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DVNAMIC B E M V I O X  OF SATTERED PILES 

INTRODUCTION 

By Mohammed M. Et touney, '  M. ASCE 

J e f f r e y  S .  J a n o v e r  
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-dJ bed 

There  a r e  many d i f f e r e n t  methods f o r  t h e  dynamic a n a l y s i s  of 

v e r t i c a l  ~ i l e s .  These methods i n c l u d e  l u m ~ e d  paramete r  methods 

( 7 ) ,  continuum methods ( 5 ) ,  and f i n i t e  e lement  methods (1). How- 

e v e r ,  none of t h e s e  methods a r e  a p p l i c a b l e  t o  t h e  dynamic a n a l y s i s  

o f  b a t t e r e d  p i l e s .  Pou los  (8 )  d i s c u s s e d  s e v e r a l  d i f f e r e n t  methods 

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

a x i a l  and normal d i s p l a c e m e n t s  o f  a  ~ i l e  head a r e  n e a r l y  independen t  

from t h e  p i l e  b a t t e r .  

P o u l o ' s  r e s u l t s  of r e f e r e n c e  (8) g i v e s  r i s e  t o  t h e  q u e s t i o n  

of whether  o r  n o t  t h e  dynamic b e h a v i o r  of b a t t e r e d  p i l e s  i s  s i m i l a r  

t o  t h a t  o f  i t s  s t a t i c  b e h a v i o r  i n  t h a t  i t s  a x i a l  and normal dynamic 

r e s p o n s e s  a r e  independen t  from t h e  p i l e  b a t t e r .  I n  o r d e r  t o  answer 

t h i s  q u e s t i o n  i n  a n  a c c u r a t e ,  economica l ,  and s i m p l e  manner i t  

was d e c i d e d  t o  g e n e r a l i z e  t h e  method of  dynamic a n a l y s i s  of v e r t i c a l  

p i l e s  i n t r o d u c e d  by Novak (5) such  t h a t  i t  cou ld  h a n d l e  t h e  b a t t e r e d  

p i l e s  c a s e .  

The e f f e c t s  of p i l e  b a t t e r i n g  on h o r i z o n t a l  and v e r t i c a l  com- 

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

e f f e c t s  a r e  more ' i rnpor tan t  i n  t h e  dynamic c a s e  t h a n  t h a t  r e p o r t e d  

f o r  t h e  s t a t i c  c a s e .  These l a r g e  dynamic e f f e c t s  of ~ i l e  b a t t e r i n g  

t end  t o  d e c r e a s e  i n  t h e  h i g h e r  f requency  r a n s e .  
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THEORETICAL BACKROUNC 

The f o r m u l a t i o n  of t h e  problem i s  s i m i l a r  t o  t h a t  of  r e f e r e n c e  

( 5 )  i n  t h a t  i t  i s  based on e v a l u a t i n g  t h e  dynamic s o i l  r e a c t i o n s  on 

t h e  p i l e  u s i n g  t h e   lane s t r a i n  a s s u m ~ t i o n  of  r e f e r e n c e  ( 6 ) .  The 

p i l e  i s  s i m u l a t e d  a s  a  s e t  of  beam e l e m e n t s .  T h i s  approach  makes 

i t  ~ o s s i b l e  t o  a n a l y z e  any d e s i r e d  b a t t e r  a n ~ l e  of t h e  s i n g l e  ~ i l e  

i n  a  s i m p l e  and economical  way. 

Dynamic S o i l  R e a c t i o n s  

It i s  assumed t h a t  t h e  s o i l  medium i s  l i n e a r  i s o t r o p i c  w i t h  a  

h y s t e r e t i c  t y p e  damping ( 4 ) .  The s o i l  i s  ex tended  t o  i n f i n i t y  i n  

t h e  h o r i z o n t a l  d i r e c t i o n  and i s  s u p ~ o r t e d  by e i t h e r  r i g i d  o r  e l a s t i c  

r o c k .  The dynamic mot ion i s  assumed t o  b e  harmonic w i t h  a  f o r c i n g  

f r e q u e n c y  R. 

