p o i n t s  on p l o t  o f  e f f e c t i v e  u n i t  we igh t  
v e r s u s  d e p t h  

XGI (1 )  = X-coord ina t e  below t o p  o f  p i l e  t o  p o i n t  where 
e f f e c t i v e  u n i t  we igh t  o f  s o i l  i s  s p e c i f i e d  

CAM1 (I) = E f f e c t i v e  u n i t  we igh t  o f  s o i l  co r r e spond ing  t o  
XG I  

I .  S o i l  S t r e n g t h  P r o f i l e  ( O p t i o n a l )  

S- Two t o  e l e v e n  l i n e s  t h a t  d e s c r i b e  t h e  v a r i a t i o n  i n  s t r e n g t h  
p r o p e r t i e s  o f  s o i l  w i t h  d e p t h .  

{LN]  STaNGTH NSTR 

[ L N l  XSTR(I1 C I ( I )  P X I I ( I )  EESO(1) 
(I  - 1, NSTR) 

1 s t  Group 

NSTR 

2nd Group 

= Number o f  p o i n t s  on i n p u t  cu rve  o f  s t r e n g t h  
v e r s u s  d e p t h  

XSTR(1) = X-Coordini3te below t o p  o f  p i l e  f a r  which C, 0, 
and e  a r e  s p e c i f i e d  

5 0 
(1 )  = Undra ined  s h e a r  s t r e n g t h  o f  s o i l  c o r r e s p o n d i n g  t o  

XSTRCI) 

PHI 1 ( I )  = Angle o f  i n t e r n a l  f r i c t i o n  i n  d e g r e e s  c a r r e s p o n d -  
ing t o  XSTR(1) 

EE501I) = S t r a i n  a t  50 p e r c e n t  s t r e s s  l eve l  c o r r e s p o n d i n g  
t o  XSTR(1 I 

V I I .  I n p u t  f o r  p-y Curves  ( O p t i o n a l )  

[ L N I  PY Up Lo 930 l i n e s  t h a t  d e f i n e  t h e  p-y c u r v e s  f o r  s o i l  r e s p o n s e  
t o  l a t e r a l  l o a d .  

ILNl PY MPY NPPY 

[LNJ XPY(I) 

[ L N l  Y P ( I , J )  PP(I,J) 
( I  = 1, NPY; J = 1, NPPY) 



NPV = Number of p-y curves  (maximum 30) 

NPPY = Number of  p o i n t s  on p-y c u r v e s  (maximum 30)  

2nd Group 

XPY(I) = X-diseance  from t o p  o f  p i l e  t o  i n p u t  p-y cu rve  

3rd  Group ( D e f i n e s  t h e  p-y cu rve  a t  d i s t a n c e  = XPY(I).) 

YP(I , J )  = D e f l e c t i o n  o f  a p o i n t  on a p-y c u r v e  

PE"(I, J) = S o i l  r e s i s t a n c e  c o r r e s p o n d i n g  eo YP 

VITI. Soundary C o n d i t i o n s  a b  t h e  P i l e  Head 

BOUNDaRY S p e c i f i e s  t h e  boundary c o n d i t i o n  3 t  t h e  p i l e  head 

[LN] BOUhaDARY KBC NRUN 

[ L N ]  KOPSUB(1) PTSUB(I) BC2SUBCI) PXSUB(I) 
(I = I ,  NRUN) 

Is t Group 

KBC = Code t o  c o n e r o %  bounda ry  c o n d i g i o n  a t  t o p  o f  p i l e  

= 1 f o r  f r e e  head ( u s e r  s p e c i f i e d  l a t e r a l  l oad  and 
moment) 

= 2 f o r  s p e c i f i e d  l a t e r a l  l o a d  and s l o p e  a t  p i l e  
head .  (S lope  i s  Q f o r  f i x e d - h e a d  p i l e )  

= 3 f o r  a  s p e c i f i e d  l a t e r a l  l o a d  and  r o t a t i o n a l  re- 
s t r a i n t  a t  t h e  p i l e  head  

NRUN = Number o f  s e t s  o f  bounda ry  c o n d i t i o n s  ( l o a d  
c a s e s )  

2nd Group 

KOPSUB ( I ) = P i l e  head p r i n t o u t  c o d e  

= 8 i f  o n l y  t h e  p i l e  head  d e f l e c t i o n  and s l o p e ,  
maximum bend ing  moment, and  maximm combined 
stress a r e  t o  be p r i n t e d  f o r  t h e  a s s o c i a t e d  
l o a d s  

= 1 i f  comple t e  o u t p u t  i s  d e s i r e d  f o r  t h e  a s s o c i -  
a t e d  l o a d s  

PTSUB ( I ) = L a t e r a l  l o a d  a t  t o p  o f  p i l e  

BC2SUB ( I  ) = Lyalue of  s econd  bounda ry  c o n d i t i o n  

= Moment ( i f  KBC = I )  

= S l o p e  ( i f  KBG = 2 )  

= R o t a t i o n a t  s t i f f n e s s  { i f  KBC = 3 )  

P X S ~  ( 1 ) = A x i a l  l o a d  on p i l e  (assumed t o  be uni form o v e r  
whole l e n g t h  o f  p i l e )  



IX. D i s t r i b u t e d  I . a t e r a l  I.oatl on P i le  ( O p t l o n n l  ) 

LOAD Descrrbes a d ~ s t r l b u t e d  l a t e r a l  l oad  a p p l r e d  eo t h e  p l l e .  

lLNj LOAD NLD NW(J) 

lLNl  X W ( J , I )  WW(J,I) 
( I  = I ,  NW); (J = 1, NRUN) 

NLD = Load case number 

= Number o f  p o i n t s  on p l o t  o f  d i s t r i b u t e d  l a t e r a l  
load  on p i l e  v e r s u s  d e p t h  f o r  s p e c i f i e d  NLD 

xw(I) = X - c o o r d i n a t e  where d i s t r i b u t e d  l o a d s  a r e  
s p e c i f i e d  

m(I ) = D i s t r i b u t e d  l a t e r a l  l o a d  

X. For  C y c l i c  Load ( O p t i o n a l )  

C Y C L I C  S p e c i f i e s  i f  t h e  l o a d i n g  i s  c y c l i c  o r  s t a t i c .  

[ L N ]  CYCLIC KCYCL RCYCL 

KCYCL = O f o r  c y c l i c  l o a d i n g  

= I f o r  s t a L i c  l o a d i n g  

RCYCL = Number o f  c y c l e s  o f  l o a d i n g  (need  o n l y  f o r  p-y 
curves g e n e r a t e d  c r i t e r i a  f o r  s t i f f  c l a y  above 
t h e  w a t e r  t a b l e )  

X I .  C o n t r o l  of  o u t p u t  

OUTPUT D e s c r i b e s  r h e  amount a6  o u t p u t  to be p r i n t e d ,  

fLNj OUTPUT KOUTPT INC KPYOP NSUB 

{LN] mSUB(I) . . .  mSUB(WSUB) 

KOUTPT = 0 i f  d a t a  are t o  be p r i n t e d  o n l y  t o  d e p t h  where 
moment f i r s t  changes  s i g n  

= 1 i f  d a t a  a r e  to b e  p r i n t e d  f o r  h u l l  length o f  
p i l e  

= 2 f o r  e x t r a  o u t p u t  t o  help  w i t h  debugg ing  

ENC 

KPYOP 

= Increment iised i n  p r i n t i n g  o u t p u t  

= 1 t o  p r i n t  v a l u e s  a t  e v e r y  node 

= 2 t o  p r i n t  v a l u e s  a t  e v e r y  second node 

= 3 t o  p r i n t  v a l u e s  a t  e v e r y  t h i r d  node, e t c .  
( up  t o  NI + 1)  

= 0 i f  no p-y c u r v e s  a r e  t o  be g e n e r a t e d  and  
p r i n t e d  f o r  v e r i f  i c a t i o r )  p u r p o s e s  

= I i f  p - y  c u r v e s  a r e  t o  hc g e n e r a t e d  a n d  p r i n t e d  
f o r  v e r i f i c a t i o n  

= Ntimbcr of  d e p t h s  f o r  \ $ h l c l i  1 r l i t l i - r l ; i  1 l y  j i c ~ ~ t l t - ~ ~ t ' t ~  

1 1 - s  c u r v e s  a r e  t o  he p r l i ~ t e c i  ( r n d x l m u m  i t ) j )  



mSUB ( I ) = X-coord ina t e  a t  which i n t e r n a l l y  g e n e r a t e d  p-y 
c u r v e s  a r e  t o  b e  g e n e r a t e d  f o r  p r i n t i n g  

Program C o n t r o l  

CONTROL S p e c i f i e d  maximum number o f  i n t e r a c t i o n s  and t o l e r a n c e  of 
s o l u t i o n  conve rgence  maximum d e f l e c t i o n s ,  

[LN] CONTROL PYIXIT YTOL EXDEFL 

W I T  = Maximum ntmber o f  i t e r a t i o n s  f o r  a n a l y s i s  o f  l o a d  
c a s e  

YTOL = T o l e r a n c e  on s o l u t i o n  conve rgence  

EXDEFL = Value  o f  d e f l e c t i o n  o f  p i l e  head t h a t  i s  con- 
s i d e r e d  g r o s s l y  e x c e s s i v e  and  which s t o p s  t h e  
r u n .  D e f a u l t  t o  p i i e  d i a m e t e r  

XIII. T e r m i n a t i o n  of I n p u t  Sequence  

Ern - T e r m i n a t e s  t h e  i n p u t  sequence  a n d  i n i t i a t e s  t h e  a n a l y s i s .  

[ L N J  END 

Example Problems 

6 .  P i l e  p r o p e r t i e s  and  t h e  s o i l  p r o f i l e  t o  b e  u s e d  i n  a l l  f o u r  problems 

a r e  shown i n  F i g u r e  C 1 .  

Example prob%em 1 

7 .  A f r e e - h e a d  p i l e  w i l l  be  analyzed f o r  l a t e r a l  l o a d s  o f  5 ,000,  10,000, 

15 ,Q00 ,  and 20,000 l b .  An a x i a l  l o a d  o f  100 ,000 l b  will be  u s e d ,  and no 

moment w i l l  b e  a p p l i e d  a t  t h e  p i l e  head .  The p-y c u r v e s  shown i n  F i g u r e  C 1  

w i l l  be u sed  i n  t h i s  a n a l y s i s .  



LOOSE SAND i 

G = 7.0 PSI 

k = 100 LS/IN.~ MEDIUM CLAY 

ii\dPU?" P-v CURVES FOR -- 
EXAMPLE PROBLEM 1 

PILE PROPERTIES: 

16" 0.0. P I P E  P I L E  
E = 2 9 x 1 0 6 P S I  
I = 1047  IN.^ BETWEEN x = o 

A N D  x = 180 IN. 
I = 732 SETLZ'EEN x = 190 

AND x = 720 I N .  

YC "IV. Id0 IN. 

F i g u r e  C1. P i l e  a n d  s o i l  d e s c r i p t i o n  



1 1 . ~  ?17 I -E  
~ 1 . 1  EF,. ;:RI:z. 1 1.r. ::PI ;~O.I~:!-IP:E~QT& I ~ I : I ~ ~ ~  I:ZF I:I;I~, L.CI:I. I- l ; , p l ; , ~ ~  p y  I: , LEE i ~ ,  ;,:I: :!.,. 

-1.1 @Jr.ii 1.L~ 
QI:I EhlGb 
c- -".J - i : ' I i E  f L i t  L -'I9:' 2'". El;. ?.I:) (Pile Properties - NI,&'DIrL\!. LEXGTH, EPILE,SGS) 
t.f:t (:I 1 6. 11:14 7 
... . (SDIA?I(I) ,3ItW(I) ,XINERl ' ( I )  
,' 1.1 2 :::[:I 1 k, 7132 where I = 1,NDIM 
I I I: (Soil Description - NL) 
I 1 5 2.f:~ f 4 C, ::CI LAYER(b.1 ,KSOIL(I) ,XTOP(I) ,SBOTf I) ,Kt11 
],:,(:I 2 5 2 4 ~ : ~  ::&(:I 25 where I = l,NL 
1 1 < r  '3 '5 .2b1:r :;:c:)<l I (I<, 
1 L i 1  p y  7 /-. (Input P-Y Curves - NPY,NPPY) 
1 '::::I 6,t:l XPY(1) 
I :  1 1  . : c). (:I YP(I,J), PP(I,J) 

1 : I /;.& . 1 where 1 = 1,NPY 
l!-..(:t r:1.4 83.2 J = L,SPPY 
1 9 111 I:, ::: 1 f:tT , i:1 
2 :;:(:I 1 . 2 1 z(:lv (:) 
1 : . : (:I . c;, YP(I,SPPY) ,PP(I,SPPY) 
.~l:ll~l 7 4 ,  
2 : 11) (:I . 1:) * (11 

-. -I . - - - - 
*--(.I 1.1*: i s : / * ; ; :  

2 ::(:I (1) a 4 1 (:I[:) 1:) 

;fl,1:1 $11 * ::: 1 27 * 1:) 

Z f i )  I.:.? /45.<, 
: 4 I 9 5 * (:I 
., - . - / (-1 2 

2;:::tj (1) (1) 1:) * 11) 
'..>[:, <,*;I' .-.-, .- . .?.a . 1:: 

.31:1t:1 1:)- 4 1 1:) 

:: 1 (:I a ::: 1 4 :2 a (11 

:::1:1 2 2 1:::1* (11 
- .  . 
: I  6 . 1  :;4,c:r 
1: 4 11) 1 i:>::: 

5 :  : 1 <I * 0 
::::, 4:) [:I 2 1 #:I 7 a [:I 

-, 
:, ,, <.I (:I a 4 1 ::::s 1:) 
- - .  
::-:!.I 1:) a ,:! 1 ?(:I * (11 - - 
>:'~/l~l 1 :: 2 '74 1:) 

.:I.:<:! (2 !:I 6. 1 a (:) 

- < .  
. , - ( . I  141:) 
.b TI:, C) . (:) (11 , [:I 
4::<:1 %:Ie 2 1 34. 1:) 

4 4 i r  1:) , 4 1 ./J.'q. (:I 
4 5i:l <:I * ::: 2 1 .I: a (:I 

L? )>$I, 1 s 2 , -. r " .-. r. . CJ 
'4 74:' c. 1.3 1 2 3 * (:I 

4 ::: (1) 1 ::::z, - 
< -:!::I (11 . (1) 1:) * 4:) 

y, 1;li:l <:I . 2 1 7 5 * [:l 
c:, . ;) - . . (1) . 4 22 1 . [:I 
t-,-;, ,-,,;:; - - - .  - - , ,:. , 1.1 
y,:,,;j i a L  :,.,=, - 

- ,  A %. . i-) 
5 4 1 : ~  ,L. < I  L,k.4. 1:) 
c c -  - 
.*-,'.I -124  

y:.'.l ' . I .  (.I I.)*{.) 



(Output Control - KOUTPT,:SC,i;PYOP,?TSUB) 
(Boundary Conditions at Pile Head -KBC,NRLB) 

- - 
670 1 2(:1.E3 c ; r . c : )  1.ET w h e r e  I 1,NRUN 
&.3(:1 I: t:tIVTRi:tL 1 r:rC~ . CtSt 1 1 4  (Program Control - ?W;TT,YTCL,ESDEFE) 
/-.'"$:I &NU 



I I l l p u t  Echo)  

'3'Y'2:TEM OF I -~NI~S 
(UP TO 1 k. C:HAR. ) 

ENGL 

~ . & * o *  PILE DATA. +**+% 

NO. I NC:REMEO\ITS NI:I. SEl:iMENT::. LENt:iTH [CSPICILILI-I~, IIIF CrEPTH 
FILE 1'5. EiIVIKfEfl WITH DIFFERENT ill F ELAE;T I C I TY 

CHARACTER I E;T I I::,:; 
.-, 

P I L E  
1 z(:l 

& (11. 72OE Cr:l.: {I . 2*?r:1E C):: (:I ~,[:II:IE 1-12 

T 111 P (:IF ElIAMETEFi MlrtMENT CIF ::.~I:I~:':.-,:,EI: T b  
'JEGMENT i:tF F I L E  I NERT I F, UREA 

1.1. I:]. 16C1Er: r:12 I:]. 1 CISE i14 <I. ,::S./E CIL 
I . 1 1 1 : 111 , f /-,I:)E ::I: &:I . 7 2: 2 E I:] I: C! ;:.1'::":12 

NUMBER OF LAYERS 

LAYER P-Y C:CIHVE TClP lItF P!:nTTOPl 1 N 1 T l AL 55;~:~ 1 L FAtITOR FAII.TIT~F~ 
Ni-:MEEK I::II~NTRISL C.I:ICIE LAYEF: CtF LAYER Pl!:~r~f-fL: 1::ONI.T. 

