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DYNA%IC BEHAVIOR OF PILE CROUPS 

b 

by 

Arnir M. Kaynia,  Gradua te  S t u d e n t ,  MIT and 

Eduardo Kause l ,  A s s o c i a t e  P r o f e s s o r ,  MIT 

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

The t e c h n i q u e  most commonly used f o r  t h e  a n a l y s i s  and d e s i g n  of 

p i l e s  i s  based on t h e  t h e o r y  of beams on e l a s t i c  founda t ion .  The p r i n -  

c i p a l  m e r i t s  of t h i s  t e c h n i q u e  a r e  i t s  s i m p l i c i t y  and v e r s a t i l i t y ,  and 

t h e  r e a s o n a b l e n e s s  of t h e  r e s u l t s  o b t a i n e d  when a d e q u a t e  v a l u e s  of t h e  

c o e f f i c i e n t  o f  subgrade  r e a c t i o n  a r e  used .  Among t h e  more r i g o r o u s  

and advanced schemes f o r  p i l e  a n a l y s i s ,  one must ment ion t h e  p i o n e e r i n g  

works o f  Pou los  (7,5,9) and t h o s e  of B a n e r j e e  ( 2 , 3 ) ,  which were b o t h  

based  on t h e  a p ~ l i c a i i o n  of Y i n d l i n ' s  fundamental  s o l u t i o n  f o r  a p o i n t  

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

t h e  e x t e n s i v e  s t u d i e s  by Poulos  b rought  o u t ,  i n  a s y s t e m a t i c  f a s h i o n ,  - .- 
t h e  key e l e m e n t s  of p i l e  group b e h a v i o r ,  s u c h  a s  dependence of p i l e  

group s t i f f n e s s  on s p a c i n g  between p i l e s ,  t h e i r  r i g i d i t y  and l e n g t h ,  and 

t h e  d i s t r i b u t i o n  of l o a d s  on t h e  r a f t .  S t i l l  l a c k i n g ,  however, were 

r e s u l t s  on t h e  b e h a v i o r  of p i l e  grouDs s u b j e c t e d  t o  dynamic l o a d s .  

The more r e c e n t  r e s e a r c h  on t h e  dynamic r e s p o n s e  of p i l e  g roups  was 

s t i m u l a t e d  main ly  by demands i n  t h e  n u c l e a r  power p l a n t  i n d u s t r y ,  and by 

developments  i n  t h e  o f f s h o r e  s t r u c t u r e s  t echnology .  While t h e  e a r l i e r  

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

r i g o r o u s  and approx imate  methods,  some r e s u l t s  a r e  a v a i l a b l e  now f o r  

p i l e  g roups  a s  w e l l .  The f i r s t ~ a p e r s  on t h i s  s u b j e c t  were  c o n t r i b u t e d  

by Wolf and h i s  a s s o c i a t e s  ( l l ) ,  u s i n g  n u m e r i c a l  methods,  and by Nogami 

(j,f,) u.:ing a n a l y t i c a l  methods.  A c o n s i d e r a b l e  improvement was p r e s e n t e d  

r e c e n t l y  by Waas and Hartmann ( l o ) ,  who implemented a  v e r y  e f f i c i e n t  

scheme f o r  t h e  computa t ion  of t h e  Green ' s  f u n c t i o n s  f o r  r i n g  l o a d s  i n  

t h e i r  a n a l y s e s  o f  a c o n c e n t r i c  a r rangement  of ~ i l e s .  

The o b j e c t i v e  of t h i s  Daner i s  t o  p r e s e n t  t h e  r e s u l t s  of a  s t u d y  

on t h e  b e h a v i o r  of p i l e  z rouns  embedded i n  a  h a l f s n a c e ,  s u b j e c t e d  t o  



a c t u a l  d i s t r  
o f  f r i c t i o n a  
i n  t h e  z - d i r  

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

F i g .  1 - D i s t r i b u t i o n  of F o r c e s  on t h e  

ith p i l e  of t h e  group.  