The dynamic s o i l  r e a c t i o n s  on t h e  p i l e  may b e  e a s i l y  de te rmined  

u s i n g  t h e  method of  r e f e r e n c e  (5 )  and i s  based on t h e  assumpt ion  

t h a t  t h e  s o i l  l a y e r  i s  s u b d i v i d e d  i n t o  s e v e r a l  l a y e r s  and t h a t  each 

s u b l a y e r  i s  v i b r a t i n g  i n  a  p l a n e  s t r a i n  f a s h i o n .  T h i s  a s sumpt ion  

was i n v e s t i g a t e d  i n  r e f e r e n c e  (5) f o r  t h e  c a s e  o f  s i n g l e  v e r t i c a l  

p i l e s  and l a t e r  i n  r e f e r e n c e  ( 3 )  f o r  t h e  c a s e  o f  v e r t i c a l  p i l e  

g r o u p s .  Both r e f e r e n c e s  conc luded  t h a t  t h i s  i s  a n  a c c u r a t e  assump- 

t i o n  f o r  d i m e n s i o n l e s s  f o r c i n g  f r e q u e n c i e s  h i g h e r  t h a n  0.3. Refe r -  

e n c e  ( 5 )  s u g g e s t e d  a  c o r r e c t i v e  approach  f o r  lower  f r e q u e n c i e s  a n d ,  

a g a i n ,  r e f e r e n c e  (3)  found l a t e r  t h a t  t h i s  c o r r e c t i v e  approach  i s  

f a i r l y  a c c u r a t e  f o r  t h e  c a s e  of  v e r t i c a l  p i l e  groups .  Based on 

t h e s e  f i n d i n g s ,  t h e  p l a n e  s t r a i n  assumpt ion  w i l l  b e  extended t o  

e v a l u a t e  t h e  dynamic s o i l  r e a c t i o n s  on b a t t e r e d  p i l e s .  The dynamic 

s o i l  r e a c t i o n s  may be  e v a l u a t e d  f o r  c y l i n d r i c a l ,  p l a n e  s t r a i n ,  

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

h o r i z o n t a l ,  r o t a t i o n a l ,  and t o r s i o n a l  s o i l  s p r i n g s ,  , 5, K r y  

K t ,  r e s p e c t i v e l y ) ,  were  o b t a i n e d  u s i n g  r e f e r e n c e  ( 6 ) .  

The b a t t e r e d  p i l e  i s  assumed t o  have a  c i r c u l a r  c r o s s  s e c t i o n ,  

t h e  d i a m e t e r  of  which may be  v a r i e d  b u t  i s  c o n s t a n t  a l o n g  t h e  

p i l e  l e n g t h .  The m a t e r i a l  o f  t h e  p i l e  i s  assumed t o  b e  l i n e a r  and 

i s o t r o p i c  and t h e  p i l e  damping i s  assumed t o  be h y s t e r e t i c .  The 

p i l e  i s  assumed t o  be bonded c o m p l e t e l y  t o  t h e  s o i l  a round i t  and i s  



--, 
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); 
s i m u l a t e d  by a s e t  o f  f i n % t e  e l e n e n t s  ( 2 ) .  T h e s e  e l e m e n t s  a r e  based  

on  t h e  E n g i n e e r i n g  Theory  o f  beams and c a n  a c c o u n t  f o r  t h e  s h e a r  

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

e l e v a t i o n s  a s  t h e  i n t e r f a c e s  o f  t h e  s o i l  s u b l a y e r s .  The t o t a l  dynamic 

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

o f  t h e  ~ i l e  ( x l ,  x 2 ,  ~ 3 ) .  It i s  t h e n  t r a n s f o r m e d  i n t o  t h e  g l o b a l  

c o o r d i n a t e  s y s t e m  o f  t h e  s o i l  l a y e r  ( x  x  x3)  f i g u r e  ( 1 ) .  The 
1' 2 '  

dynamic  s o i l  r e a c t i o n s  ( s p r i n g s ) ,  (!ZV, K h ,  K r ,  K ) ,  a r e  t h e n  added  
t 

t o  t h e  dynamic  q l o b a l  s t i f f n e s s  m a t r i x .  The p i l e  t i 0  r e a c t i o n s  

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

s p r i n g s  o f  r e f e r e n c e  ( 9 ) .  A s i m p l e  s u b s t r u c t u r i n g  p r o c e s s  may b e  

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

h e a d ,  r e f e r e n c e  ( 1 ) .  The r e s u l t i n g  condensed  s t i f f n e s s  m a t r i x  o f  

t h e  p i l e  head  r e p r e s e n t s  t h e  s t i f f n e s s  ( impedance )  o f  t h e  p i l e  

head  i n  t h e  g l o b a l  c o o r d i n a t e  s y s t e m  o f  f i g u r e  ( 1 ) .  The p i l e  head  

f l e x i b i l i t y  ( c o m ~ l i a n c e )  w i l l  b e  u sed  i n  t h e  c a s e  s t u d i e s  o f  t h i s  

p a p e r  and may b e  o b t a i n e d  by n u m e r i c a l l y  i n v e r t i n g  t h e  condensed  

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

CASE STUDIES 

Prob lem D e s c r i p t i o n  

The a n a l y t i c a l  method d e s c r i b e d  i n  t h e  ~ r e v i o u s  s e c t i o n  w i l l  

b e  u s e d  t o  s t u d y  t h e  b e h a v i o r  o f  some b a t t e r e d  ~ i l e s .  The geome t ry  

o f  t h e  p i l e  i n  f i g u r e  ( 2 )  w i l l  b e  c o n s i d e r e d .  The n i l e  d i a m e t e r  