1 
" A "  

5 
" F"  

I:]. /l(:l(:)E 1:12 1:). 241:1E (:I.:: I:] ::::II:IE 02 
. , 5 

(:I a 

& 

1:) . 
(:l.24(:1E [:15 i :) . : :+,OE I:]:: [:1,2Si:)€ 111;~ '-1 6 

C (-1 * 
.-a 1:). C:/;,(:IE 0.1: (11 . :E:I:I(:IE <I y: ill 1 i:l(:bE (:I 2: (:I . 1.) a 

'Q**** UNIT  kJEI OHT KlATA. *++** 

1U,11. PI:IINT'F, FIIIR ~LIIIT 
lOF EFF. I-INIT I.)EII:,H~. 

'2':. . LIEF'TH 
C l  



NO. I:IF 
P- y l-'l,I~VE.~. 

7 

NO. FOJNTS 
P-Y  I:LIK'VEa~, 

/I. 

X-C:I:II:IRD. Ti11 
INFl..IT F-Y C:U&V& 

8). S&.(:IE r:12 



X-I:.I:ICIHD. TO 
IMF'LIT P-Y r:URVE 

1:) . 2 ' 4 E i t  ::: 

rlATk t ~ ~ L . ~  T Pi-I T F'- Y N O ,  IIEPTH'~. TI:) 
il1-1 TP?IT I NlS REMENT F'F: I NTi:li-lT F,R! NT FClR 



.&***@ FILE HEAL1 ( EOI-INDAHY DATA. 9 9 0 9 Q  

i1:YtI.L 1 I:.( I:) ) NO. rI:Yr::LES 
I:IR :$;T&:~I: ( 9 ) 13 F h I:IAEI I Ni:, 

LOAD I NIT; 
0 C) , 

PiAX . NO. I~F ;  TClLERErI!:E i:fN F' I  LE HEAIt DEFLEC TI I:~N 
I TERAY I ONS :2;tTt&.IJT 1 IIIN FLA t1  ( ::;Tr:iPS HI-IN) 

~::ONVERIZIEI\I~"% 
1 C)<, (11. 1i)t:)E-(:)2 f : ) ,  24t:lE C I ~  

**a** I-::lAD DATA, ***+a 

EOI-INDAFY NCI. PirINT:_'. FCIR 
:g.E T NCI. I :E:?R I B .  LATERAL 

Li iACf V.5, DEPTH 
1 (1) 



Bi:btJNDARY NO. POINT'S FOR 
:SET &!(:I. 611 STK'I B. LATERAL 

LOAD V5. DEPTH 
C. .-* 0 

B ~ ~ ~ ~ J N D A H Y  Nit. P C I ~ N T S  FIZIR 
5.ET N0. DPSTRIE. LATERAL 

LCiAD VS. DEF'TH 
4 Cr 









THE MAX I MIJM MifMENT i MEALANII E F ITfR A N Y  ELEMENT - . - - - ( . I .  ,">t.E--r:rI 1 N-LEi'f 

Ti-IE MAX. LATERAL F~:tkfl.E I RBALC~NIT E FfliR ANY ELEMEN1 = (-1 X: ::ti-1.1 3 L.E?'i. 

I: ~:IMPLITELI LATERAL FClRCE A T  F'I LE HEAD 
CI:IMF'I-ITED MOMEtdT AT F I L E  HEAD 
1: OMPtfTED ISLCIPE AT P I L E  HEAD 

THE ISVERALL WlSMENT I MEALAN1::E - (1) a 1 5"3E--':):3 I N-Lb:,, 
?'HE ilVERALb LATERAL FORCE I MEALAIIIC:E - - -(:).:3::::f:E-t:)'? LBII. 

P I L E  HEAD KIEFLEI::TION = I:). 4F;ZE (:)(I) I N  
MAX I MUM FENE] 1 NI~Y RCIMENT = 0. 475E IN-LE!Z: 
I"1AX I MI-I11 TI:ITAL STRE:;;:; = (:).::::::1E C84 LF::;/INa*Z 
MAX I Wl,lM '-;HEAR FCIRI::E - - (1; m - , ; I & -  -P ,-,L- C14 LE!:; 





(Load Case 2 )  

NSI. i:lF I TERAT I lIfNS - - ._. *_. 
MAX IMllM DEFLE1I:T ~CIN EFiHOFi = (:I* *:tzl &.-t7b.=: ..- I N  

P l LE LOADING C.DNDI TION 
L A T E R A L  LOAD AT PILE HEAD = (3. 1 (:)(:,E (113 ~ & f .  
APPLIEEl M1:tMENT AT PILE HEAD - - c). &.Bs.- 1 r~ 
AXIAL LOALt AT PILE HEISID = (:I e 1 (:](:I€ (:)& ~ b . 2  



THE MAY IMI-III PlClMENT 1 MBALANI-E FfIkK ANY ELEMENT = - ( . I .  '>:::4E-t.i2 I N-LE*~. i 
THE MAX. L A T E R A L  Firh'CE l f iEALkNiE FOR khlY E L E R E N T  = 0, 1 CI:~:E-(.J~ Lb.3 

bTClMF.'UTED LATERAL FORCE FIT PILE HEAD = cr. 1 (:~t:~t:rc:tE LE'k. 
CI:~MP?ITEE~ MflMENT AT FI t E  HEAD - - 6.1. IN-LF'r". 
C.OMPUTED SLOPE A T  P ILE  HEAD - - -(:I. 7C.,'337E-1:tL 

THE CWERALL MOMENT I MEiULANC E = 6:). Ir:h:E-(:): g & - ~ & c ,  
THE OVERALL LATERAL Ft:jRt: E I MBALANC.E = -1.1, 135E--r:1:3 L b 5  

P I L E  XEaD E1EFLEC:TION = t:ral~:i:E i : ) l  l~ 
MAX I MUPI EENLi J NG MOMENT = Cr. 1 (:)QE (117 I N-L.B:$, 
MAX I P?l,lM TQTAL STKEf:::; = (:). I 4C.E 5)s LR!::~ 
MAX I MLIN ':;HEAR FI:IRI:'E = ( : ) . l ( : ) : : :E  tL45 





(Load Case  3 )  

NO. I:IF I TERAlP 1 t:tIUS. - - 1 1  
MAX 1 MIJM f lEFtECT I I:IN E&Rl:iFi = 0. :+s-.k '2 --CB . - :: IN 

PILE LOAKtINO r::ONOITII:IN 
LATERkL LClAKl AT  PILE WEA61 = (1). I f I:IE LB-Z. 
A P P L I E D  MOmENT kT F I L E  WEAK1 - - t : ~  ~ b 4 -  IIN 
A X I A L  L O A D  AT  P ILE  HEAL1 = ~ 1 .  1 r:)oE (:l/z. L&+E; 



THE MAX I M U M  Mf lMENY I M b A L A N l I E  F O R  ANY LLEFENT - - I:) .IL(:IE-(.I~ IN-LB!. 
THE MAX. L A T E h A L  FfZIRCE IM&ALANI:E F IX ANY ELEMENT = -(:I. l(l.7E-c.12 LE+'-. 

I:.CIHF'I,ITE~~ L A T E R A L  FORC:E UT F I L E  H E A D  
COMPUTED MSIMENT k T  P I L E  H E A D  
I::I:IMPI-JTE~I S L O P E  A T  P I L E  H E A D  

THE C lVERALL MOMENT I MBALANC:E - - -C,. 44'L:E-(:12 I I'd-LE'E. 
THE CiVERALL L A T E R A L  FORCE I M B A L A N C E  - -I-, .-, ,-,.- - - -+.::E-f:):i: L&::. 

PILE HEAO EIEFLEC:f I I~IN = ( : I .  22&E (:)I I N  
MAX I M U M  BEND I NO Mf3MENT = ( .I .  177E 07  I N - L B S  
MAX 1 Ml lR  TI:ITAL S:TREC"'-' -. .-, = SI, 227E I-&:$;/ 1rk!a9" 
MAX I M I J M  :E.HEAR FClRC'E - - i:;.l/-,4E (113 Lp'f, 





(Load Case 4 )  

Nil. CIF I TERAT I CIN'3 - - A _I 

p1AX 1 MI-IM [IEFLEC T I IIIN ERRIIIF~ = t i ) .  ::: 1 :b:E-(j::: I rd 

FILE LOASI INC~ I::tINDl TI1:IN 
LATERAL LOAD kT PILE t-iEAtr - - r:). ;l.(:r<)E ~15 ~ & : 3  
APPLIED M~:~MENT AT PILE HEAD - - t:) e LBS- r r~ 
A X I A L  LLhAIf A T  PILE HEAD = (1) . I (:II:IE (:I.&. i E'I. 



THE MAY IMJ-IM MCIMEN'I :MBALANtIE f I:% UNY ELEMETdT = - ( . I .  :: Z.E-(:t 1 I N-Lp 
Tt<E  MAX. L A 1  EKAL F1116.i E I MPALANlI  C FOR ANY E L E N t b f T  = 1.). 6k.GE-fI~2 LE 3 

C ClMPI-ITEIt L A T E R A L  FORf::E A T  P I L E  HEAtl 
1::OMFI-ITED Ml3MEIVT A T  P ILE  HEAD 
I::OPIF'UTEEI 'I-;LCtPE A T  F'I LE nEAKf 

.- - (I). ~ C ~ ( : , C ) ( : I &  ( I t5  LB!:, - - ( I ta  I N - L E ' I  
= -(:). ;;'4::;2r;)E-(:) 1 

THE W E R A L L  MOMENT 1 MEALANCE - - ~ . 5 4 / a . & - - ~ ) 2  IN-LES 
THE ISVERALL L k T E R A L  FC1Hi.E I MBALANC:E = -0 . 48(:~E-(:t:3 LB:; 

PILE HEGEf I3EFLEC.T I CiN = C). 454E 0 1  I N  
MkX I M t l M  EEI\!Er I MI:IMENT = (:I. 2:::k.E C17 I Pf-LEb:; 
MAX IMCIM TCrf AL !:.TKE!::::: = C). 353E I:)% LBS/ I Nee-2 
VAX IMUI:  '>WEAR Ft:!Fli:.E - - 0. 225E (:,fi b&:$; 





. . EX. F'filI~. 1 Ff;T~fl Clllllll_lRENTfi7i!-1N IIIF I:I-IM Fhl:l* ~.I:IM/-LG 14'i L.1-. KEEFE, 
.::c-B @ 



E x a ~ 1 e  problem 2 
-- - - - . 

8 .  A f r e e - h e a d  p i l e  kith no a p p l l e d  moment and a l a t e r a l  !cad o f  

10,000 l b  w i l l  b e  a n a l y z e d .  An a x i a l  l o a d  of 100,000 l b  w i l l  be a p p l l e d  a t  

t h e  p i l e  h e a d .  p-y cu rves  w l l l  be g e n e r a l e d  i n t e r n a l l y  u s i n g  t h e  s o f t  c l a y  

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

c r i t e r i a  f o r  t h e  medibm c l a y  ( A  = 1 .0  and F = 0.7 f o r  t h e  u n i f i e d  c r l t e r l a ) .  

Loading  w i l l  b e  assumed t o  be c y c l r t .  Output w i l l  l n c l u d e  p o i n t s  on t h e  p -y  

c u r v e s  a t  x c o o r d i n a t e s  o f  60, 80, 100, 150, 200, 2 5 0 ,  300, and 500 I n .  



C- -$(.I - F'I LE 12i) 2 720 ;I':j. Et:. /;.(:I 

/'.<I I:' I 2. 1 (:I 4 7 
(Pile P r o p e r t i e s  - St,RDIhY,LENGTH,EPILE.SCS) 

70 I:::[:) ~ c .  7132 
(XDIAY(1)  , DfA,Y(I) ,?II .UERT(I)  

Where I = 1 , N D I A f  
:::(:I .::1:1 I L ::: ( S o i l  D e s c r i p t i o n  - XL) 
J 1 1 /' r 4 I :3Cr  
lr:)!:r 2 4 2 a r r  c:~ ( ;J  z'r; LAYERCI)  , K S O I L ) f ) , X T O P ) I )  , S B O T ( I )  , X ( I ) .  ( = ( I )  , F R ( I ) )  

mere I = I,NL 
1 f Cl 'r: 2. 3BC) :::t:Jc:l 1 Clc:, 1 , (1) C1 . 7 
121:~ 'E,TFi'ENt:iTH /,. ( S o i l  S t r e n g t h  Profile - NSTR) 
1,:0 /t(:) 3.5 (:I ,(I12 
1 4 0  240 3 . 5  CJ.  .o= X s T R ( I >  ,CJ. ( I )  , P H I I ( I )  $ E E 5 0 ( I )  

1 5 C i  24C) 1-1 3 ~ 1  . Where I = I ,NSTW 
1 &:I :::b.t:) (11 ;::(:I a t;i 2 
1 7 C r  :::/',CI 7 5) . 0 1 
1 :3(:1 53!>(:1 7 t:) (11 2 
1 90 WE I f3t-i-r 6 ( U n i t  W e i g h t  P r o f i l e  - SGI) 
6 (11 1:) e* 1:) * (1) 2 
2 1 1:) 2 4  i:) a l j2 

24(1) * f:, .:-.-, X G 1 ( I )  , G A Y 1 ( 1 )  
b. 9_ 

.-' * ,. .,.:t:, -;::t..i:t * 1:1:32 W h e r e  I = l , N G I  
24(:1 :::&.(I . QZ&, 
.-:'r,(:, 4:. 
a. .- #-.(:I(:) * (:)z&. 
2 b C 1  l:lI-ITpI-f$ 1. 2 1 :3 (Output C o n t r o l  - KOUTPT, I S C  .IZYOP ,&%SL'B) 
270 b0 :3(l l l ) C )  151) 2(:bt:1 251:) :3(:3(:) 51:io ( ~ s ~ B ( I )  m s u ~ ( m ~ u ~ )  
2:3(:1 Ei:rior~D/a~y 1 1 ( B o u n d a r y  C o n d i t i o n  at P i l e  Head - KBC,NRUN) 
2 9 t : r  1 10t:r00 0 1.E5 (KOPSUB(I),PTSUB(I),BCZSUB(I),PXSUB(I), bhere I = 1 , N R m )  
2:':":) II:Y i : . ~  l 12 .(:I (1) ( C y c l i c  Load I n d i c a e o r  - RCICL,RCYCL)  
:3915 C:CIIUTRCIL %(:8(:1 . ()(:if 2 4  (Program Con t r o P  - W I T , Y T O L ,  EXDEFL) 
:::Z(:I END 



,, ;11:7t:t  Echo)  

klfI1. 1 Ni::REMENTS NI~I. 'i.EGMENT'Z: LENGTH MI:I~II.,ILI-I!~~ IIIF EIEF'TH 
P ILE  iS D I V l  KrED W I T i i  frI FFEFiENT !:I F ELA::;T 11:- I TY 

I:.WARA::TER 5 ':;T I c:::: F I L E  
7 -.p(-l -- .  - - !.,i]r-;z - -  I 7 : :  ) a  ) I (.). - . . - i .12 

TCip !:!F E1.T &MEPER MlTlMEN'T lClF ~::Ri:i'::';, --'g;EC: T . 
::.EGj-qE[dT OF P I L E  I N E R T I A  kREA 

(1) , (1) b 1 k.()E (:I2 (:I . I (115~ (114 1:) , ::: 5" E (112 
I I I :  <I , 1 C,t:>E CI: (11 7:I::E i:~::: 24'3E i:)L 

LA'fEfi F - Y  C:IJH\lE TCiF' !:IF I I N I T I A L  ':.I:~IL T=AiI.?r:iR FAi;Ti:lR 
NlJPIBER 1T:OltlTKt1l C:I:IEIE LAYER IIIF LfiYEFi MClLiLIL I 11:1;1ni'i:T. " k "  * & T o  
1 1 (:I , i,.(:ll:)E (1) 2 (1, . 2 4 (1, E (1,::: (:I . :::I:, $11 E (11 2 (.I . f-1 * 
. ,  4 - I , 4 ( 1  I :  :I : I :  CI . zf (:)E (:I= (1: , i:i . 
._I /r, (:I . :::/..(:lE Cr::: (11 , :_L:c:~g:tE i11.I: (1) a 1 I:I(;IE (:I::: (11 1 (:I(~IE (11 1 t:] -7(.)(:lE (:It:) 

i\li:r. F'CIIN-T':; F6.33 ~LI:IT 
1lfF E F F .  1-INIT MEIOHT 

V:f.. 61EPTI-i 
& 



***PO PROFILE CIATM. * * * * a  

No. PIIIINT!:. FCtFi. 
:;YRENI:.'TW - PARAME TEH!:: 

V:I; .  DEPTH 
/.. 