i 
- 

Also, F is  t h e  dvnamic f l e x i b i l i t y  ma t r ix  of t h e  ith p i l e  f o r  f i x e d  
P 

end c o n d i t i o n s  ( i . e . ,  t h e  d isp lacements  observed a t  nodes 1 through 

k+1 produced by u n i t  harmonic piecewise-constant  segmental l oads  app l i ed  
i 

on a p i l e  without  s o i l ,  and wi th  clamped ends. The e n t r i e s  i n  F cor-  
i P 

responding t o  node R + l  a r e  z e r o ) .  Furthermore, Y i s  t h e  f l e x i b i l i t y  . 
mat r ix  f o r  u n i t  harmonic end d isp lacements  o r  r o t a t i o n s  ( i . e . ,  t h e  d i s -  

placements observed a t  t h e  t i p  and c e n t e r  of t h e  p i l e  segments when t h e  

clamped ends of t h e  o therwise  f r e e  p i l e  fo l low a p re sc r ibed  harmonic 
i i 

motion) .  Nei ther  F nor Y i n c o r p o r a t e  i n t e r a c t i o n  e f f e c t s  w i t h  t h e  
P 

ground; t h e s e  m a t r i c e s  can  be  obta ined  i n  c losed  form f o r  any p i l e  w i t h  

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

I f  i n  a d d i t i o n  one denotes  t h e  dynamic s t i f f n e s s  ma t r ix  of p i l e  i 

by Ki ( r e l a t i n g  end f o r c e s  w i th  end d isp lacement )  and t h e  v e c t o r  of 
P i f o r c e s  and moments a t  t h e  two ends of t h i s  p i l e  by P t h a t  i s  

0 ' 

Then one can  w r i t e  
rn 

The f i r s t  term denotes  t h e  end f o r c e s  due t o  p re sc r ibed  end d i s -  

placements U and t h e  second, t h e  end f o r c e s  ( r e a c t i o n s )  due t o  f o r c e s  
i 0 ' 

p a c t i n g  on t h e  p i l e .  

Def in ing  now t h e  g l o b a l  load  and displacement  v e c t o r s  f o r  t h e  N 

p i l e s  i n  t h e  group: 

a s  w e l l  a s  t h e  m a t r i c e s  



One c a n  t h e n  w r i t e  t h e  f o l l o w i n g  e q u a t i o n s  f o r  t h e  ensemble of p i l e s  i n  

t h e  g roup  (compare w i t h  e q u a t i o n s ( 3 )  a n d ( 6 ) ) :  

C o n s i d e r i n g  n e x t  t h e  s o i l  n a s s  b e i n g  a c t e d  upon by f o r c e s  P ( d i s -  

t r i b u t e d  u n i f o r m l y  o v e r  e a c h  segment ) ,  one  c a n  w r i t e  

where F i s  t h e  s o i l  f l e x i b i l i t y  m a t r i x .  F i n a l l y ,  combining e q s .  (8) 
S 

and ( 9 )  one g e t s  

The m a t r i x  K O  i s  a  (10N x  10N) m a t r i x  t h a t  r e l a t e s  o n l y  t h e  f i v e  com- 

p o n e n t s  of f o r c e s  a t  each end of t h e  p i l e s  t o  t h e i r  c o r r e s p o n d i n g  d i s -  

p lacements .  I n  o t h e r  words ,  t h e  d e g r e e s  of freedom a l o n g  t h e  p i l e  

l e n g t h  have  been condensed o u t  w i t h o u t  t h e  need t o  form t h e  comple te  

s t i f f n e s s  m a t r i x .  



- 
I n  o rde r  t o  o b t a i n  t h e  dynamic s t i f f n e s s  of t h e  p i l e  group which , \\ 

i s  connected by a  r i g i d  p l a t e ,  one needs t o  impose t h e  a p p r o p r i a t e  geo- 
f - 4  
Y 

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

( t h e  boundary c o n d i t i o n s  a t  p i l e  t i p s  f o r  f l o a t i n g  p i l e s  a r e  ze ro  ex- 

t e r n a l  f o r c e s  a t  t h e s e  p o i n t s ) .  Obviously, i n  t h e  s o l u t i o n  of equa t ion  

(10) i t  i s  not  necessary  t o  perform t h e  i n v e r s i o n  i n d i c a t e d ,  bu t  merely 

a  t r i a n g u l a r  decomposition. 