(do )  i s  2 . 0  f t .  Two p i l e  l e n g t h s  ( L )  a r e  s t u d i e d ;  50  f t .  and  1 0 0  

f t .  The p i l e  i s  assumed t o  b e  o f  c o n c r e t e  w i t h  a  modolus o f  
6  - 4  

e l a s t i c i t y  (E) of  2 .78  x  1 0  n s i ,  mass d e n s i t y  o f  2 . 2 5  x  1 0  
2 4 

l b  s e c  / i n  , P o i s s o n ' s  r a t i o  (\)) o f  0 . 1 6 ,  and r a t i o  o f  c r i t i c a l  

J amping  o f  0 .02 .  The p i l e  i s  assumed t o  b e  embedded i n  one  s o i l  

l a 3 e r  w i t h  a  s h e a r  wave v e l o c i t y  (C ) o f  1 9 4 . 5  f t / s e c ,  d i l a t a t i o n a l  
S 

wave v e l o c i t y  (C ) o f  4 7 9 . 3  f t l s e c ,  mass d e n s i t y  o f  1 . 8  x  
2  4  P  

l b  s e c  / i n  , and r a t i o  o f  c r i t i c a l  damping o f  0 . 0 5 .  The s o i l  l a y e r  
. . 

i s  r e s t i n g  o n  r i 5 i d  roc'k. The d e p t h  of  t h e  s o i l  l a y e r  d e p e n d s  uDon 

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

l e n g t h .  T h r e e  a n q l e s  o f  b a t t e r  a r e  c o n s i d e r e d :  O . o O ,  15 .0° ,  and  



3 0 . 0 ~ .  The e q u i v a l e n t  s o i l  d e p t h  (d )  i s  g i v e n  by: 

d = L c o s  y -  

These p i l e  and s o i l  p r o p e r t i e s  d e f i n e  t h e  p i l e  f l e x i b i l i t y  f a c t o r  

( a s  g i v e n  by r e f e r e n c e  (8) :  

5 = 1.272 x f o r  L = 50.0 f t . ,  and 

5 = 7.947 x f o r  L = 100 .0  f t .  

R e s u l t s  

Three  d i r e c t i o n s  of mot ion of t h e  p i l e  head a r e  of i n t e r e s t ,  

namely t h e  a x i a l  p i l e  compliance (V),  t h e  normal p i l e  compliance 

i n  t h e  d i r e c t i o n  o f  b a t t e r  (H ) ,  f i g u r e  (2 ) ,  and t h e  normal p i l e  
B 

compliance i n  t h e  d i r e c t i o n  normal t o  t h e  b a t t e r  p l a n e  ( . The H N )  
c o u p l i n g  compl iance  (C ) between t h e  a x i a l  and normal compl iances  

VH 
i s  a l s o  o f  i n t e r e s t .  There  i s  no c o u p l i n g  between t h e  a x i a l  and 

normal  compl iances  i n  t h e  p l a n e  normal  t o  t h e  b a t t e r  p l a n e .  

The f o u r  compl iances  of i n t e r e s t :  V ,  HB, HN,  and C w i l l  
VH 

f u r t h e r  be nondimens iona l ized .  The new d i m e n s i o n l e s s  compl iances  

may be d e f i n e d  a s :  

where V o ,  Hgo, and H a r e  t h e  v e r t i c a l  and h o r i z o n t a l  compl iances  
s o  

0 o f  t h e  p i l e  head w i t h  y = 0 .0  . I n  a s i m i l a r  manner, a dimension- 

l e s s  f r e q u e n c y  (ao)  w i l l  be  used i n  t h e  s t u d y ,  where:  



- 
F i g u r e s  (3a  - d )  show t h e  d i m e n s i o n l e s s  comol iances  7 ,  AB, 

0 0 
H:ll 

and C f o r  y  = 1 5 . 0  and 30.0  a s  a  f u n c t i o n  of t h e  d i m e n s i o n l e s s  VH - 4 
f r e q u e n c y  (a ) ,  f o r  t h e  c a s e  K = 1 .272  x 1 0  and L/d = 25.0. 