DEPTH EELCiW 
TCtP f:IF F I L E  

I),  &,,C,(:)E 111 2 
CI. 2 4 (:JE (113 
(1) . 24 C)E r:).:: 
(11 . :::.5,(:) E Ci .:: 
111 , ::: k. (1) 111 .:: 
(:I ::: (11 (1) (1) 1:: 

ANGLE OF 1 NTERNAL 
FR I CT lrSN I N  RAD l AN*:: 

0 . 
r 3  . 
[:I. 524E 
1:) a ,524 E i:)t:~ 

(.) a 

* 

DATA 118 1-1 T PI-! T F'-Y MIII. DEPTH!:: TI~I 
JSUTFLIT 1 N1I:REMENT PR 1 NTI:~UT 

61: 12 E 
F ' R I N T  Ft:tF: 

CtDD& I:: !:ID E 
.?. 

P-Y tSI-iRVE::; 
9 - 1 :3 

fiEPTH FCrR 
F'RINT Ih!O 
F'- y C:r,rRVE::; 
i) . k.(:)C)E (1) 2 
(:t . ::x:bc:tE i )Z  
(11 1 (:J(:IE (:J::; 

. 1 5 l:>% 11) '2 
(11 . 2(:)(:)E 1:) 3 
(1) 27 (1) (11 ,:: 
<I  . :::CIC)E r:, 3 
(11 , ~(:)I :JE <I :: 



PILE HEAD LATERAL LClAEl AT VALLIE OF :ZEC:i:iND AX I A L  Ll2ACl 
FSR I NTCII-IT CI~IEIE TISF' 1:fF F' I LE BOf-INfrAFiY CONT~ I TI ON llrN PI L E  

f t:) . 1 ( : ) c : ) ~  ~15 6. (1) 1 (:I (:)E (1) k7 

MAX. 8\10. lllF TC1LERENC:E CfN 
,-. - F I L E  HEAD DEFLEC:TIflN 

I Y ERAT a a ~ - r ;  .=. 1-1 L 1-1 T 1 111 N FLAI:< ( STI:I~I:; HI-rN ) 

C1:rNVEF:GENCE 
1 O(:) (1) . 1 (1) (:) E - (1) ,' 0. 240E 









GAMMA E ~ ( : I  
LFZ.,' 1 No*:z 

I : ) . ~ E - Q ~  <)al(:)(:~E-~:iJ 
F' 

LEG/ I N  
0 e 

"'C) a 14 2 
-6 - 
277 C:,L .-$ .- -*& 

1:: 1 7 . s(:i 1:) 
'349. 4 5 4  
::: 7 &, . 4 .::::: 
4C)t:l. (1125 
4 .2 Im117  
4 4r:r. 2:f:F 
457. '314 
474  * '?:;:2 
4:3.3 a 5*:12 
5!:14 . r:x:i(:r 
5(:);6. Of:r<j 

5(:14. 
=3:24 * t:ig:! (11 
3 6:) 4 a t:)t:l !:I 



CSO 





E X .  PRO. Z FROM D C ~ L ~ ~ M E N T A T ~ O N  OF i :QN.  FF(0. i.oM624 BY L. C. F\EE!:iE. 1.3 
:3t:b * 

NO, OF ITERATIONS - - let 
MAX LPltiM DEFLECT 1 ON ERROR = 0.562E-03 IN 

I='% LE LOAD I NG lI:SIND I T I  CIM 
LATERAL LOAJ3 AT  PILE XEACI = 6:) . 1 (:)(:IE (115 LF:5 
APPLIED MOMENT AT PILE MEAD = 0. LBS- I N 
A X I A L  L t ~ A E l  AT  PILE HEAEl = ~ , ~ c I Q &  LRS 



THE MAX IMI-IN PII:IRENl IWtALANl: E FI:IK ANY ELEMENT = (:I. 11:1/I.E-t:bl IN-LP';, 
THE MAX. LATERAL FCIRC E l HEALANllE FlIIh' ANY ELEMENT = C). 1 4  ::E-02 L&{'f. 

C:I:IMF'I-ITEEI LAY ERAL FORl:.E AT P I L E  HEAL1 
C:!:tMPl,ITED M1:rMENT AT F I L E  HEAD 
rl:ilMF'UTED !:;LI:IF'E AT F' I LE XEAEI 

THE OVERALL MIIIMENT 1 MFALANC:E - - 1:). 2:::5~-(:,2 I N--LE::; 

THE I:IVERALL LATERAL FQRI::E X NEALAN1::E - - -(:I. 1:::IE-r:)g LEI!:; 

F ILE HEAP LIEFLEC:TII:IN = CI,  1:::5E 0% I N  
MAX IMI-fM BENIIl I N I  Mi7MENY = 1:). I I C-E (?7 E N-LE!E; 
p1AX I Ml,lM TCITAL 'f;TF:Ec-:::; = (1,. 14 I E La!::/ I N s * ~  
NAX I Ml,lM :i;HEGtF: Fl:fFiil:E = (:I 1 \:I :::E 11)s L B::; 

iPTERkL BCLIr;DARY A X  ~ A L  FAX. MAX. 
LDkD CONDITION LOAD '7 T ST MOMENT STRESS 
r LEIS) 8CZ  ( L E S i  i I N /  i I N /  IN)  t IN-LES) ( i E % / I N + * Z )  





Cxazp!e - ~rzblcz 3 

9 .  A f i x e d - h e a d  p i l e  w i l l  be  a n a l y z e d  unde r  a  l a t e r a l  l oad  o f  10 ,000  15  

and a n  a x i a l  l oad  o f  100 ,000 I b .  p-y c u r v e s  w i l l  be g e n e r a t e d  i n t e r n a l l y  

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

sand l a y e r .  A p-y c u r v e  w i l l  be  o u t p u t  a t  x  = 500 i n .  



21:) EX. FRO. FhClN IJI~I:IJIENT&T I O N  [:IF 1:OR. FHtii. C O ~ ( . L ~  BY L +  C .  ~ ; E E V ; E .  .I 
:.!:I I-rpJIT'; 
40 ENr_;L 
L -+V - F I L E  120 2 730 2 ; .  E L . :  ( P i l e  P r o p e r t i e s  - XI,XDIAIY,LEBGTH,EPILEpSCS) 
&,t:t 1:) 14. 1(:)47 (xnr;tM(r) ,DIAX(I) ,!-!INERT(I) 
7t:r I:_":cI 1 4  732 where  I = 1,NDIAY 
:_~:~:PSTHENI:$TH /-. ( S o i l  S t r e n g t h  P r o f i l e  - SSTR) 
" C t  k.C-) 1:. 5 1:) . & f:): 

xsTR(1)  , c l ( r l , P H r l ! I )  , E E ~ O ( Z )  

where I = 1,SSTR 

( U n i t  Weight  P r o i d l e  - :<GI) 

XGl ( I )  ,GX"Il(I) 

where I = L,SGI 

( S o i l  D e s c r i p t i o n  - XL) 
LAYER(I) p ~ ~ o ~ ~ ( ~ )  ,HTOP(I) ,XBOT(I) , K ( I )  

where  I = I,SL 

(Boundary  C o n d i t i o n s  a t  P i l e  Head - KBC.NRUN) 
(KOPSUB ( I ) .  PTSUB(I), BC~SUB( I )  .PXSUB (I) Where I=l,NRL I 
( o u t p u t  C o n t r o l  - KOUTPT, I?IC.K2YOF, h3SLPB) 
(XXSUB(1) . . , mSUB(NNSUB) 
( C y c l i c  Load I nd i ca to r  - KCYCL,RCICL) 



ilnput E c h o )  

::.yc::TEM CIF 1,INIT':. 
( LIP TII1 1-5. CHAR a 

ENGL 

NI:~. INl::FtEMENT!:; NI~I. ::.EI~MENT$; LENIIiTH MI:IDULI,IS CIF KIEF'TH 
P I L E  65; DIVI61ED WITH DIFFERENT !:I F ELA:::P 1 I:: I TY 

II:HARAI:TEF~ I 'E;T f I::!:: 
.-. P I L E  

1 2(:1 i (1) 7 z(:)E (:! .:: (1) Z*,;J(:IE (:I::: (1) ~*(:I(:IE (:12 

T 111 F IIIF DIAMETER MOP1ENT 1ClF I:.RCI'~,::.-::.EIJ T. 
'E.EI:~MENT OF P I L E  INERTIA  AREA 

(-1 m C ) ,  ~/-,CIE c::L ::). Ic:!TE t:14 [:I :::5,:1 E (1) 2 
6:) 1 ::: t:)E (11::; (11 s 1 k. (1)E t : )  2 I.)* - 7 , ?-.t -.- i) 2; (11 e 2 4 1 : ~  (:)2 

NUMBER 13F LAYERE; 
3 

LAYER P-Y C:LIRVE TIIIF' IIIF FI:ITTIIIM I N  I T  1 Ab :::!:I I L FAI::TCIR FAC:T!:lF: 
NIJMEEF: II:CINTF~I:IL C:CIDE LAYER CIF L A Y E R  M~IDI-IL 1 C:I:IN::;T. " & " "F"  
1 1 (:I . /r.ck(:~E (112 (11 . 24 r:)E (:I::-: (:) :;;~:)(:IE (:)z (11 h 

.5 - 4 (:).24CrE (:I.:: i1.3/1.(:bE (1)::: (:1.25(:rE 0 2  C1. 0 . .-. 2 c:r . C:~.(:IE c:)::: $1) . E:CI(:)E t):S (1) a 1 (:I<:IE (:1:2 SI. IC)(:)E 01 (:ha 7f)CtE t:)r:l 

NI:I. F'CI I p.JT::; FCIF: F'L1:iT 
l:lF EFF. 1-INIT WEIGHT 

V:E.. LlEPf H 
e, 

LfEFTli BELf3W TOP EFFEiI i I VE 
TIII F'CIINT I-INIT WEIII-H~- 

(:) a ~.(:I~IE (:)z (11 ~(:I(:!E -<I 1 
(11 24 (:IE $11 :: [:I. :I:)I~)E-~:)I 
(11 a 24 (:lE (11 .? 

- - 
(-1. ::?(:tE-(:I 1 



NO. Pl:s%NTS FOR 
STRENGTH PARAMETERS 

VSe DEPTH 
& 

ANGEL CiF I N T E R M k L  
FRfC:TJCIN IN RADIANS 

C, . 
0 ,  
51, 5,54E ( : > c : )  
(:I . 524 E c:)c:r 

1:) 

0 . 

NO. OF 
P-Y ClJi%VES 

0 

DATA Qi~!PPl-lf P-V HI:#. DEPTH$; 
Oh1 TPUT 1 NS:REMEOVf Pk%NPCtUT PRINT FOR 
CODE C:CI~IE CODE P-'$ CURVE!:; 
1 .:. 

6. 1 1 

+ar*os % Y LE WEAD ( Pl:rUNDAFi'Y ! DATA. a**** 



F'I LE HEAKt LI4TEF:AL irLlA[i kT VAL!-IE I~IF ':.EC II!P.IKI A X I A L  LCIAI: 
FK  I NT!:iIJl I:.I:ILIE Tf l lF  P I L E  ttrlll-INLfAhY I:I:INL~~TIIIIN rllrd FILE 

1 (:I, 1 ~:H:IE 1:)5 (.I a (:I . 1 c:tc:lE (:I /., 

09909 C : Y i : L I t :  D A T A .  *a*** 

I::YC:LII:: ( C I )  NCt. r::yC:LE$ 
I:@ SPATIC( 1 ) OF L O A D I N i i  

LOAD I NO 
I:) C ) .  ~(:IOE 03 

*++** PROGRAM CONTROL DATA. ***** 

M R X .  Ni3 ,  OF TOLERENCE ON F'ILE hEALI DEFLECT~SN 
ITERATIONS SOLUT ;ON FLAG t ST,X 5 RUN 

ZDNVEFJEISZE 
l lbr3 I@!?&-$44 . 1 b!?E+M3 



THE NUMBER OF ITI-IRVE f 
THE NLIMEER IIIF PI:[ I NT2f. ISN EAI: H r:?IFi.VE 

DEPTH DIAM i: C~ A R M A  E ;I:) 
I N  I N  LE'g:/ 1 Nsc92 LEE;/ IN**::: 

44s). t:)O 1 ba . CJI;J(~J CJ . 7E Ct 1 (11 . :2E-(:t 1 6:). 1 o(:)E-(:J 1 







P I L E  LO&LI I NG rI.l:tND I T 1 I:IN 
LATERkL LiIiAEi &?' F I L E  HEAD 
:E;HCbFE A T  F I L E  HEAL1 
A X I A L  b19A6i A T  P I L E  HEAD 



THE MAX I MUM NI:IMENT I MEHLANII E Ff3R ANY ELEMENT = (:I. 4 3  1 E-(.iZ I N - L t  E 
7HE MAX. LATEhAL FIL~RCE I MEALkNllE Fl3R ANY ELEMENT = -I:!. 74 J : E - ~ : I ~ .  tb ' l .  

C:OMF'LITED LATERAL FI~RCE AT F I L E  HEAKI 
fIOMPflTED ,:.LClF'E AT PILE HEAL1 

THE CIL'EKALL MClflENT I MFALANCE = -0 1 7'2E-(:12 I N-LE'Z 
THE IIIVERALL LATEF:AL FCrRC E IMBALANCE = -(I), 4~.)/1.&-~'1~2 LEE. 

P I L E  HEAD DEFLEi::T I = (:). 2/s.-.?E 00 1 iV 
RAX 1 MlJM BEND I NiI; MCiMENT = -(;I, *3:3&E (:I& I I\I-LEiS 
MAX IMCtl1 TOTAL ':;TRESS = (1). II:):~E r:)5 LB$/ I N . a c ; l 5  
MAX I NLlM SHEAR FISRI::E = ( :) .bOlE 05 L&:I; 

S U M M A R Y  T A B L E  
9*89**99*0~8****009$F**O9* 

LATERAL BOUNDARY A X  I A t  MAX, ["IAX .. 
LCBXl C:tItNEf I TI: Or\! LOAD y s  ::;I MCIMENT' C; f R EZ3:;; 
( LES; 1 gr::z ( LFS 1 ( I N )  (IN/%N) ( %N--LF:3) ibBSPl l \ f**2)  

n. lO(-1E C>5 <I ,  0. ICIUE (116 (1). 2Ct*9E (:I<:) (1). -0. 9 3 & E  $:I/;. 0. 10:::E (115 





Exam2 l c l r o b l  ern 4 -- -- -p 

f ) 
10. tl p i l e  w i t h  J r o L a i i o i i a l  r e s t r a ~ i , i  i i l  'I , S t  = I I0 i f , .  - i l l  l !  

S 

b e  ana lyzed  u n d e r  a l a t e r a l  Load o f  10.000 I b  and arc ' l x ~ a 1  l o a d  o f  100,000 l b  

p-y curves v i l l  be gene ra t ed  i n t e r n a l l y  u s i n g  s o t t  c l a y  c r l t e r r a  f o r  the s o f t  

c l a y ,  s a n d  c r l t e r i a  f o r  s a n d ,  a n d  t h e  c r i t e r l a  f o r  s t l f f  c l a y  below ille w a t e r  

t a b l e  f o r  t h e  medium c l a y .  C o o r d r n a t e s  o f  d p-19 curve  a t  x = 500 r n .  will bt? 

o u t p u t .  