To o b t a i n  express ions  f o r  K F  and y one has  t o  s o l v e  t h e  dynamic 
p 7  P  

beam equa t ion  w i t h  t h e  a p p r o p r i a t e  boundary c o n d i t i o n s  a t  t h e  two ends 

( f o r  d e t a i l s  s e e  r e f .  4 ) ;  t o  c a l c u l a t e  Fs, an  approach s i m i l a r  t o  t h a t  

of Apse l ' s  (1) has been used.  I n  essence ,  Green's func t ions  f o r  bu r i ed  

dynamic b a r r e l  l oads  ( d i s t r i b u t e d  uniformly over t h e  s u r f a c e  of a  cy l in -  

d e r )  were eva lua ted  numer ica l ly  by means of Four i e r  and Hankel t r a n s -  

form techniques  ( f o r  d e t a i l s ,  s e e  r e f .  4 ) .  The ma t r ix  Fs t hus  obta ined  

corresponds t o  a  s o i l  wi thout  c a v i t i e s  (which w i l l  a r i s e  when t h e  s o i l  

i s  d r i l l e d  t o  provide  room f o r  t h e  p i l e s ) .  The e f f e c t  of t h e  c a v i t i e s  

i s  then  accounted f o r  e x p l i c i t l y  i n  t h e  formula t ion  of t h e  p i l e  s t i f f -  

1 n e s s ,  s u b t r a c t i n g  t h e  mass d e n s i t y  and modulus of e l a s t i c i t y  of t h e  

s o i l  from those  of t h e  p i l e  ( r e f .  4 ) .  

The ex tens ion  of t h i s  model t o  t h e  se i smic  a n a l y s i s  i s  achieved by 

decomposing t h e  i n t e r n a l  f o r c e s  and d isp lacements  i n t o  t h e  cont r ibu-  

t i o n s  of t h e  " f r e e  f i e l d "  motion and t h e  " i n t e r a c t i o n "  motion. Th i s  i s  

equ iva l en t  t o  t h e  u s e  of s u b s t r u c t u r i n g  techniques ,  t h e  d e t a i l s  of 

which a r e  w e l l  known. 

P i l e  Group Behavior 

For t h e  r e s u l t s  presented  h e r e ,  i t  has been assumed t h a t  v (Pois- 
S 

son r a t i o  of t h e  s o i l )  = 0.40; v (Poisson r a t i o  of p i l e s )  = 0.25, 
P 

L ( l eng th  of p i l e s )  = 15d (d being t h e  d iameter  of t h e  p i l e s ) ,  and 

c S / 9  = 0.70 ,  where ps and p a r e  t h e  mass d e n s i t i e s  of t h e  s o i l  and 
P  P  

p i l e s ,  r e s p e c t i v e l y .  Also, p i l e  heads were f i x e d  t o  t h e  cap. 

a )  Dynam-ic s t i f f n e s s e s  

The s t i f f n e s s  f u n c t i o n s  obta ined  by us ing  t h e  preceding formula t ion  

a r e  complex q u a n t i t i e s ,  which can be w r i t t e n  a s  



where a  = d / C s  i s  t h e  nondimens iona l  f r e q u e n c y  and C i s  t h e  l a r g e s t  
0 s 

s h e a r  wave v e l o c i t y  of t h e  s o i l  p r o f i l e .  For  h o r i z o n t a l  and t o r s i o n a l  

c a s e s ,  t h e  dynamic s t i f f n e s s e s  were  normal ized  w i t h  r e s p e c t  t o  t h e  hor-  

i z o n t a l  s t a t i c  s t i f f n e s s  of a  s i n g l e  p i l e  i n  t h e  group,  whereas  f o r  t h e  

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

of a  s i n g l e  p i l e  h a s  been used  f o r  n o r m a l i z a t i o n .  

F i g .  2 shows t h e  normal ized  h o r i z o n t a l  and v e r t i c a l  s t i f f n e s s e s  of 

a  4 x 4 p i l e  group i n  a h a l f s p a t e  f o r  d i f f e r e n t  p i l e  s p a c i n g s  ( s / d  = 
-3 

2 ,  5 and 1 0 ) .  For t h i s  c a s e ,  E s / E p  = 1 0  (Es and E a r e  moduli  of elas- 
P 

t i c i t y  of t h e  s o i l  and ~ i l e s ,  r e s p e c t i v e l y ) .  