0 R 0 

The b a t t e r i n g  of t h e  p i l e  h a s  a  l a r $ e  e f f e c t  on t h e  a x i a l  c o m ~ l i a n c e  
- 

(V). The e f f e c t s  of b a t t e r i n g  a r e  s m a l l e r  on t h e  normal c o m ~ l i a n c e  

(XB). Both d i m e n s i o n l e s s  c o m e l i a n c e s  i n c r e a s e  w i t h  t h e  i n c r e a s e  

o f  t h e  a n g l e  of b a t t e r  (y), which i s  i n  agreement w i t h  t h e  r e s ~ t l t s  

of r e f e r e n c e  ( 8 ) .  The e f f e c t s  of p i l e  b a t t e r i n 3  were  c a l c u l a t e d  

t o  be  i n s i g n i f i c a n t  i n  t h a t  r e f e r e n c e ;  i t  was shown t h a t  t h e  maxi- 

mum d i f f e r e n c e  i n  t h e  s t a t i c  compl iance  between t h e  v e r t i c a l  and 

t h e  b a t t e r e d  p i l e  was 4%. The r e s u l t s  d e p i c t e d  i n  f i g u r e  ( 3 ) ,  

however,  show t h a t  t h i s  d i f f e r e n c e  may be  a s  h i y h  a s  70% f o r  H and 
B 

1 4 %  f o r  7. The d i m e n s i o n l e s s  compl iances  a r e  a l s o  f requency  d e ~ e n -  

d e n t  a s  t h e y  t end  t o  i n c r e a s e  s l i g h t l y  w i t h  a n  i n c r e a s e  of f r e q u e n c y  

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

f r e q u e n c y  (ao)  o f  a p p r o x i m a t e l y  0 .15 .  The b a t t e r i n q  e f f e c t s  d e c r e a s e  

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

. I S  e x p e c t e d ,  w i t h  an  i n c r e a s e  of t h e  b a t t e r i n g  a n g l e  ( y ) .  F i g u r e  

( 3 c )  shows t h e  d i m e n s i o n l e s s  compl iance  H a s  a  f u n c t i o n  of dimen- 
N 

s i o n l e s s  f r equency .  The b a t t e r i n q  e f f e c t s  f o r  t h i s  c a s e  a r e  

d i f f e r e n t  from t h e  c a s e s  of V and H a s  t h e  d i m e n s i o n l e s s  compl iance  
- B 
H a c t u a l l y  i n c r e a s e s  a t  h i y h e r  d i m e n s i o n l e s s  f r e q u e n c i e s .  F i g u r e  
N 

(3d)  d e p i c t s  t h e  coup led  compl iance  (C ) and shows t h a t  t h e  
V H 

coup led  compl iance  changes  r a ~ i d l y  w i t h  a  change i n  f requency .  

F i g u r e s  (4a - d )  d e p i c t  s i m i l a r  d i m e n s i o n l e s s  comol iances  f o r  t h e  
- 6 

c a s e  of  K = 7.947 x 1 0  and L/do = 50.0 .  The g e n e r a l  b e h a v i o r  R 
of  t h e  compl iances  a r e  s i m i l a r  t o  t h a t  of  t h e  L/d = 25.0 c a s e .  

0 

The b a t t e r i n q  e f f e c t s ,  h o w e v e r , , a r e  somewhat s m a l l e r .  

COYCLUS IONS AND REC03C.IENDhTIONS 

.I s i m p l e  and economical  method i s  p r e s e n t e d  t o  a n a l y z e  s i n g l e ,  

b a t t e r e d  p i l e s  which a r e  s u b j e c t e d  t o  harmonic mot ions .  I t  i s  found 

t h a t  t h e  b a t t e r i n g  e f f e c t s  a r e  somewhat h i g h e r  i n  t h e  b a t t e r i n g  . .  

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

c a s e s .  These e f f e c t s , , h o w e v e r ,  d e c r e a s e  a t  h i g h e r  f r e q u e n c i e s .  

I t  i s  found t h a t  t h e  b a t t e r i n g  e f f e c t s  i n c r e a s e  t h e  p i l e  s t i f f n e s s  



( lower  compl iance)  i n  t h e  p l a n e  normal t o  t h e  b a t t e r i n g  p l a n e .  

These  o b s e r v a t i o n s  seem t o  be independen t  of t h e  r a t i o  L/d . 
0 

The f r e q u e n c y  dependence o f  t h e  p i l e  c o m ~ l i a n c e s  seem t o  b e  of 

impor tance  i n  a l l  c a s e s  s t u d i e d .  

Based on t h e  above,  i t  i s  recommended t h a t  a d d i t i o n a l  c a s e  

s t u d i e s  be  performed i n  o r d e r  t o  g a i n  more u n d e r s t a n d i n g  of t h e  

dynamic e f f e c t s  of p i l e  b a t t e r i n g .  It i s  a l s o  recommended t h a t  a  

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

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

dynamic l o a d s ,  s i n c e  t h e  impor tance  of t h e  f r e q u e n c y  dependence 

of t h e  p i l e  b a t t e r i n g  e f f e c t s  were  e s t a b l i s h e d .  
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F i g u r e  1 - Coord ina t e  System 
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F i g u r e  2 - Case Study 
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