11:) T 1 TLE 
Lr:) E X .  i"Gt11. 4 FittriPl Cl~~l l :~-iMtNIATIl :1N lIlF tIi:IM. F.RtIf. 1 I t : 1~~ . / 1 .~4  La(: .  :E'f .E, lT ' ! ' c ; ,  

::I:] 1-1 pd 1 T ,:. 

Q,:] ENC*L 
51:~ F , I  LE  1 T'i] 2 720 2':'. E/.. /.*(:I (Pile Properties - NI,NDIrW, LESGTH,EPILE,SGS) 
/..(:I (11 1 k, 1 ( 1 1 4  7 (XDIA?f (I) , DIhM(I) ,X'IINERT(I) 
70 iE:c:) :/r, 7:::2 where I = 1,NDIAbf 
:::(:I -:.I:I 1 !- .I: (Soil Description - NL) 
4 i 1  1 1 66:) 24;:) (LAYER(I) ,KSoIL(I) ,XTOP(Z)XBOT(E) $ K ( I )  
1 (11c:i 2 4 :4t:1 .::&(:I 2'5 where I = lBNL 
1 1 (1) ,I: 2 :::&:I :::1:)(:1 1 f:)t:? 

~:I:I t:!I-ITpIJT 1 2 1 1 (Output Control - KOUTPT,IXC,iCPYOP,SXSUB) 
; .::(:I 5(:1(11 (.y?jSUB ( I)  . . . mSUB (m7SCB) ) 
1 1 I : 1 (Soundary Condition at Pile Head - KaC,NRLJX) 
251:) 1 ft:)!:~(:)r:~ l ,E/z.  1 . E 3  (KOPSL'B(I) ,PTSUB(I) ,BC2SUB(I) ,PXSUB(I), Idhere I = 1,:iIiLX) 
1 I : I N T I  1 : )  ( 1  1 2 (Program Control - 1IAXIT, YTOL, ESSEFL) 
1 9 i 1  ::;TF\'ENi:iTH 2. (Soil Strength Profile - SSTR) 
1 :::(:I &(:I .:: * 5 (11 (11 2 
1 I:] 2 4 I:] 1:: e 5 (1) (11 2 (XSTR(1) ,CI(I) ,PHII(I) ,EE50(I) 

i(:)c:l 2.1 (:I (:r :::!:I a 6): 

2 1 (:) :::&,(:I (:) :::[:I a I:]? where I = 1,YSTR 
2 2 11) :::k,(:l 7 <:I @ !:! 1 
2:'5(:1 :3(:)(:1 7 8:) . (1, 1 
2 4 ( : 1  wE:I GET /r, (Unit Weight Profile - SGI) 
23:) /;,o . ( : 1 2  

Z@:I 24t:) c : ) : ~  XG1(I) ,GMb(%) 

where I = 1,KGI 

(Cyclic Load Indicator - KCYCL,%CYCL) 



( I n p u t  E c h o )  

*Q**e L IN lT  DATA, a**** 

NO. 1NC:REMENTS NI:~, fEGMENT::; LENiiTH MfIf66ULI-1s OF KtEF'TW 
1 8  E~IVIEIEP W I ' r W  DIFFEREF.!T 17F ELA:Z;T 1 c. I TY 

I::HAR&C:T%R I ::;TI i:S 
.-. F'ILE 

2 2~:) 
i f:) 733E rIr3 (11 . 2$~r:)E I:)::; I:) . ~.[:I(;IE (:I: 

TIIIP I ~ F  D I AMEIEF: MOMENT f I F  I:R 111 ,:, ,:. - , f .  t 11 T 
C.EfIiPIENT fIfF P I L E  1 NERT I A AF-:Ek 

(J . (:I, 14ClE (:)2 5 ) .  2 0 F E  04  r:). .5.YsP/E I:]> 

1) . 2 I 1 : (:' . 1 ,k. (IIE (12 (11 7 1:hE (1) 2: 24.2:E ;:I> 

LAYER P-Y L:blR\/E TCP i'fF BIzfT5'1SM INITLML .?CIIL FAI:.~I:I~ FAI:.;;:IF; 
NCiMBER CONTROL 1:.13liE L A Y E R  OF L A Y E R  ~ ~ i l l - 1 ~  1 C:I:IN-:;T. 
t 

" A " 
1 

I'F" 

(1, . &:)r:)E (:rz (11 , 24CrE (:1:3 (11 a .I:I;I~:IE t:+z 
.-A - 4 (1) . 1:) . C1.24(1)E (:I::: C1,.'3,5i1E r:),: r:).251:1E (:)2 .- 
.$ 1 i l  . :3.'.(:)E 03 (1) , :::CI(:IE C13 2 (:jr:)E t:~;:: (11 (2 e .. 1 (:)~:IE I:] 2 f:) C1 . ?C:I[:IE 1 i i6 :~  

P O I N ' f S  Fl:lF: F'Bl:ll. 
tlrF EFF. LINI T WE1 GHT 

US. DEPTH 
6 



*9903 PR1:tFZLE D A T A ,  ****% 

l\d111. p8:ifNVS FI:IF( 
E;TAENGTH PAAHANETERf~ 

V'S, DEPTH 
4 

DEPTH FOR 
PR Z NT IIVG 
P-Y CI-IRVE'E, 
(11 T(.II:IE 1;)':: 



PILE HEAD LATERAL LOAD AT VAL!-IE OF 'E.ECI:IND AX f A L  L i l A f l  
PR~NT~: IUT ?;861E TClF r3F F'I LE Bill-INEIARV C CINKI I T 1 !:IN !:IN F I L E  

I (13 a 1 (11t:)E I J ~  1.1 , 1 (:if:@ f1)7 ir , 1 (:I~:IE t : t t .  

M A  N .  F TI2LEFiENC.E $:IN F I L E  HEAD EIEFLEC'TION 
1 TERAT I ON'i: :;:I:! L 1-1 T 1 1:rj-q FLAI'~(,~;TI:~&!$; Ri-IN) 

I::I:IP~VERI:~E~~I:E 
2 5~:) (11 1 C:J~:~E-(:I~ i), ,'4OE 5)2 

EOI-INElAFiV NO, P O I  NT!E: FOR 
'f;ET N I ~ .  tIiISTRIF, LBTERCIH 

L O A D  V'3. DEPTH 
1 (1) 



GENERUTED P - Y  11 LJi7b'E.f. 

THE NLlPlEEFi iiF f.1-IRVEZ. 
THE fdI-IMbER CiF POINT':* ON &AI:H 9.1-lRVE 

DEPTH DIAM C: I::AVI:. Ci AMM A E5r:) 
IN IN tE:g;/ INaaZ LB:;;/ %p.JaaZ LF!S/ xNa%3 

4 4 (:I . C) I:) lkt.l:)OO 0.7E i>l  0.4E 0 1  <).3E-O1 t:).It:!(:)E-~:)l 







EX. Fhf:~. 4 FFiCfl'l K I~SI~~- IMENT?~TXC~N I:~:IM, FKrIi. C'rIlM/-.;4 BY L, I: , hEE,EE, 1." 
:::(:I 

NO. OF I TERQ'T I ON::: - - 1 4  
EAX IMtJM DEFLEC'bItflN ERROR = (1). 5/.:;:E-03 IN 

F' I L E  LI.3ALcf I NG f:OFdCf I T 1 ON 
LATERAL LOAD A T  f IbE HEAD = c) e 1 (:)(:BE (11 5 k&::: 
Fi'flrTGrT I CINAL F;;E'Z;PRA X NT - - r:l,Ic:rc:)E C27 LFm::-IN 
AXIAL LCIAEI AT PILE HEAD = (I), 2 r:)(:)E (:)6 Lg8 

X DEFLEC MOMENT TOTAL DISTR. SOIL FLEXURAL 
STRESS LaAD MODULUS RIG ID l TY 

1 N % N LPS-IN LBS! IN+*? tbS/  IN bES/ IN*+2 LES-IN++2 
*$+**9+ ***+***+9 **++***++ +++as+**+ +++++**++ *+*+g*++y +a+++++++ . #I3 , k 35E+421l -. 639&+$34 . 285E+84 . til$lllI!EcB@ . !31?113Ec@!!I . 3134E+l 1 

! .125E+[iJl .;22E+ill& s371E+fzj4 .iJ#(liE+{jlgj I .3E14E+ll  
24. ri1O . 1 1 %E+lillb . 2S2E+i2)6 , 471E+94 a f81318E+(;J@ . fdfBQiEtil)g~ . 3134E+ l l 
3$. 135!3 , 185E+!j!1 . 382E+8& . 570E+84 I , ~ij[ij!?ljE+EIQ . 3izb4E+l 1 
48. 88 . 95@E+@B . 51 1EcBb . 6$9E+B4 . Bf2J!3E+!i)B . @@{;lE+~j1!:1 , 3!214E+i 1 
6 i , 85BE+f?@ . 641E-brZjb . 768E+(214 , Et1?ligE+jiIli5 I , 384E+l I. 
"Pa 61!3 . 7 6 5 E + 8 8  .9&8E+!F$ . BJ9%+$34 , dWQE+!ij12j , 1,24E+@3 .3(!?4E+ 11 
8 ! .677E+!!lfi . BbIsE+!?j6 . 940E+.84 . f3@tiJE+dlB . $SZE+@S . Sgj4Esb 2 





1. ia@F'!-. f ,-Ti *-.LI:~I. 'E AT F'I LE HEAD - - - ( ) .  ,:: ::7 1 { - I €  -(I12 

EX, F'l%f:l, 4 FRCfM DOC:blHENTAT ICrM OF 5:r:tM. F'F:O. C:OM624 By b. C:. REESE. 2 P 
:3k3 

LATERAL BOUNDARY AXIAL MAX, MAX, 
LORD COMD I T ION LOAD YT ST MOMENT STRESS 
ILES) BC2 (LBS) ( I N 1  (EN/IN) (IN-LES) (LES/IN+*2) 



APPEPIDI X I )  : U D I  TTONAI, EXAMPLE PROBLEMS 

1. T h i s  example i s  p rov ided  t o  i l l u s t r a t e  program sequence  and a l s o  f o r  

comparison t o  t h e  problem ana lyzed  e a r l i e r  by nondimens ional  methods i n  Ap- 

pendix  A .  P i l e  p r o p e r t i e s  and s o i l  d e s c r i p t i o n  a r e  shown i n  F i g u r e  Dl. 

Prompts,  d a t a  and o u t p u t  echoes ,  and g r a p h i c s  a r e  p r e s e n t e d  a s  t h e y  would a p -  

p e a r  a t  t h e  u s e r ' s  t e r m i n a l .  I n p u t  i s  from a d a t a  f i l e ,  and p-y c u r v e s  w i l l  

be g e n e r a t e d  f o r  v e r i f i c a t i o n  a t  x c o o r d i n a t e s  of 0 ,  16,  32,  4 8 ,  8 0 ,  1 2 8 ,  154, 

2 4 0 ,  4 8 0 ,  and 72Q i n .  



F1gci1-e D l .  i ' l lc ,  , + r i d  s o i l  ~ ) r o p c r t l t J s  

i ? ?  



18.1 T I T L E  
L(-) I- ITtMt*dFil';.~-ibI 'r.t:ILI-IT J ITIN FIIIF\ E XAMF'LE .f. i l tLVED NI:IN-KI 1 MEN';, t:IFZ&L METHll lEl  
::(:) !-IN 1 -)-+:, 
41:) ENGL 
!2 -I(.) - F ' iLE 72 1 72C! 25'. Ek.  (1, ( P i l e  P r o p e r t i e s  - NI,NDI~f,LENGTH,EPILE,SGS) 
&,I:) (:I 1 &, 1 (:):32 m 7'9 (XDIAX(1) ,DIGY(I) ,?IINERT(I), Where I=l,?JI?)IAM) 
7 I:! ::;I:I I L 1 ( S o i l  Desc r ip t ion  - F3L) 
:30 1 1 (1) 720 23 (UYER(I )  ,KSOIL(I) ,XTOP(I) ,XBOT(I) , K ( I )  Where I = 1,SL) 
:?O WEIGHT 2 (Unit  Weight Profile - NGZ) 
P Crt:) (:I . 1:) 1 74 ( x G ~ ( I )  ,G&YI(Z) 
1 1 (1) 73:) * I:) 1 74 Where I = 1,XGI 
1 2 ~ )  ::.Y&=ENI:;TH 2 ( S o i l  Strengrh P r o f i l e  - KSTR) 
130 f:, 3.472 0 . ( , , I  XSTR(1) , C l ( I )  ,PHII ( I )  ,EE5O(I) 
14Cr 7 2 6  3.472 , irl Where I = 1,KSTR 
15t:i C!blTPUT 1 2 1 I(:) (output Control - KOUTPT,INC,UYOP,NNSU%) 
1/.t:j (1) 14. 32 4::: 1:::: 1'54 246:) 4:Z:C:) ;P~C: ,  (mSUB(I) . . . XNSUB(?V'NSUB) 
170 EOUN 1 1 (Boundary Cond i t ions  a t  P i h e  Head - KBC,NRUN) 
1 1 :32(:)01:) -329 13~:) (11 (KOPSL:B ( I ) ,  PTSUB (I) ,BC2SUB(I), PliSUB(I), Where I = 1, XRL'S) 
f :=)(:I I:: y i :L 1 I: (3 (1) ( C y c l i c  Load I n d i c a t o r  - KCICL,RCYCL) 
i N T  1 ) (  I 1 I (Program Contrcl - ?MIT,YTOL, E)[BEFL) 
Z l ( 3  END 



Erd'l'EA DATA FII-E NAME 
=EDC SINP~D 

C 1317F'kR! - 2 .  :E.r:rLf-IT I GIN FOR E r;&MF.LE ,~.I : IL.JE~I E, y ~ i i ~ - f +  1 M E ~ , J . ~ .  - - I f,INAL EETHI~LI 
~ N F . * I - U  C'ORPLETE. r11:1 YSII-I GJGNT 1 ~ p 1 - i ~  DATA 
EC HOF'F<i NTED TtTi YtSI-IF: TEKM 1 NAL, A F. I LE, 
EOVI-I, 'IIR NEITHER T. < ENTER T ,  F, B, IZI~. N 1 
=P 
EJVTEF: )'JAPE FC.@R I NPClT ECHI:I~HI NT F I LE 
= 1 t+iPlJT 

NO. I t4C:F;EMEN T S  MI:[, ~;EGMENT,:: LEI'dGTW PlC~Dl,iLi,l::; ):IF I:tEFTt! 
F'I LE 1 DIVIDED W 17' W Dl[ FFERENT lItF ELA'6;T IS: : TV 

S'I4AFiAC:TEF: I ::;T I I : :~ - .- PILE 
/ L 1 C1. 7 2 0 E  6:):: (:I. "?(:)E C' 0 e 

TfrlF !:IF ErIURETER NOMENT CiFP I:~I:I~:,:~,-:::Ec:T . 
2;EtIil'rEMT rf1F FILE: I N E R T I A  A R E A  

(3 a 0 .  I/;,OE (112 (I), lcr:;:E C14 6:) a :I: 7:3E ( 1 1 2  



f \ ; l_l l l i?Ef- I I LCiYti.: t_lF LC ;kEF i  ~ ' ~ ~ ~ ~ [ I I J L I  ~ l ~ - ! b i ' i ~ ~ l ,  " A "  " F " 
. - 

1 1 f.) e (.I. ~:I. IE 1 1 1  :. 1.;.  L ' ~ I : I E  1.1: 1.1 . I;) . 

PlEF.TH FlIlFi 
F ' R i N T J N f d  
P - Y  C ILII3VE'S. 
'.' . 