These  r e s u l t s  show t h a t  t h e  b e h a v i o r  of p i l e  g roups ,  f o r  v e r y  c l o s e  

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

f o o t i n g s ;  t h a t  is ,  k  v a l u e s  d e c r e a s e  w i t h  f r e q u e n c y ,  and even become 

n e g a t i v e ,  which i n d i c a t e s  a  b e h a v i o r  dominated by i n e r t i a  e f f e c t s .  On 

t h e  o t h e r  hand,  i n t e r a c t i o n  e f f e c t s  among t h e  p i l e s  s t a r t  t o  dominate  

t h e  o v e r a l l  b e h a v i o r  of t h e  group as f requency  exceeds  a c e r t a i n  l i m i t .  

T h i s  c a n  be v e r i f i e d  by examining t h e  changes  i n  t h e  p a t t e r n s  of k  and 
XX 

k  a s  s / d  i n c r e a s e s .  Another  i n t e r e s t i n g  f e a t u r e  of t h e s e  r e s u l t s  i s  
z z 

t h e  v e r y  l a r g e  i n t e r a c t i o n  e f f e c t  i n  t h e  group:  i f  t h e r e  had been no 

i n t e r a c t i o n ,  t h e  c u r v e s  would have c o i n c i d e d  w i t h  t h o s e  of a s i n g l e  p i l e ,  

t h e  r e a l    art of which d e v i a t e s  o n l y  s l i g h t l y  from u n i t y  i n  t h e  f r e -  

quency r a n g e  c o n s i d e r e d  (dashed l i n e ) .  The l a r g e  i n t e r a c t i o n  e f f e c t s  

a r e  e s s e n t i a l l y  due t o  t h e  out-of-phase  v i b r a t i o n  of t h e  p i l e s .  T h i s  

p o i n t  w i l l  be  d i s c u s s e d  a g a i n  when t h e  s u p e r p o s i t i o n  scheme i s  examined 

l a t e r  i n  t h i s  paper .  

F i g .  3  shows t h e  h o r i z o n t a l  and v e r t i c a l  s t i f f n e s s e s  k and dampings 

c  f o r  a s t i f f e r  h a l f s p a c e  ( o r  more f l e x i b l e  p i l e s )  (E /E = and 
S D 

f o r  g roups  w i t h  d i f f e r e n t  number of p i l e s  ( 2  x  2 ,  3 s 3  and 4 x 4 

g r o u ~ s ! .  For  a l l  t h e s e  c a s e s ,  s / d  = 5. These f i g u r e s  d i s p l a y  b a s i c -  
- 3  a i l y  t h e  same f e a t u r e s  of t h e  c a s e  shown i n  F i g .  2 ( E ~ / E ~  = 10 ) How- 

e v e r ,  t h e  i n t e r a c t i o n  e f f e c t s  seem t o  b e  less pronounced f o r  t h e  s t i f f e r  

s o i l  medium, as e x p e c t e d .  

Another  i n t e r e s t i n g  f e a t u r e  o f  t h e s e  r e s u l t s  i s  t h a t ,  f o r  low f r e -  

q u e n c i e s ,  t h e  r a d i a t i o n  damping ( a s  measured by t h e  c o e f f i c i e n t s  c  
xx 

and c ) i n c r e a s e  a s  t h e  w i d t h  of t h e  f o u n d a t i o n  m a t  i n c r e a s e s .  
Z Z 





F i g .  3 - Horizontal and Vertical  D y n a ~ i c  S t i f f n e s s e s  

f o r  P i l e  Groups with s/d = 5. 



F i g s .  4 and 5 p r e s e n t  t h e  normal ized  r o c k i n g  and t o r s i o n a l  dynamic 
I 

1 s t i f f n e s s e s  a s s o c i a t e d  w i t h  t h e  p i l e - s o i l  Darameters  used i n  F i g s .  2 

and 3 ,  r e s p e c t i v e l y .  ? l o s t  of t h e  o b s e r v a t i o n s  on t h e  c h a r a c t e r i s t i c s  

of t h e  h o r i z o n t a l  and v e r t i c a l  s t i f f n e s s e s  a p p l y  t o  t h e  r o c k i n g  and 

t o r s i o n a l  s t i f f n e s s e s  as w e l l .  G r e a t e r  i n t e r a c t i o n  e f f e c t s  f o r  t h o s e  

c a s e s  a r e ,  however, a s s o c i a t e d  w i t h  t h e  in -phase  v i b r a t i o n  of p i l e s .  

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

g roups  from s i n g l e  p i l e s  i s  a s s o c i a t e d  w i t h  t h e  concep t  of p r e s s u r e  b u l b .  

The p r e s s u r e  b u l b  i s  d e f i n e d  h e r e  a s  t h e  zone i n  t h e  neighborhood of  t h e  

f o u n d a t i o n  where s t r e s s e s  (and s t r a i n s )  a r e  s i g n i f i c a n t .  Consequen t ly ,  

t h e  c h a r a c t e r i s t i c s  of t h i s  zone p l a y  a  major  r o l e  i n  t h e  b e h a v i o r  o f  

t h e  f o u n d a t i o n .  S i n c e  t h i s  zone e x t e n d s  t o  d e p t h s  which a r e  comparable  

t o  t h e  s i z e  of t h e  f o u n d a t i o n ,  one  is  l e d  t o  e x p e c t  t h a t  p i l e  g roups  a r e  

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

t e r i s t i c s  of t h e  d e e p e r  l a y e r s  t h a n  s i n g l e  p i l e s  a r e ,  whose b e h a v i o r  is  

p r i m a r i l y  c o n t r o l l e d  by t h e  n e a r - s u r f a c e  s o i l - p i l e  p r o p e r t i e s .  T h i s  can  

be v e r i f i e d ,  i n  f a c t ,  by examining t h e  r e s u l t s  i n  F i g .  6. T h i s  f i g u r e  

compares t h e  r a t i o  of t h e  a b s o l u t e  v a l u e s  of t h e  s t i f f n e s s e s  of a  p i l e  

g roup ,  embedded i n  two d i f f e r e n t  s o i l  media:  t h e  f i r s t  medium b e i n g  a 
rt"E. 

- 2 , 

homogeneous h a l f s p a c e  w i t h  E / E  = 1 0  , and t h e  second ,  a h a l f s p a c e  
s P 

s i m , i l a r  t o  t'he fo rmer ,  b u t  o v e r l a i n  by a s u r f a c e  l a y e r  w i t h  t h i c k n e s s  
- 3 h  = d  and s t i f f n e s s  r a t i o  E s / ~  = 1 0  ( i . e . ,  1 0  t i m e s  s o f t e r ) .  T h i s  

D 
second c a s e  i s  i n t e n d e d  t o  s i m u l a t e  ( i n  a n  a d m i t t e d l y  g r o s s  manner) t h e  

n o n l i n e a r  e f f e c t s  t h a t  may b e  expec ted  i n  t h e  neighborhood of t h e  p i l e  

heads  as a  r e s u l t  of s o i l  y i e l d i n g  .and p i l e - s o i l  s , e p a r a t i o n .  The r e -  

s u l t s  c l e a r l y  show t h a t ,  a s  t h e  number of p i l e s  i n c r e a s e s ,  t h e  s t i f f -  

n e s s  r a t i o  a t  low f r e q u e n c i e s  i n c r e a s e s ,  and approaches  u n i t y .  Hence, 

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

p i l e  head t h a n  groups  a r e .  T h i s  h a s  i m p o r t a n t  d e s i g n . i m p l i c a t i o n s ,  e s -  

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

i n f e r  group s t i f f n e s s e s ,  s i n c e  m a t e r i a l  and geomet r ic  n o n l i n e a r i t i e s  

n e a r  t h e  s u r f a c e  c o n s i d e r a b l y  a f f e c t  t h e i r  b e h a v i o r .  Converse ly ,  r i g -  

o r o u s  i n c r e m e n t a l  s o l u t i o n s  w i t h  n o n l i n e a r  numer ica l  models of s i n g l e  

p i l e s  ( o r  e q u i v a l e n t  P-Y c u r v e s )  cannot  be used r e l i a b l y  t o  d e r i v e  t h e  

group s t i f f n e s s  v i a  e m p i r i c a l  group f a c t o r s .  