. . 
- ~ 

. . - .  - - - -  

F I L E  ;iE&El LC;YERAL L::tCiD Ai ' bJ f i~ : -~E A>; ::,EI:::!xEI - &L L:;IAD 
F'F: I N T l,ll_l T I_'I;I[IE irSP I:I,F ,PILE EJ~-lNDkR.i' I:!~INCIIT~~IIT\J !:IN FILE 

I (1) a :::L(:)E 111?, -. :f:HTE 1;:/-, 
(-1 

" " ~ s c -  11 YI: L ~ C  CIATA, ococ-a 

MFIX. Ni:i. 1:rF TOLERENC:E PIN 
,-. - F'E LE kiEAf~ EEFLEt: T l !:IN 

I YER&Tl ONS .:.LILIJT I rIfN Fb&;G(':;'ri:rF'f; 
C:61!N1dER!:+ENC:E 

1 (:)1:1 t:! 1 (:I(:)E-c:I~ (:I ; 4 ~:I(:JE (:)z 

lKl~-~Pl~fA/3Y NIIf. PiIIIhIT::. FiIlR 
't.E T NI:I . EJ I '5TFi'I El. L A T E R A L  

LiIIFi€j V'f.. LlEpTt! 
1 1.1 



WILL 1:ff-17'Pi-lT !-,!It TI:t T k i k  l E h ' N I N c S L ,  f Y I L E  1:tk EiiItIH-' 
CNTER T ,  F, JZ~K 8 
=Ec 

ENTER NAME FCiR CICITPI-IT F l L E  
=I:ICITEX 



( P - Y  c u r v e s  genera t .ed  f o r  v e r i  f i c a t i o l i )  

THE NCIMEER (:IF C:I,IRV&~. 
T H E  Nf-IMBER r:lF F'O I NT!:; CIN EA~: H c !-IRVE 

CJ, 
(:A cb(:b:3 
t:J 1 @:Bt:l 
i t .  20~1 
1:). :::(:If:) 

1:) . 4 (:)I:, 
. kt (1) (:) 

(:I &I;I<:J 

u . 7511:1 

(11 * :i; 1,:) <:i 

c). :51:,(:t 
I , CrC,i1 

1 e 1 f:) (1) 
1 21:lt:) 

:5 a 21:)Cb 
C-# * (:)i:)Cr 
*-. 
3 2  a [:I(:)<:! 



DEPTH El IAM I:: lI*AMMA E; (:b 

I[tl IN IF$/  I N&G':' &.B::;/ IN%-+$:: 
4 :z: . (1) 5, 1$..O(;)<l i : :  ( 1  Cte2E-C8E, t:ta3(1~OE-r:!I 

DEF'TH DZAM I _ '  AM MU E5(:) 
l rd I N LE'4./ 1 N G G ~  E4.E.  / 1 &- <- z: 
:?: (1) s (:I(:) f 6. . (:)(:)(:I (1) 1:E I:) 1. 1;) a LE- (1) $ 11) 1 t:)t:lE - !:! 1 



F , L-1; : ,' A 8 "  

1.' . 
- - a  '-:-' -''::I I ,_ 

1 l i 8 . i :  25 2: 
1 ::(:I * (:I,:) 1 
$ 4 ::: . '> 1 7 
1 r5:3 . 'rfiC14 
1 7.5. 5t.t:, 
137 * t,2:: 
1 ',27. 5 2 2. 
2(:8&. 5f : )k .  
214.775 
2"2* 4% 2 
'-* '-/ .:/ /- ,:; 
& b .  (i -'._ 

236, :::.3<1 
2 :sz * 227 
114.  i i f :  
114,:;:. 

F', LE.:.~.,';N 
!:J a 

42e  4 5 1 : 1  

1 ::::z * 7~1.5 
1 [. tz. 4 :'. ,:n -. b' . -,.-I -. i . 4 2  % "/ -* 
21 2 .  25,:) 
ZZ:?: ,$, j:,:, 

2 4 2 .  '?:,..? 
.-. L- L- 77.2. 
2-57 * 4 1 ::: 
'-" 7 '=a : -, ,. _ a_. - .-. 
.-.,-,'-. 
-,>a:, * I:):;, 7 
':''a -,? * ,:: :, ,:, - .. 
:::f:2&* 1 : 7 
27&. :::1:1:, 

.-, .- 
& .::.$, a 4 .2:,5, 
23.5,. 4 ;:<, 





F', LEE:,' I N  









OUPPl-IT VER I F I l::&T I CIN 

THE M&% IMUR MOMENT 1 MBALANC E F O R  ANY ELEMENT - - (11. :$ :~ :~E-I : IL  I N-LE*: 
THE @ A X .  L A T E R A L  FORtlE 1MPALkNC.E FCIR kfJV ELEMENT = -(:I, &.Cr6ZE-(;1:: L E S  

C:OMPUfED L A T E R A L  FORCE AT PILE HEAD 
C:OMF'UfEEf MOMENT AT PILE HEAL1 
l::l:tPIPlJTED ILCIPE kT F S I L E  HEAKI 

THE CWEHALL MCIWEI~T ! ?~E+(aLAtdi l  E - - , : I e  .:I:: ::E-(;JL j y - ~ ~ i . ~  . - 
THE f3LLERALL LATERAL I'C1F:C E I KBALArvlI-E - - -,.is . L ' ; I ~ , E - ~ : ) * >  - LF -, 



LATEBAL FOi-INDARY AX I A L  MAX. NAX .  
LI:I&D iI:UNfiITIt:tN LI:I&EI V T :f; f NISMENT .'; T F\'E'$.'-. 
i LEG ) E C : ~  ( LE:i- ( I N )  (J .N/ IN)  (IN-LB':.) (LE5 . / IN**L)  

c:) , .I:Zi:)E ()5-(:) . :1:27~ C)& (1) . 6:) a ie,7:::E (:I 1 -[:) 1 17E-(:) 1 1:). zc:)(:)E 1:)7 (:I 14:i:E !:IT 





2 .  T h i s  example  i s  t a k e n  from t h e  example d e s l g n  of  a s i n g l e - p l l e  

d o l p h i n  a t  Columbia Lock and Dam on t h e  O u a c h i t a  R ive r  p r e s e n t e d  e a r l i e r  i n  

Appendix B. The  a n a l y s i s  p r e s e n t e d  h e r e  i s  f o r  one  p a r t i c u l a r  l oad  c a s e  f o r  a 

s i n g l e - p i l e  d o l p h i n  a s  shown i n  F i g u r e  D2. P i l e  p r o p e r t i e s  and s o i l  s t r a t i f i -  

c a t i o n  a re  shown i n  F igure  D 3 .  

EL 98.Q 3 4 "  TOP rli I ~ Y P I  

Flgure 2 2 .  Exampbe d e s i g n  p rob l em;  
s i n g l e - p i l e  m o o r i n g  d o l p h l r i  



EL PbQ 

DEPTH :k1ATERIAL DESIGN 

;,3" z ! ~ ; , ) ,  2 ' 2 , ~  ,. S i  LT PARAIVETE FiS 
* * A L L  ".iL! C = GOO PSF 

-. = ! : 5 PCF C 

I 1. - 9  O.Q2 

48" DIAM. t9-1:2" WALL)  
I2 = 59287 
S2  = 2470 1N.3 

SAND = 30; 
EL -4.0 IS&?-SPI = 120 PCF 

KO = 0.4 
48" DIANI. (314'' WALL! K = 40 PC! 
I3 = 39077 IN." 

LOADING 

F i g u r e  0 3 .  Pile a n d  soil properties; single-;lie moor ing  dolphin 



010 T1TT.E 
020 COLLTMBIA LOCK & DAM - SINGLE PILE I)OLL'HIN 
030 UNITS 
Ol iO ENGL 
050 PILE 100 3 1236 29.E6 516 (PILE PROPERTIES-NI,NDIAMsLENGTH9EPILE,XGS) 

100 SOIL 2 (SOIL DESCRIPTION-NL) 
120 1 1 516 696 25 (LAER(I1 ,K§OIL(I) ,XTOP(I) l ~ ~ O T ( l )  ,K(U 
130 2 4 696 1240 40 where I = 1  ,NL) 
140 kXIC;HT 4 (UNIT mIGNT PROFILE-NGI) 
160 516 .0304 ) 
1 7 0  696 .0384 
180 696 . 0333  (XG1 (I) , G M 1  (I)  where 6 = 1  ,&?GI) 

200 STENGTN 4 (SOIL STRENGTH PROFILE-NSTR 
220 5 1 6  2 .778  0 - 0 2  ) 

230 696  2.778 * 0 2  --+----(XSTR(I)aCI(I)s PHZ1(I) ,EE50(I)  where I=I,NSTR) 
240 696 o 30 .oa 

260 OUTPUT 1 2 1 1 0  (OUTPUT CONTROL-KOUTPT,ING,KP's'OP9WSCB) 
280 516 540 564 586 612 636 695 708 1116 1236 (mSUB(I) . . . ,  mSUB(?rTSUB)) 
290 BOLT;ai 1 1 (BOWARY C0,WITION AT PILEmm-KBC,  hTRUN) 
310 1 134000  0 0 (KOPSUB(1) ,PTSUB(I) ,BC2SUB(T) tPXSUB(I") 

where 1=1,KIZW) 
330 CYCLIC 0 o (CYCLIC LOMI PNBICATBR-KCYCL,RCYC&) 
350 CONTRQL 100  .001 100 (PROGRWPfr CONTROL-MIT,YTOE,E~EFL) 
370 EhQ 



( i n p u t  Echo l o r  floorlrtn Dolpt l ln  A r i a L v s l s )  

***** FILE DATA. ooeos 

Bdi.3. i : iC F:EPIfINTS rdi:~. :E.Et:*p:EMT4Z LENiz*TH M~:tDl_lbl-l.:. !:IF EtEI5TW 
FILE r'f flIVIDED IdITH LiIFFEREt.lT Qf"r ELl?f;TL C. J P).' 

I: )$&R&I:':"ER~ '2.T it::::. PILE 
: l:l(:i _. J : 4 4  1 . I  1 :  5 1 *  f: k,E i:.3 

LAYER F-Y ~ : i - i s~~ l~  TOF' f:lF EOTTCfPI It .IXTl;AL .:.~:igL FAi:.Tl:rR &A~:.TI:IR 
NbiPlEER Clt*ITRl:fL C:lIlE;E LF;VEF: &SF LAYER MI:I jri_lL 1 i I:INZT a 

1 I 
' I  '61'" I'  F " 

t:i . 3 1 h.E (:&:a: r:1 . .5:.?4.E 1:1:3 ~1) zT(:,E 02 
.-' 4 

(13 * 
A 0. /;.'?/-.E 6.1 1: i i .  1 Z4E (14. 0.  (1rz (-3 . 1.) * 

Nlzf, POINTS F!:8R &LOT 
EFF. IJNI T bWE IGHP 

QS. ElEFTH 
4 

DE15Tt4 PELCikal TIZIF. EFFEC T I  WE 
T I N T L f t d  1 T LIE % ISHT 



D A T A  CI L! 7- &'I-! T F - Y  r41:1, LtEFTH:> Ti:! 
t~i!_ITPt_\~ I N I I  REMENT F'R \' 9NT ~:li-!T F‘Z 1 NT F J ~ R  

11; 17 11 & C.I:IDE I::I:I LIE p-Y II:J-IAVEE. 
1 2 I 1 1:) 

DEPTH FOR 
F R I N T  IPII:~ 
p - Y  I::I-!R!JE*:; 
Cr,"=;&E 03 
I:). 54t:lE .C13 
111 . &.4E (1) ::: 
111 a 5::::::E I:!.:: 

C l .  /-.::E I:,:: 
1 1 1 ~  k,::k.E (j;;: 

1:) , &,':I 5-E (L) .2 
( 1 1 -  71:1:::E (13 
0 .  1 l 2 E  0 4  
0. 124E (;)4 



- FILE t i E k D  LATERAL LClrlD AT VC?LI-IE OF: ::;E[:I:~~JEI A X I A L  LSrFiD 
F'H I I\ITI:IIJ T f:: I:! DE TISF OF P I L E  El:rtll"dDkRY C.I:I~J[I I T I I:IN ON F' I LE 

f [ I .  1 7 4 ~  CIC. 0, 0. 

&**+a ~ C I ~ C I  DATA, +as%n 

B~Si-lt~!DARY Nlfi. p~:rItdf::: FIZ~F: 
<:ET NI:J, DISTRIB. LATERAL 

LCldfl V::.. DEPTH 
1 (18 



(P-'5 curves  f o r  Flooring Bo lph ln  Analysis) 

I:-ENERATEI:I P-Y 1; I,IHtk'E'E. 

THE NI-IMPER c.r-lii'vEs = I[, 
THE I\Il,~MEEF: lIfF PI:I I NT'I: !:IN EACH C'UFi'VE = 17 

DEF'TH ErIFtM C: 1:- AmMU ~ 5 ~ 1  
1 f4 I r.1 LB:Z;/ PNo+2 LE',;/ I r.lr-c:z 

(J . : f  : :  1 (:).3E-(:11 I : I ~ Z ( : ) I : ) E - ~ ~ ~  



Y ,  XN 
Ci  , 
111 6:! 1 ',a 
0 6.t:) t:) 

1 a 2l:ll:) 

1 . :::1:1<1 
2. 400 
3, Ci1:)c:l 

f:, /1.01:, 
4 . =(:I[:] 
4 * ::;l:)f:l 

'5 . 4 C l  r:, 
t. . (1) (:)r:l 

6. . /-.1:i6', 
7 . 2(:)(:) 

I '3. 2C,C! 
34. . C)C,(:i 

Q C: , <I 111 





E1EE'TI-I DIAM PHI C.AI*IMA 
% M I N  ErEf3 Lb*:;,t'I~o*::: 

A 

1 "2. 00 4:3 . (:it:) ::(I . 1:) 1:) 2E-(1) 1 (:I 5 11) (1) 

F 
i E ' f . /  I N  

6-) e 

456, 3 ? 5  
6.42. :2r1 
;7$'.", 397 
.> 1 :' .=..- . -' . I-. .::y 

1 (1) "3 .7 7 :I: 
I 12:::. :::48 
12 15 (:lzt, 

1 :;~:)CI. 527 
-. .- 1.1 ::;,;I 5 3 .:,.=: . 

9 45C.. '":f:,'., 
152p, 424 
1 s'?::; a &,*;/k. 

2e. 2 6. = 4 ::; -. .&/.'Pk.* (:f4:3 
3 3  14. * (IJJ::: 

261 &.. 045  

ElEFTII 611 AM F'tf X GAMMA A ' F PC: $ pi.C! 
IN IN ElEO bES/ I NI;++~ 

i(:)(:I. 0i:i 4:::. CI(I :::I:J [:I (J ;:E-Q 1 O. :_'::f: (1). 55 r:). 25E C I ~  I:', 0; 





DEPTH KlIAM PHI 1:;AMMk A Ec F'CT p f : ~  
IN I N  DErI; LEC;/ I Pdsa:;: 

720.Oi:r I 3f:1.1:) C),:::E-(:JI 0. 3:s CJ. 55 0. 33E 05 0. 32E (35 





VO. OF 1 TERAS IONS sx 1 a 
P ~ A X  IPlitM DEFLECTION ERkf3R = 111 4 1 (:IE-~:)::: I N  

F' I ;,E Li:iUD 1 NG C:C:I.U'ElI TI KIN 
LFiTERPL LOAD 47. PILE HERD - - (:J*::.4E (:lk, Lp!:; 
AF'F,LIED M12EEl\li EaT PILE  J-iEGEi - - (-1 m LEtC.- I N 
A X  l A L  LIJAEI AT  FILE H E A D  = CI ~ b $  

X ElEFLEC: MflMENT TOTAL Dl :z;TR. ,-. .3$.~ - 1 L FLEXI-[RAL 
STRES*:: i iz1 A %I I RIcjIDITY 

X N I N  LB'i.- 1t.I LE'-;/ INa92 / LE!:,/ I P d s c 2  &Ei':.-Pff.~c*;I. 
0 9 0 b G b C  b O Q Q G C O G O  CQ%-OQOCb; G * O C G 6 % 0 X  +CDCCX-CbG C & % - 9 b b b 9 9  069?&0bG08 

dl. ::!,I,.>PE (112 51. (:I , 0 . 0 . I:$ * e,?i 1:) 1 E 2 2 
24,92 r.1. lz.'lc:lE C12 C!.:3C:IE 6:1.256E 6:14 0. 0.  era PCbIE 12 
4 3 , 4 4  CI.  1:::z:'E c:rZ ib./-./;.2E i17 r:).SlZE r:r4 0, C) . IJ.P(:IIE 12 
74 .  I&, C i ,  l7:T:E 02 <ta9*?4E (112 5).7kC7E (:b4 6:!, 4:) e Ct , *?a:) 1 E 1 2 
9:3.&::: CJ. 1&4E CIZ #:I. dC:zE 0::: <I .  Ii>2& ($5 0. 0. CI,'"/:I~E 22 