1 0  



Fiq. 4 - Rocking and Torsional Dynamic S t i f f -  

nesses for 4 x 4 Pile Groups. 



2 S (a, =O) I Z r i k x x  

F i g .  5 - Qocking and Torsional Dynamic Stiffnesses 

of P i le  Groups with s!d = 5. 
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F i q .  3 - 9a t io  of Sorizontal Oile Group S t i f fne s s  

f o r  Two Different  Soil Yedia. 



b )  Se i smic  r e s p o n s e  of p i I e  g roups .  
, 

) 
, , . , 

F i g .  7 p r e s e n t s  t h e  s e i s m i c  r e s p o n s e  of a 4 x 4 p i l e  group,  f o r  

which t h e  s t i f f n e s s  c h a r a c t e r i s t i c s  were  s t u d i e d  i n  F i g s ,  2 and 4.  I n .  

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

of t h e  f o u n d a t i o n  caused  by s h e a r  waves p r o p a g a t i n g  v e r t i c a l l y  i n  t h e  

h a l f s p a c e  and p roduc ing  a f r e e - f i e l d  g round-sur face  d i s p l a c e m e n t  u ; 
g  

and i s  t h e  a b s o l u t e  v a l u e  of t h e  r o t a t i o n  of t h e  f o u n d a t i o n .  F i g .  8 

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

F i g s .  3 and 5. These  f i g u r e s  d i s p l a y  a s i g n i f i c a n t  dependence of 141 
on  t h e  w i d t h  of t h e  f o u n d a t i o n .  

On t h e  o t h e r  hand, f o r  t r a n s l a t i o n ,  t h e  p i l e  cap  e s s e n t i a l l y  f o l l o w s  

t h e  ground mot ion,  a l t h o u g h  i t  f i l t e r s  o u t  t o  some d e g r e e  i t s  h i g h  f r e -  

quency components. For  example,  i n  F i g .  7 ,  i f  Cs = 100 m/sec,  d  = 1 m ,  

t h e n  a  d i m e n s i o n l e s s  f r e q u e n c y  a = 0.2  c o r r e s p o n d s  t o  a p h y s i c a l  f r e -  
0 

quency f  = 3.18 Hz; s i n c e  t h e  f i l t e r  f u n c t i o n  i s  e s s e n t i a l l y  u n i t y  up 

t o  t h i s  f r e q u e n c y ,  and t h e  e a r t h q u a k e  w i l l  be c h a r a c t e r i z e d  by low f r e -  

quency components ( s o f t  s o i l ! ) ,  i t  c a n  b e  concluded t h a t  t h e  mot ion of 

t h e  p i l e  c a p  and t h e  s o i l  w i l l  be v e r y  similar.  6 
, 

c )  D i s t r i b u t i o n  o f  f o r c e s  on t h e  p i l e  r a f t  among t h e  p i l e s .  

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

above ,  p l a y  t h e  p r i n c i p a l  r o l e  i n  t h e  d e s i g n  of t h e  s u p e r s t r u c t u r e .  How- 

e v e r ,  f o r  t h e  d e s i g n  of t h e  p i l e s  themse lves ,  one needs  t o  know t h e  d i s -  

t r i b u t i o n  of f o r c e s  among t h e  p i l e s .  Examples of such  d i s t r i b u t i o n s  a r e  

p r e s e n t e d  i n  F i g .  9 f o r  t h e  same p i l e  g roups  s t u d i e d  i n  F i g s .  2 and 4 .  