123. /;.(:I (11, l f & E  (112 <I .  I&./-.E (11::: C!. 12:::E (115 (2, 0 ,  Cl, *.POI$ 1 2  
141.:::Z (:I. 1 4 7 E  (112 f:), f 98E 11x3 Cr, fSzE (35 Cb, 0, 0, PC11  E 12 
2 73, Cr4 0. 1 3 9 E  8:12 6:). 2t:ZE 03 cr, l79E ($3 612 . O..egro%E 12 
197. n6 cr, 1:31E 02 2&.5E O:3 ZC!sE 63.5 $3, 0. 43.952lE 12 
.-, .-, .-, 4:3 SI, 1 2 3 E  02 Cr Z9:3E C1::: CI. 23CtE 6:tS 0, Cr , CI. 3Crl E 12 
247.2C1 6:). I 1 z E  02 CI.:;:~IE 0:;: r:1.25&E (39 r:!, CJ . 0.*."01& 12 
,477 1 . '."= I:I. 2 [ I ~ E  02 Cis  ::&.4E (1::: C!. 2:::1 E (59 0. CJ a [:I +:~l:l 1 1 2 
2',3&../1.4 I:], ~I:I(:IE (:I: :::re:::-37E i)Q (:>.31:)*i"E: (:IS (3, (11 e (1, . 9(:1 1 E 1 2 
2 2 1 . 3 6  (1,32.,3E CaI t:be431E i,.C::::.::E i r f  (;I. 0 . 0. "'SIIE 1'. 
:34&*,C):E: Slr:i:C.ZE 01 i r e4&4E O::: (:).:::58E 05 CI,  0, (;I:?C~IE 12 
370.:3C:.C~.7?9E 0,4.;/TE (11::: [:1.2t:>lEb. 03 0. 1-1 e C1,%72:IE 13 
3P5.  52 0, 7:34E < r e  5:3(:1E r:1:3 (:I. 155 (11. (:) . 6:). 1 7 z E  1.2: 
43:1,24 6:1./1.7:3:E Q l  (:I.~&.:::E 0:;: f:1.22:::E <)P; c:r. c-i e 0, If2E 1.2: 
444,9/-. O.C.14E 01 5) .59k .E CI::: f:r.241E ir. (.) * Ci. f 7 2 E  13 
449,&-:I: c:Z,f;"iE 511 c:i,I,.Z-?E C I : ~  c:l,,'FZ;E CIS (:I, 0. 0. 172E  1.2: 
4'.94.41:1 t'r.Sr:jr:E (:I; Q . k . 6 2 E  CIE: <!-2C4E:E t:!s t:). 1.1 e (:I. 172E I:3 
c '3- 1.2 0 .  45l:lE t : t i  CI-  ~,<FJ&E C J : ~  C J -  2:::2E 8115 C J *  0 . z/I.c:iE <12 (11. 1 7 2 E  1:: 
C- ,,42,:2:4 CI .~CI~ : ,E  f:)! 0.72:::E <I::: (:1.2'r'/yE 05 Cr. 1:). 71(:1E it2 (:!. 17,'E 1;: 
5.53. 54 62- '3T::E (j 1 0.  75:3E <t:3 0. 3rj7E 1:,5 C). (;. 2:::5E 6)z (:I. 1 7 2 E  1 :: 



Cii-ITF'ilT VER I F I C.&S I f3N 

THE MUX 1 MLIM Pl~llMENT h MElr'rhANtI:E FlliR GNY ELEMEI\!T = (18. 755,E O<:) 2 N - i S T - .  
THE MAX, L A T E R A L  FII~F~'I,:E IPI~F;~UNIT.E FITIF: ANY ELEPIE~!I  = -1:1.5&.7E-i) L F ' 3  

IC:O?TF'I_ITED LATERAL FORC:E AT F ' I L E  XEArg 
C:CIMPI-ITEB ROHENT A T  F'ILE HEAIS 
I:II~I:F'IJ?ED ::.Ll:rF'E A T  F'% I-E WEAEr 

THE ICIL~ERALL Ml:iPIENT I MFALAf.IC'& - -c:,,,rl22' (:,(:) %t\l-i&:: 
THE i:rVEFtrr;Li L A T E R A L  FC1Fi'C:E I MEALAN!:'% - - -I:I. 1: %E-c.tl;. LE',. 



LATERAL PI:IUNE~AR\P AX f A L  PIAX. PIf%X. ' 

LOAD C'ONEIITION LClAEt V f ST HtZiHEtJT ~;TRE'= - -. C. 

f LE5. ) EC 2 ( LBS) ( I N )  t IN/IN) (IN-LE5.) fLFS?/IT. /*+1> 
0. 124E 06 Q .  0. 0, 1':;19E itz-t). ::57%-O 1 ( 1 1 .  <.':i4E t3:3 i), 37: E C 5 





Example ,$ - 

3 .  The p i l e  shown I n  F igure  04 w i l l  be  ana lyzed  under  v a r i o u s  l o a d s  and  

p i l e  head boundary  c o n d i t i o n s .  The so11 p r o f i l e  used  i s  shown i n  F i g u r e  D5. 

Four  v a r i a t i o n s  w i l l  be a n a l y z e d  i n  a  s i n g l e  run .  

Free-head p i l e :  p-y c u r v e s  by 
s o f t  c l a y  c r i t e r i a ,  Example 3a . 

4 .  The p i l e  1 s  t r e a t e d  a s  a f r ee -head  p i l e  w16h an  a p p l r e d  nlornent of  

300,000 i n . - P b .  L a t e r a l  l o a d s  o f  25,000, 3 0 , 0 0 0 ,  and  35,000 I b ,  along with a n  

a x i a l  l o a d  of  15,000 l b ,  w i l l  be a n a l y z e d .  p-y curves   ill be g e n e r a t e d  i n -  

t e r n a l l y  using t h e  s o f t  c l a y  criteria and c y c l i c  l o a d i n g .  The s t r a i n  a t  

50 p e r c e n t  of  t h e  maximum d e v i a t o r  s t r e s s  i s  assumed t o  be a c c n s t a n t  0 . 0 2  t o  

a d e p t h  o f  336 i n .  and t o  d e c r e a s e  l i n t a a r l y  Lo 0.3: 2: 3 d e p i h  o f  1176 i n .  

Free-head  p i l e :  p -y  c u r v e s  
by u n i f i e d  criteria. Example 3b 

5 .  Th i s  p rob l em i s  r d e n t a c a l  wl l h  Example 3a except  t h a t  t h e  p-y curves  

w i l l  be g e n e r a t e d  by t h e  u n i f i e d  c r i i e r i a  w i t h  c y c l l c  l o a d i n g ,  and a  l a t e r a l  

l o a d  o f  25 ,000  I b  w i l l  be a n a l y z e d .  Va lues  o f  A = 2 . 5  , F = 1,0 ? and 

k = 114 p c i  a r e  assumed.  Output w i l l  ~ n c l u d e  p o i n t s  on t h e  p-y c u r v e s  a t  

x c o o r d i n a t e s  o f  96,  120 ,  1 4 4 ,  192, 240 ,  3 3 6 ,  5 7 6 ,  and  940 i n .  

F ixed-head  p i l e :  p-y c u r v e s  

6 .  This  problem i s  i d e n t i c a l  w i t h  Example 3b  f o r  u n i f i e d  c r i t e r i a  ex- 

cept  t h a t  t h e  p i l e  head i s  f i x e d  a g a i n s t  rotation, d p-y cu rve  w i l l  be o u t p u t  

a t  a d e p t h  sf x = 574 i n .  f o r  v e r i f i c a t i o n .  

R o t a t i o n a l  r e s t r a i n t  a t  p i l e  
6 

head of 1 .5  x P O  i n . - l b ,  Examphe 3d 

7 .  T h i s  problem i s  i d e n t i c a l  w i t h  Example 3 b  f o r  u n i f i e d  c r i t e r i a  ex- 

c e p t  t h a t  t h e  boundary  c o n d i t i o n  a t  & h e  p i l e  head  w i l l  h e  one of r o t a t i o n a l  re- 
6 

s t r a i a  w i t h  Mt/S = 1.5 x 10 i n . - l b .  A p-y curve w i l l  be o u t p u t  a t  a d e p t h  
t 

of x - 576 i n ,  f o r  v e r i f i c a t i o n .  

Comparison o f  
Examples 3 a ,  3b!  3 c ,  and 3: 

8 .  Cornparisorls betweei; s o l 1  r r s  ~ s e a t l c c ,  moale!i;, ar ld clef i e c t l o r l  f o r  ex -  

amples 3 a ,  3 L ,  3 c ,  a n d  3cl for a l a t e r a l  l o a d  o f  2:i.P;'O l b  JL-e stiown i n  F i g -  

u r e  D4. 



F i g u r e  D4. Pile p r o p e r t i e s  f o r  
e x a m p l e  problems 
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. . -".' FREE HEAD F ' I L E  - F - y  I-I-IF~VE.? ? Y  ...I:~FT ! : L / i y  : ; ,  1 r i i ~ ~  (1 
I:(.! I-tN 1 r.:. 

c:r ENII.L 
I 1 0  FILE  -:/b 3 91.1:~ 2,:f.E~. (Pile propert ies - N ~ . % D I I L ~ , L E ~ ~ ~ H ~ E ~ I ~ E ~ ~ G s )  
/.*(:) (3 14 56.75. 7 (XDmf ( I ) ,  DI&i(I) ,>!INERT(I) 
76;) 5.1:,;) 24 *1:4 . '-.C . .-. Where I = 1,::DIiLS1 
:?@:I $I:I~L 1 (Sail Description - SL) 
'3:' 1 I '"6 1170 11C. (LAYER(I) ,KSOIL(I).XTOP(I).XBOT(I).K(I) where I = 1,SL) 
1051 WEII~HT 4 (Unit Weight Profile - NCZ) 
116;) s?t&' .f:J15-:# 
]i :ij 33&, . 1:r 1 5.:) 
130 2:3& . c L J ~ ~ &  X61(I), G&'f1 (x) 
1463 34:)0 . 1:1=4k. !*ere I = l p X G I  
190 yl:l63 . (:J3(:!4 
1685 117(1. .0:3(:,4 
170 5;TRENOTt-I I: (Soil. Strength Profile - NSTR) 
180 '34 1 . 'S:::L? t:). C r  .6:>2 XSTR(I), CI (I) ,PHIl(I), EESO(X) 
1 I :  ' 3 3 ~  1 , 3::::=? (:I . Q . k'here I = I ,NSTR 
?(:!(:) 1 1 7 k .  &. 25;1 11) . ~ : b  [:I 1 
21 ':I E$:IIJJTIF;~Y i I: (Boundar:y Condition a t  Pile Head - KBC,SRUS) -- .-j.-( i:) 1 25. E.:: ::, 175 1. 5 E 4  KOPSCE(1) ,PTSL'B(I) ,9C2SV13(I) ,PxSUB(I) 
:::I:) 1 :::r:r.%:3 j:,E5 1,2,&.-4 \&ere 1 = 1,NRUN 
.-, -41:) 1 .!::S0E.2: I:rELI le9E4 

25(:1 1::yi::~IC. <) r:; (Cyc l ic  Load Indicator - KGYCL,ReYCL) 
~ b t : ,  t:iir~pi-i~ f 2 - :3 (Output Control - KOUTPT,XSC,YCPYOP,SXSL'B) 
~ , ' - P c )  '96 121:l 1 4 ~  .,::t2 ;~'4(:, ::'.:./- -..... -. r.s/,. c ; t ~ ( : b  (XNSUB (1) . . . . mSUB(NNSUB)) 
2:2:(:) I::ONTRI:IL l(:ii:: .(:)(:JI 4(:) (grogram Control - WIT,YTOE,EXDEFI; )  
2:5(:1 END 

T I T L E  . 
FREE HEAL1 .- l LE - f ' - V  l::LIR'vJE'f. B Y  LINIFI ED C.RI TERI A 
':;l:lIL 1 (Soil Description - k J )  
2 & .FJ/.. 117,- ::*:< 

a ' I i  (L*YEB(I) .KSOIL(I) ,XIOP(I) .XBOT(I) .K(I) hhere I=I.SL) 
BtIlr,lr\lDARY 1 : 
1 2s E " ,:. z:.  1 (Boundarv Condition at Pile Head - KBG,XRUN) -. -.aI-. - 5E4  
17lJTPt-lT 1 ,' ! :3 

(KOPSUB (I), PTSUB(1) ?BCZ!SUB(I) , PSSUB(1) where I=I , S K K N  
(Output Control - KOUTPT,INC,WYOP,NNSUB) 

3.5, 1 .?(:I 1 ..;< , "2  ;;d4(i) ,33,L, 574, '-i,i(;] (mSUB(X), . , . XNSUB(h3SUB)) 
EN61 

:39(:1 TITLE 
4Clt:l FIXED HEAL1 ?lhE - F-Y i : i1RVES P V  LlFaIFIED C : R I Y % R I k  
4 14;r &K~L!NDAR'Q hl: : (Boundary Condition at Pile Head - KBC,NWUK) 
426:) j, 25, E:> i;, ,:! 1 . 5E.4 (KOPSUB(%) *PTSYB(I), BCZSUDCI) ,PXSUB(I) Where Iz1,NRGN) 
4 : 3 ~  r l i ldTP~' t  1 2 1 1 (output Control - KOUTPT, PNC, UYOP, PRJSUB) 
446:) 976 (XXSUB ( I )  . . . XPJSUB (&%SUB) ) 
450 EbID 
46(:) TITLE 
470 Rf:iTdT I~Sl\l&.!l RESTRAINT AT  F.1 LE HEAH! trF 1 . 5 &/I. IN--LE!3 
"%st:, & u i - i ~ ~ & ~ \ f  .:: 1 (Boundary Condition at Pile Head - fCBC,NRUN) 
490 1 25. E3 2 . 5 E C  1 . FE4 (KOPSOB(I), PTSUB(1) ,BC?SUB(I) , PISPB (I) !&ere I-1,NRUX) 
5r:~:~ END 



( I n p u t  Echo f o r  Problem 1 - F r e e  head p i l e  - P-Y c u r v e s  by  S o f t  Clay  C r ~ t e r ~ a )  

N0. I I'.II::REMEN? '5 NI:I . ::; E I:, M E p4-i :;. &,-ENI:IT~{ ~~I:IDI-I~I-I~:: OF  DEPTH 
FILE 1'5. 61 1 LII LIED W l TH DIFFERENT 12 F ELA:E:T f i I YY 

11 HAR&I: - jER I 'f.T I I: '2. F I L E  
C !-. &. (1) e '=/k.(:lE I:! :, (11 , L8:/t:)E i:!::: ;'. . . ,> k,t:>E &:,I 

-r 11, E, !:IF DIfiI"1ETEF: ~II:IMEN'T I:IF C,'~C~.:;.I,-,Z _ _  _ I _ _  rl-,=j . 
;, E 11, m E r.! ': IIIF PILE I PiZFtT I A AREA 

(-1 Q (1) 2 4  (:)E $:I? <:I a E,t,:::E 1114 1:) e ;:: 7 1:;z 

1 2 1 1 : <I, 24(:)% (1): [:I , .I: 4 2:E 1:) 4 f:i  y8t11L+ !:I 2 

L A Y  Eii  p - Y  C 1-IR'JE - - ; 1-11". ITIF PI:ITII:IM I FA11 TiIiF: F&I:T~:~F< 
NCIMBEF: C'i:tNTF:CiL 1:.15fiE LMYEF: 11iF LAVER ~ I ~ I ~ I I - I L  1 II.I~I~\!*~;T " A "  " F "  -- -. 

(:I . a ? t . t : , ~  r : , ~  c:) , 1 2 :::E (:)4 c:, . 1 1 /:,E 1;1:3 1 a (:r . I-) a 



8115, I N ? $  FtZiR 
:5TKEN13TH PQRFIMETERS 

VS, DEPTH 
3 

DEFT11 BEL1:lW 1-JNDkkI NEE1 SHEAR ANL-LE OF INTERNAL S T R A I N  AT 5(5% 
TIZIP #SF PILE :5;IF(ENr:;TH #:IF St:fIL FR6t::TIi:tN IN RADIAN!; !:;TFIES!3 LEVEL 

(:I. 9&8:1E 02 618 * 1 sa?t E 1:) 1 i~ . 0. 2CrcjE-1:) 1 
$:I, 33k.E f:):3 1:) * 1 '??JE t:) 1 (3 . 611 ~I:I[:~E-(:I 1 
(3, 11:SE (:bd) C, e. / ,.&.,<E -.s C h f  a, 0. Zt:ht:tE-C)1 

***** P-Y DATA. *a*** 

DATA i:rUTp-rT F-V  NO, ~IEPPH'% TCI 
r3UTF'UT % N1::REMENP F'R I N f  Cll-IT PRINT FCIR 

t::l:ic!E C:I~EIE C: !:I D E p - Y  f::LiRVEsf, 
I 2 a a-s .> 

CEPTW FlkR 
F'F: % N f  I bI13 
P-Y I;:I_IRVE'~ 
(11. 'f/&.r:!E 822 
8 : ) .  4 2t:9f 0::: 
0. 144E (33 
8 : ) .  1 * ? z ~  03 
6.3 24CtE, c:r::: 
1:) '::.-&€ t:1:2 
0 ,  57k.E: (:a4 
0 , '?&;IE c:i:S 



P I L E  HEME1 LATERAL LOAD i i T  VALLIE i2F 'f,EC ONE! QZ:IC;L LlllALl 
F'R I NTITII-~T I::CIDE TI:IF' f:!F F I L E  FIIIUNDARY C:OND I: T I ION CfN F' ILE 

1 c). 2 5 ~ : ) ~  t:15 t : ~  . :::t:)!:)E 11) e 1 E,(:)E (:)y 
1 1:) :311)(:)E (:!5 (1) . :::(:i<:)E @:>be I) 1 Ett:)E ( :>y 
1 (1). '::St:)E (115 6: )  a :::(:i(:)E (1) 6. (1) . 1 :,I:)E (:)ti 

MAX , IVIII, iIlF TIIILERE~II:E C1P.l p I LE HEAD T4EFLE:I'S IlIIh: 
1 TEFiAT I C1I.I.E: ::: 111 I- 1-1 T 1 111 N FLC;r ( 'f.Tl;lF'':. Fil-lrd ) 

IZ:I:INVERI:,ENC:E 
1 0. 1 Ot:tE--(:)2 (1) * 4(:)i:iE (:)2 

BC~L~I\JEV?HY NI:I. f:'r:$aNTqE; FCIR 
:I.ET N I ~ I .  D I : 3 T R I B .  LATERAL 

LI:IA~I V!:;. EtEF'TH 
5 ._. CJ 



(IvENERATED F - Y  1: UF-:VEsI. 

THE NLlfiEEri CiF Cl.tF;VEs:. 
THE NCiffBEK' OF F.fJ 1 NT':. l:rN EktZX I, I-IRVE 



DEF'TH UIkM 11. CtAMRA E5C) 
I N IN ~&*f;/ I N ~ c Z  LE.:;/ IN**::: 

1 4 4 , (11 1:) 24,c;rc;)c:l ( : I ~ ~ E  !:)I ( : I ~ ~ E - ( : I ~  ~:i~:!:>(:)E-(:ll 





Y ,  IN 
C) . 
4:) (1) (:) 2' 
(:I * 1 
Q . ::: 7 7 
Cr. 5/.4 
ir. 7 5 4  
(1) * -7 4 1: 
1 . a '3 I 
1 * .32(:1 
1 'fz::1 -,:/ 

I . &,,37 
1 ::::::&, 

2. ::194 
.-, - 

J /. 'Zfi - D - 
6. 111.34 

$6.:314 
1 E, a <:1:3 &* 







(toad Case 1 - Problem 1) 

lal!:r, 15F I TERF; I I ON'$ - - 19 
MAX I MI-IN DEFLEC:T I ON ERROR = 0, G49E-Cb3 I N 

P 1 LE LO&%t I N9i C:CfND I T f CIN 
LATERAL LClACl AT FILE HEAL) - - c:). ~f (:BE t:)5 LB,:; 
~ F ' P L I E O  III:IMENT A T  PILE HE&D - - C). .f:(:~c:)E t:)& LE-;,- I N 
AXlAL bOA61 A T  F I L E  HE6161 = (11. 1 SCIE CIS h&,f, 



THE MAY IMLIH M1:rMENT IMEFiLfiNl: E FOR ANY ELEMENT - - (I. .I:/;,~E-':I 1 I N-LE'T 
TBE MAX, LATERAL  Ft:iRC E 1 ~~E~ALANI, .E FiItR ANY ELEMEI\iT = -0. 'I:7:f:E-(:Ii LE'5 

THE OVERALL MOMENT X MEkL6iNC:E = -(:), 1 '::4E-1:1 1 1 !.I-LE'i 
THE CIVERALL L A T E R A L  FORCE % ME.ALGNII.E = -I:,* 75r:)E-1:1::: LE::. 

F I L E  WEGD 6fEFLEi::TION = C).45JE i ~ l  IN 
MAX IPlClM EEI~JKIINC~ MClMENT .: 0. 5 h k . E  07 I N - L E S  
PlkX IMuM TI:IT&L :i;TREs5'Z: = (:I. 12 LE (113 LBc$;/ I N o 9 2  
PIAX I MUM SHEAR Ft:rRC:E - - ~ r .  2535 C I ~  hp:, 





(Load Case 2 - Problem 1) 

F'ILE L1:rAD1bIt:i ~ I : T ~ N L I I T I I : I N  
LATERAL LClkEl  AT PILE HEAD - - c:r . :::t:)(:)E (115 L Be-; 
AF'F'L I ED MfIlMENT AT F' I  LE HEAD - - ( : ) . : j i ) ( : ) E  I:)&. LE'E.-IN 
AXIAL LOAD AT PILE HEAD = (:I.IS~:IE C 1 5  LB:,. 



f:lJ-ITF'I..tT VER IF I I: A T  ] 

1 HE MAX IMl-IH Mi:lMENT I MBALANl IE  FCfR ANY ELEMENT - - 35:$,E-(:)I IN-LE': 
THE F A X .  LATERAL FDRCE I M B U L I N C E  FOR ANY E L E l l E N T  = - I .  7 l E -  LH5. 

~ :O f fF '~ fTEL~  L&TEFI&L F1:iRC.E A T  PILE blEkD - - (:~;>(:b(:r(:)(:!E (:15 LF'3 
t:ONP~-!TED Mt:lMENT AT PILE HEAD - - 0, :31:)1:)0r:)E r:r/z. 1 IN-LE*:, 
C OMPI,ITEEt SLOPE AT P ILE  HEAEr - - ~:3&,l~&-( :>l  

'THE i ;~t 'ERALt PSOMENT X MB6LANC.E = Ct . 124E-02 1N--LB'Zs 
THE OVERALL L A T E R A L  FIJRI: E ZM~ALANI:E = -(:J*'.-P~~E-(:)$ L E ~  

PILE HEAD DEFbEC:TION = r:1.616E i l l  I N  
MAX I KLlM EENCI I N D  MOMENT = (:I. &'!/'3E 637 I N-LE.:; 
MAXIMI-IM Yl l lTAL !ZiTRE!E::$l = I : ) . P ~ * ~ E  (:IS LB!:;/1P.i+a2 
Md X I :ll-:il :z,hEAfi FizrF;~: E - - (:I ::: t:~::: 5 *:, 





F I L E  LClAKlI NC- CClNfiI T 1OFJ 
LATERAL LOALB A T  P I L E  HEAD - - (:I, .Z:yf:)E 1.25 L&Z. 
APPLIED MOMENT AT WILE HEAD - I:]. 2:::c:nr:jE (:a& LBS- I N 
A X I A L  LOAD A T  P I L E  HEAD = <I . 1 C~~;IE 1:15 L 

X DEFLEC: MOMENT TOTAL DISTR,  ~I:I I FLE XI-IFiAL 
!:; PF;E!,'.!Z; LfSAD $l~:iK~f_hi~::; R % I > ~ K I I T V  

I N  I N  LFS-IN LE':;/ I N s * Z  . 4 tE,:,/ Irj+.-92 L E . ~ , - I N ~ ~ L  ******* *****CSCC U - Q 9 C * 9 9 9 < .  C * O + O Q * C C  9<-0g-s+++++ ~ G O G G G C Q *  +<.<-+.+*+.++ 
f:' I:] . :!:.::e.E 1:) 1 I:] . .::t)i:~E 4:11:, (11 a :: , ;I<,€ 111 :: I;] 1.; 11,. :::YE 

2I jv tI!l:J [:Je 7:!::3E (11 1 (:)+ 1 I:] 1 (117 t:) 2,::1:1E 1:14 (11 1-j a I:). 1 .'YE : 2 
4 Cl. Or:] 0. 744:iE: t:r I I:I . 1 7 1 E 1117 (11, .:::;:cIE c14 (;I a i t .  1 : ) .  1/-.4& 2 2 
&.CI (:1C1 t:, . & - S - j E  (')I . (-1 . . 242E 0 7  (:I. 929E 1:14 (:I. (:I * Cl. l.I-,5E 22 
:i:f:J, (;)if 0 . e.4e.E 1:) 1 <) :I: :1 ::::E (:IT t:), t . 7 9 E  (114 0. C I  . (;I. I C , ~ E  1' 

1 f:lt:l a {IltI] k.1:) 1 E f i b  1 111 .:::::4E 1:17 (:I a :::L:::E (114 6;) a 0.  lci5E (;I2 112, I & . s E  11;: 
l:i),[:)(:l C),55/;.E @;I% t:ie45ZE 1:17 (:1.':~7.3E (34 <I. CI. 144E 1:); (;I. l k 8 5 E  :b 
I 40. (:I(? i i 5 d 2 E  CI 1 (:I, 5 18E r:19 6:). 1 1 1 E it5 0 ,  (:I, fia"1E 0 ,  1&5& 12 

'>:'(', .-,,-. . . (:)t:~-i~, 2'"~-<~.~:-(~b, "52E t:~&, <I. i : :f:E C t 4  (:I. c:1 * 1 2 1 E (:I& < t .  ::E 1 1 
*;j(:lc~ (:bf:l (11 + 1 2,:1& -l:l;-(:) a 1 4 q E  (:I:,. 111 . :=: 1 *?E (:);:: (11 . 111. 4 5k.E C J ~  Cl. "'2 ::E 1 1 
,"-, ,/,\.B, .. c:~*:r C) . 227E-,C12-r:~. &3&E (:IS t : ~  . 5 ?:sE (11.3 <I (;I ::_5.::~: I : I~ CI . ..:).a.::~ 1 :. 
94l:be ()I:! (:be 2*:/7E-1:)2-1:)~ 17:E:E [:IS (:je.>,$.6:)E 1113 (:I* t:!. 27OE (It5 (:l.''"~~~E I I 
'2&.O. 0t:1 1:1.:::5:"E-(:r2 I:I. (1) 2 .;) :::E - t-,.:a - ,-* (11 a <I, 25:2E c:r;:~?::& 2 1 

THE MAXIMUM MOMENT 1MBALBNlL.E FClR ANY ELEMENT - - - < I .  SS1E-OI IN-LB,:, 
THE MAX.  LATERAL FORCE 1NBALANC:E FOR &NY ELEMENS. = (1). /3'?'2E--C12 ;.&'I, 

f1:OMF'UTED LATERAL FOR!I:E AT F'I LE HEAD - - C! . :3"1;>1:1(:1~ (:iy ~2 ' : .  
COI'IPCfTED MOMENT AT PILE WEAL2 = C).:~~:B~I:ICIE I:I<. IN-L&*_'. 
COMF'UTEO SLOPE AT F 1 LE WEAL1 - - -I:] Q .z.i:.?*;/*;a~ -(IF 1 

THE CtVER&LL MOMENT I MEALAMC E = ( : ) . ~ ~ ~ . E - C Y I  IN-LE':. 
THE ClVEFtAkL LRTEKAL FOFil, E I M E A L A N i  E = -<I. 1 ;.j'E-<17 LD ' i  

. - -  
F' I LE HEAD TtEFLEC T I  ~:IN = 1.1 :+ ::,k.E (:I 1 1 t4 
MAX IMi-lM EIENLf INt-- MIIIMENT = (1). : f :4JE r:;7 IN-L5.S. 
MAX IMl-Ul  TCJTAL 'E.TC;.E.;..:, = I:) ,  I. *'/c:>E r:15 LB':,/ I N ~ U Z  
MAX i Rf-fM ':.HEAR FI:IRII.E - - (.I. . ;:54E - r:$5 LB':. 





FREE HkkLf  PILE - F-Y ITI.~RVE'I. BY S O f  f C L A Y  (I f i I  TERIA 

LATERAL PCtCINEtARY AX I A L  M A X .  MAX, 
LClFiLt CQMD I T I ON LOAD YT ::;I MllMEMT , ~ T K E ~ . C ,  

( LB:3 ) E t:: 2 (LES 1 ( I N )  I !  (IN-LEI;;) (LES/IN**2 
r:b. 29t:,E (:is i t .  :::(:)(:)E Ofi I:), 1 50& (53 0. 454E 0 1 -r:). 1 4 4 E-i:) 1 (1,. 3&.&E r:)7 I:). 1 2 1 E OF 
0 .  :::r:rt:)E (35 r:, . ::(:)(:BE c:te, (:I. 1Zr:)E 05 Cl. &1&E (J 1 -CB, 1 ~ & E - I : B ~  < I ,  &gPE (117 (:I, 14'."E 1:rF 
0, :2:5OE 6:15 C). 3CbOE (:I& 0. 'j E;tJE r:)5 (:I. 5::3&E 0 ~ - C I .  240E-r:b 6 3 ,  :::57E 07 c:). 1 :?OE 



( I n p u t  Lcho  f o r  Problem 2 - F r e r  [ lead p ~ i e  - P-Y rurv6.s by  b n i f l e d  ( . r ~ i e r l a :  

**s**  P I L E  D A T A .  c*%** 

Nlf. I N1I:F:EMENT:E NI~I. :~;EII;MENTC, L E N G T H  miIi11l-lil-l'i, [IEF'TH 
F I L E  I,:, LI1L1IDELl  &I TH DIFFERENT !OF ELA'I.T I i 1 TY 

11 h&hhi :  T E R  I,:.: :I:,> F I L E  
'2 i.. 

6 
. ,;~~,I;IE (1) 1. (11 s L'.:fi:jE 1:),3 '. <.,- ' -  .,,:,l.:~ . -- l.$-' . - 

TfIiP {:IF 61 I AMETER MKIMENT I:!F 1- - ,:,,:: - - *;, 11 T 
'E.EI;MENT I:IF P I L E  I NEF;T .I A AREA 

1.1 . (1)- 240E (1): (:I* :,k.:::E i:jL+ <!,:::71E 1:): 

I:) 5 ::(:)E I:> :: 2 4  (:)E I:I: 1:) ::: 4 1:: E 1:) 4 :;i:)4E [:I: 

I-AYER P-Y 111-IRVE TI:I~ I-IF &I:ITTI:IM I FAII Tfik  FA:: T;:IF; 
NCIMBER C UNTRI:IL 1: fIfCfE L A Y E R  ll lF L A Y E K  Pll:~Kfl-~L 1 1: f::K!5T " @ " " F "  
1 /a. 1 1  I :  I I : I CL. 1 1 k ~ E  (:I 2: [;I, "5c:kE (11 1 (:I . 1 (:~i:iE (:I 6 

NCI. F-'I:I%I\IT::: FCIH ~LI:IT 
iIiF EFT- . LiN 1 T dE I GW1- 

V:E,, LIEI2TH 
6 



D G O  



P I L E  HEA61 LATERAL  LI:IAD AT VALLIE I:IF .i.EC:ONKl A X I A L  LOAD 
PR I NTI:I?IT t::t:fDE TOF' OF P ILE  BOUNDARY 1::OND I T I ON ON F I L E  

1 (:J . 25<:1E 1:)s <:I . :~(:IOE (:bk. (:) 1 5i:lE t:)s 

C:Y I::L 11:: ( Cb ) NI:I, t::'fl::LES 
lIlH STATIC: (  I )  i)F LI:IAD I NI; 

LOAD I: El0 
(3 (:I . 1 (:I(:>E 6:1:3 

MAX. NO. f l fF  TITILET~ENIIE I I IN FILE HEAL1 CIEFLEI:'TION 
P TERRT' J CINS 'E.CILI-IT 1 f:!N F L A T  R l lN )  

I: CINVE~~I:.EI\~C E 
1 (:I (11 1:) a ; (:)::I & - (1) 2 !:) a 41:)~:)~ [:!L 

BOI_lNDARY N!3. PI~IINT':: FIJR 
:SET NO. LI 1't:TR I P. L A T E R A L  

LlLiAfl V'3. DEF'TH 
I O 



(P-Y c u r v e s  genera ted  by v e r l f i c ~ ~ l o n  - Problem 2 )  

GENERATED P-y C:URVE1i: 

THE NUIYEER IIIF C:CIT\'VES 
THE NI-1MEiE.R lIlF P!:lINT: I~ IN EQ,c.-+ c 1 - l ~ ~ ~  







DEFT ti ElIkM 1: 1 AVG GAMMA E ~ ( : I  
I N  I N  LBS/ IN%aZ L t S /  IN**.:: LE':./ IN*%::: 

4:::c:l. (:)(:I 4 I I : f :  1 (:I, ZE (:r 1 I - 1 I:). 1 7 1 E -(:I 1 

Y F.' 
I N  LB:::,' 1 h! 