The f i r s t  f o u r  p l o t s  i n  t h i s  f i g u r e  show t h e  a b s o l u t e  v a l u e s  of s h e a r  

and moment a t  p i l e -head  l e v e l  caused by a s h e a r i n g  f o r c e  a p p l i e d  on  t h e  

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

would be  observed  i n  each  p i l e  i f  t h e r e  were  no i n t e r a c t i o n  e f f e c t s  

( i . e . ,  t o t a l  s h e a r / N ) .  The remain ing  p l o t s  i n  F i g .  9 cor respond  t o  t h e  

a x i a l  f o r c e s  observed  a t  p i l e -head  l e v e l ,  caused by a v e r t i c a l  f o r c e  on 

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

f o r c e .  These f i g u r e s  show t h a t  f o r  t h e  s t a t i c  c a s e ,  t h e  c o r n e r  p i l e s  

c a r r y  t h e  l a r g e s t    or ti on of t h e  l o a d ,  w h i l e  t h e  p i l e s  c l o s e s t  t o  t h e  rn 
c e n t e r  c a r r y  t h e  s m a l l e s t .  However, t h i s  o b s e r v a t i o n  i s  no l o n g e r  v a l i d  - - -_ 
i n  t h e  dynamic c a s e .  I n  f a c t ,  f o r  some f r e q u e n c i e s ,  a  l o a d  d i s t r i b u t i o n  
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f a v o r a b l e  t o  c o r n e r  p i l e s  xay  t a k e  p l a c e .  T h i s  c a n  b e  v e r i f i e d ,  f o r  

i n s t a n c e ,  by examining t h e  v a r i a t i o n  w i t h  f r e q u e n c y  of t h e  a x i a l  f o r c e  

on p i l e s  I and 1 V  f o r  s / d  = 2 .  Observe a l s o  t h e  c o n s i d e r a b l e  dynamic 

a m p l i f i c a t i o n  of  t h e  p i l e  f o r c e s  f o r  some f r e q u e n c i e s ,  which i s  a s  l a r g e  

as 5 on p i l e  I V  f o r  s / d  = 2 .  

The s u p e r ~ o s i t i o n  method 

The s u p e r p o s i t i o n  method o r i g i n a l l y  proposed by Pou los  ( 7 , 8 )  is  

f r e q u e n t l y  used  t o  f o r m u l a t e  p iLe  g roup  problems.  I n  t h i s  approx imate  

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

g l o b a l  f l e x i b i l i t y  m a t r i x .  The e n t r i e s  i n  t h i s  m a t r i x  a r e  o b t a i n e d  from 

t a b u l a t e d  s o l u t i o n s  f o r  two p i l e s  t h a t  a r e  commonly r e f e r r e d  t o  as i n t e r -  

a c t i o n  f a c t o r s ,  and which a r e  p r e s e n t e d  i n  terms of t h e  d i s t a n c e  s e p a r a t -  

i n g  t h e  p i l e s ,  and t h e  m a t e r i a l  p r o p e r t i e s  of t h e  sys tem.  The .founda- 

t i o n  s t i f f n e s s e s  f o r  t h e  whole g roup  a r e  t h e n  o b t a i n e d  i n  a  manner s i m i -  

l a r  t o  t h a t  o u t l i n e d  e a r l i e r  i n  t h i s  paDer. 

The a v a i l a b l e  t a b u l a t e d  s o l u t i o n s  f o r  t h e  i n t e r a c t i o n  f; lc-tors arc' 

f o r  s t a t i c  l o a d s  o n l y .  To e x t e n d  t h e  a p p l i c a b i l i t y  of t h e  method t o  

b< dynamic l o a d s  i t  i s  n e c e s s a r y  t o  d e v e l o p  a p p r o p r i a t e  f a c t o r s  f o r  t h i s  

p u r p o s e .  Graphs f o r  t h e s e  f a c t o r s  a r e  p r e s e n t e d  i n  F i g s .  1 0  and 11 f o r  

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

A dynamic i n t e r a c t i o n  f a c t o r  f o r  two p i l e s  ( i n  which t h e  f i r s t  i s  

l o a d e d  w i t h  a u n i t  harmonic  l o a d ,  and t h e  d i s p l a c e m e n t s  a r e  obse rved  on 

t h e  second)  i s  d e f i n e d  a s  f o l l o w s :  