(1) a c&. 
(1) I:>:::&, 1 :2 I a (:)4 1 
6 . 1 7 1 165. 1 C 1 1  
(1). 257 1 5:::: . 5/94 
11) . ::: 4 :> 2 1:) ::: * (1) 1 4 
(1). 42:) 224. (1177 
(:I . 5 1 4 .-, .-. ,-, 

,--$.I.. 117 
C). 400 & '51:) - a C.72 
(1) &,:::be 24.2- (1>:::2 
0.791 '-'72, 5 7 k .  - 
(:I. :357 .-,,-<.:a ,-, -&.* . :I; 1-7 
(:I. '343 '-":I r; .. 1 ' 4 1:: 2  
1 (:lza;/ ::(:)[:I (:)<:),FJ 
9 

/ * 5 4 ::: .:: (11 1:) . c:) (:) ,'S 
14 .  057 ::(:)I:I b (:) r:)cFj 
2 ~ : ) .  57 f. ::<:>I:) . (:1(11'</ 
::: (:) ::: 5 7 .::[:I (1) a (1) 

EIEF'TH D I k M  C: I::& VG GAMMA E 5 (:I 
I I\1 I N  LB:Z:/ I l \ l ~ s Z  iF':;/ 1 l\jr-o:: i E ' I ; /  I N+:%:3 

:$ k. 4 . 0 (1) 4 ( 1  i 1 )  1) : ( )  1 (1) . 2E-(1) 1 (1) 1 '-> - , -a  c-(:) L 1 

Y f=' 
1N LBS/  1 N 

1-1 e (.) * 

(11 (1) kt::: -.-a,- - *  .:,c, 0 ;;; [- -"-) .=, 
(1). t 2 t .  . 'CJ~,  - .. 175 
0, 137 ::: 4 (:I 1 ::: 1 
(11- 251 374 ,  4 i 7 
(:I ::: 1 4 4 (:) ,:: 12: 2 a;/ 

(1) a 1:: 7 7 4 3 *  &(:) 1 
0 . 4 4 0 451 a 1 9'" 
i:1 * 5 (:I::: 471 7:::c. 
0, 5&& 4'~(:). k .25  
0 /-,29 5(:13. j, 4.2 
(1, . e, 9 1 '7 -<L4. .-I 56/1, 
(1). 954 54 (1) a (:I(:) ::: 
5 .  5::: 2 5 4 i:) . C) I:) ::: 

1 0 . ::: (1) ::, 5 4 (1) * (1) (1) ::: 
1 5 . (:)C:&, 5 4 i:) 11) (11 .:: 
22. / 2L':J .- - 5 4 0 c:il:):i: 







X LIEF'LEJI. MlCiMEl\I T Tl3'TkL 1 5. T F: . 
': -J. RE ',,.2< -. LCikCi 

IN I N  LB'f.-- I N ie'f. / 1 Pds-cL Lp.f;,/ 1 r.) 
OCG*kO+ C**+%-QCC% G * G C b * C C t  %-CQO*OQGD +D-k+Qb*+C 

<I. 1:) & s : ~ : ~ ~ ~ E  611 1 (:) 'I:l:l(I)E (11 ?, (1) :i:(:)/:.E t:I':: 1:) a 

. . lit(1l {:I. ?;.5l:lE (11 1 111 :~:(II~.E I:! (:. t:] 1 :f::::c tI!q (11 . 
4 I:) . CIC) C I S  /-. 1 1 E I:) 1 (11 . 1 ::: 1 E f:) 7 (I! . 294 E 0 4  (:) , 
.:.f:t,c:lC) ( 5 . 5 7 4 E  (:I: CI. l:i:LC (117 1:~,4i:jlE (1~4 (1). 
.- ,=:(:he (:)I:> 1:) 5'::k.E 1;) 1 611 2'I:zE (117 I:! t;f:):>:E (114 (11 

1(:)l:la li16:~ (1)- 4*.3*;~E 111 1 1.1. 2:::::E I : J ~  1 . 1 ~  k, 1 sE 1:14 1:) a 

126js<11~:t t:te4c.'I:E f : ) l  I:I~:I:~:LE 11~7 72t:lE 1114 I:! 

J 4 (1% a !:)Q 4 2:i:E (1) 1 <:I * ;::2(:lE 1:) 7 1:) # :::z 1 6114 611 



. . 
I HE MuY I MI-lM MOMENT 1 MEALAP~C E lrl:!F: GNY CLEPIEI.!'r - - . c- -,--,E-(:I~ -*= ~ : ~ - L ~ : ~ ~ .  
rL.lE 1qg.x. L - A . ~ E ~ ; ~ , L  ~-I:,G:I: 1 ;qp&~;+p<~: 1: FI:IR & ~ . J Y  s~cp1f:;1-~ = .-,j A-~ :::~-I:I: ~ 3 . 1 ,  

I::IJMPIJTECI LA'TERF;L FI:IRCE Fi r P I L E  HE&JJ 
I:'TIMF'I-I~'ELI MIIIMENT CIT F I L E  HEGTI 
I: I:IM~I-ITED ::.LCIF.E C; f P I LE HERD 

l'liE l:i?/l,RALL PtCPlEN'r I HEGLCINfI'E - - ~ : I ~ ~ ~ ~ : ~ , ~ - ~ : I ~  I f I-LE' i .  
THE Clt'ERI;LL LATERAL f'CfRI: E: I PlEt?L,GP.IC'E = -(:I. 1 : .::E-<l? LEc.5 





f ; U M M A H Y  T A B L E  
9*99009999990699906irQ9999 

LATEl iAL  BOI-INDARY AX I A L  MAX.  MAX. 
L I : ' I ~~  I ~ I I ~ N K I I T ~ I ~ N  LiIiAD Y f  :E; T MlIC-ENT :-; T R E ,$; I:. 
(LE": : 3 11: 2 ( LBS ) ( I N )  ( I N /  IN) ( IN-LE!::) (LB'I;/ IN** " )  
- - . -  . - 3 c 1 -  .,= - (:15 (:)e::;(:~(:~E ~1.k.  (1)- 15t:)E (115 (:I~~,::::::E ( : )1 - ( :1~  1*?)2E-t111 ( : I ~ ~ * : I : ~ E  07 (:Ie l k ~ 4 E  (1)s 



( I f i p u t  Echo l o r  Prob1em 3 - Fixed h e a d  p i l e  - P - Y  curves  bv U n i l i e i l  C i - . t c r ~ a  

SYSTEM !:IF iJNIT:5 
(UP TO IZXAR. ) 

ENGL 

NO. I NC:HEI7EI\IT!Z; NI:I. SEI;VMENT$, LENI~TH P~j~K~ljLl~t*:; IIIF EIEF'TH 
F'ZLE IS DIVIEIED W I T H  Kt IFFERENT I:] F ELAST % C: I TY 

(f'XAR&C:TER 2 f:T I C:::: 
'3 /. ., 

PILE 
. -. - I:) e *;/t.i:lE (;I i: ::I ;!,:*(:\E (:I,=, h, 1;) *:J~.~:IE 1112 

f\iI,W-?BEFi IIIF LAYER'S 
f 

LAYER F - Y  r::I-IRVE Ti i f "  I:[% POTTOM I bI I T 1 CiL :f.Li 1 b TCIK F ~ c  ?-!:IF: 
NbiPlEER (1 II~NTRT~L <:?ltCtE L A Y E R  <IF' LAYER MCILIIJL 1 r l . ~ ~ ' . - t  . " I% ' I  "F"  
1 k' (:) . ":J&.OE C)Z t') . 1 J :_:E C14 (1) * 1 1 k.E 1:) 2; t:1 :yf:lE (11 1 1 (:V:)E 1) : 



Nil.  PI:^ I NTf: FI:IF: 
:I;TRENGTK pAFiAMETER:f; 

VC;. DEPTH 
.-, 
.5* 



MAX. Nf3. OF YOLERENC'E f:fN P I L E  HEAD I.ICFLEC T I GIN 
I TERAT X OPJS ::;I:IL I-I.[ 1 t:ifif FLkr:. ( :~:'I'I:~F..I-. ~ ~ - ! p , j  1 

~:'r:rNVERi:.El\irr E 
1 6:) * 1 l : ) l ~ l ~ - ( ~ b ~  1:). ~(:JI:IE 1112 



( P - Y  c u r v e s  g e n e r a t e d  f o r  v e r ~  f r r a t i o n  - Probler t~ 3 )  









THE MAXIMI-IN MlliMENT I M E A L A N f I E  FlIlFi ANY ELEMENT = 1:1. 4(:)'3E-r:1 1 I N-Lti'T. 
THE MAX. L A T E F i k L  F13Rl:-E I MBALANI: E FCIF; ELEMENT = - ( : I .  24:5:E-(:~I L@'> 

C:I:IMPLITED L A T E R A L  FORlI -E AT F'1 L E  H E A D  
II:OMF'I-ITED !:.LI:IF'E A T  FILE HEAKl 

THE CfVERALL MOMENT I MFALANC E = 1:). 147E-r : r l  IN-LD't. 
THE f I lVEFiALL L A T E R A L  F17Fi'C E 1 MElALANC E = -(I,. 25:~-~1::: LEI': 

F I L E  H E A D  I:~EFLEC:TICIF.I = (3. 1 1 5 E  I N  
MAX I R t l N  EENKI I NG PlOMEI\!T = --(:I. 5((:)7E (117 I N-LB'1; 
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(Inpue Echo l o r  Problem 4 - H o t n t i o n a l  Restraint a t  P i l e  Head) 

as*** F I L E  DATA. sccc* 

NO. I NI::HEMEN?E. NO. ::;ECiMENT!g; LENGTH MI~DI-:LI-I.:~ !:IF DEPTH 
FILE 1':. f f  IVIDED WITH DIFFERENT I:& F ELAST! i : ITY 
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NCtllEiER C,tF LAYER::. 
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NO, PI:IINT':; FOF: FLQT 
lClF EFF. LINIP WEI I I~HT 

V:f.. DEPTH 
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NO. PI2 INT!:. FI:IR 
!I-;TRENCTX FAHAMETER!:; 

VS. DEPTH 
..3 

DEPTH EELlIlW 1-INDFiA I NED !:;HEAR ANiL*L E I:IF I NTERNFii :f;l'F<k 1 i d  AT 4;(:1% 
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(11. ' ~ C . O E  ~ I Z  (1) . 1 : ~ - : J E  i:) 1 O. <:I ;[:) ~IIE - 1:) 1 
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C). 1 f :s:E (114 < I .  ,525~ 0 1. 4:) . 111 a 1 (:)tIlE -t:l 1 

**a** OUTPI-IT DATA. * * + + a  

DEPTH FOR 
P R I N T I N G  
P-Y iI:I..lRVE:E; 
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(P-Y curve  genera ted  f o r  verification - Problem 4 )  

IItENERATED P-Y 11 LIFiVE'S 

THE fiII-IIYBER $:IF' C:t-iRVE':; 
THE NCIHEEH I ~ F  F'CI I NTS IIIN EACH 1: LlFiVE 
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4 :$:(:, . 4:) I:& 4 I : :  i I I - (:).171E-r:)f 
Y F' 
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APPENDIX 1,; : NOTATION 

Symbo 1 D e f i n i ~ i o n  

A F a c t o r  

b Width o f  t h e  p i l e  
F o o t i n g  w i d t h  
P i l e  d i a m e t e r  

c Cohes ion  

C P a r a m e t e r  d e s c r i b i n g  t h e  e f f e c t  o f  r e p e a t e d  l o a d i n g  on 
d e f o r m a t i o n  

c Average u n d r a i n e d  s h e a r  s t r e n g t h  
a 

EI F l e x u r a l r i g i d i t y  

E S o i l  modulus 
S 

H Depth  t o  t h e  p o i n t  u n d e r  c o n s ~ d e r a t i o n  

k C o n s t a n t  g i v i n g  v a r i a t i o n  o f  s o i l  modulus with d e p t h  

I( Rank ine  a c t i v e  e a r t h  p r e s s u r e  c o e f f i c i e n t  (minimum 
a 

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

k C o e f f i c i e n t  o f  h o r i z o n t a l  s u b g r a d e  r e a c t i o n  

K A t - r e s t  e a r t h  p r e s s u r e  c o e f f i c i e n t  
0 - 

C o e f f i c i e n t  o f  v e r t i c a l  s u b g r a d e  r e a c t i o n  f o r  a 1 - f t -  
ks' wide  beam 

L I  Liquidity i n d e x  

m R e d u c t i a n  f a c t o r  t o  5e  a u l t b p l i e d  by c t o  >wield t h e  a 
a v e r a g e  s l i d i n g  s t r e s s  between t h e  p i l e  and  t h e  s t i f f  
c l a y  

H Moment 

El . Floinent a t  j o i n t  i 
I 

h' 
& 1 
t 

Moment, a t  t h e  t o p  o f  t h e  p i l e  

PI / S 4  RolaLxonai-restraint c o n s t a n t  a t  C h e  t o p  o f  t h e  pile 
t L 

"i Number o f  c y c l e s  o f  i n n d  a p p 1 1 t a t : o n  

De f i n i  t ioil  
on  Paee 



D e f l n l t r o i ~  
Symbol Definition on Page ' 

OR Overconso l ida t ion  r a t i o  

p  S o i l  r e s i s t i n g  p r e s s u r e  a p p l i e d  t o  beam ( s o i l  
r e s i s t a n c e )  

PI P l a s t i c i t y  index 

px l a t e r a l  load a t  t h e  top o f  t h e  p i l e  

u Ult imate  s o i l  r e s i s t a n c e  

x Axia l  load  

g Uniformly d i s t r i b u t e d  v e r t i c a l  load  on beam 

R V a r i a t i o n  i n  p i l e  bending s t i f f n e s s  

S Slope 

S t  Slope  of the  e l a s t i c  curve a t  t h e  t o p  o f  t h e  p i l e  

St 
S e n s i c i v i t y  

V Shear  

W Liqu id  l i m i t  

x Depth from t h e  ground s u r f a c e  

y D e f l e c t i o n  a t  p o i n t  x a long  the l e n g t h  of Lhe p i l e  
(pile d e f l e c t i o n )  

D e f l e c t i o n  under cycles of l o a d  

Def lec t ion  under a shore- term s t a t i c  l o a d  

yS0 D e f l e c t i o n  under a  shor t - t e rm s t a t i c  l o a d  a t  h a l f  t h e  
u l t i m a t e  resip"- ~ d n c e  

6 D e f l e c t i o n  of  d o l p h i n ,  f t  

E S t r a i n  3 4 

& S t r a i n  a t  h a l f  t h e  maximum p r i n c i p a l  s t r e s s  d i f f e r e n c e  35 

p I  Mean s e t t l e m e n t  o f  t h e  f o u n d a e a o n  

u S t r e s s  



- 
CJ Average effective s t r e s s  

V 

ff a Devia to r  stress 35 

y Average u n i t  weight  o f  the s o i l  ( s u b m e r g e d  u n i t  weight  
if the soil is below the water table) 39 

 average effective unit w e i g h t  from the ground s u r f a c e  t o  
t h e  p-y curve 52 

@ Angle of i n t e r n a l  f r i c t i o n  36 
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