Dynamic d i s p l .  of  p i l e  2 
I n t e r a c t i o n  f a c t o r  = S t a t i c  d i s p l .  of  p i l e  1, c o n s i d e r e d  i n d i v i d u a l l y  

i n  which t h e  word d i s p l a c e m e n t  s t a n d s  f o r  e i t h e r  a  t r a n s l a t i o n  o r  a 

r o t a t i o n .  The method i s  based on t h e  o b s e r v a t i o n  t h a t  

D i s p l .  of p i l e  1 
D i s p l .  o f  p i l e  1, c o n s i d e r e d  i n d i v i d u a l l y  1 

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

p i l e .  A p p l i c a t i o n  of  t h e  method r e q u i r e s  a l s o  t h e  dynamic l o a d  f a c t o r s  

f o r  i n d i v i d u a l l y  loaded  p i l e s  ( s i n g l e  p i l e s ) ,  which 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 .  



- Real p a r t  
-- - Imag. part  

I u  horizontal displacement of 
x x p i l e  2 due t o  horizontal 

force  on p i l e  1 

IU F 5 ve r t i c a l  displacement of 
z z p i l e  2 due t o v e r t i c a l  

force  on p i l e  1. 

F i g .  10 - In teract ion Curves f o r  Horizontal and Vertical Displacement 
of P i l e  2 Due t o  Horizontal and Vert ical  Force on P i l e . 1 .  



a0 a 0  
- R e a l  P a r t  --- I rnag .  Part 

r r o t a t i o n  of p i l e  2 due t o  1 8 4  
r r o t a t i o n  of ? i l e  2 due 

I m x F x  hor i zon ta?  f o r c e  on p i l e  1 .  @x x t o  moment on p i  1 e  . l  . 

C' F i g .  l i  - I n t e r a c t i o n  Curves f o r  Q o t a t i o n  of P i l e  2 Due t o  Horizontal 
, - Force and Yoment on O i  1 e 1 . 



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

i n t o  t h e  b e h a v i o r  of p i l e  g r o u p s .  For  example,  examina t ion  of F i g s .  2 

and 1 0 ,  f o r  s / d  = 5 ,  v e r t i c a l  c a s e ,  shows a  l a r g e  peak i n  k  ( F i g .  2 )  z z 
o c c u r r i n g  a t  a  f r e q u e n c y  a  : 0.45 f o r  which t h e  i n t e r a c t i o n  f a c t o r  i s  ' 

0 

a r e a l ,  n e g a t i v e  number (F ig .  1 0 ) .  P h y s i c a l l y ,  t h i s  means t h a t  t h e  

waves set up by t h e  loaded  p i l e  e x c i t e  t h e  second p i l e  i n  a n  a n t i p h a s e  

mot ion;  t h u s ,  a l a r g e r  f o r c e  ( s t i f f n e s s )  must be  a p p l i e d  on each  p i l e  . 
t o  e n f o r c e  t h e  c o n d i t i o n  of un i fo rm d i s p l a c e m e n t  o f  t h e  p i l e  heads  r e -  

q u i r e d  by t h e  p r e s e n c e  of t h e  p i l e  c a p .  A similar  argument c o n c e r n i n g  

t h e  f r e q u e n c i e s  forwfi ich i q u i p h a s e  mot ion  o c c u r s  c a n  b e  b rought  forward 

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

F i g u r e s  1 2  and 1 3  d i s p l a y  t h e  dynami-c s t i f f n e s s e s  f o r  t h e  same p i l e  

g roups  o f  F i g s .  2  and 4 ,  b u t  computed u s i n g  t h e  s u p e r p o s i t i o n  method. 

Comparison of t h e s e  f i g u r e s  shows t h a t  t h e  approx imate  s u p e r p o s i t i o n  

method y i e l d s  r e s u l t s  t h a t  a r e  i n  good g e n e r a l  agreement w i t h  t h o s e  ob- 

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

between a l l  t h e  p i l e s  i n  t h e  group.  The a c c u r a c y  of t h e  approx imat ion  

improves a s  t h e  p i l e  s p a c i n g  i s  i n c r e a s e d ,  as e x p e c t e d .  
1 

Conc lus ion  

The r e s u l t s  p rov ided  by t h i s  s t u d y  s u g g e s t  t h e  f o l l o w i n g  observa-  

t i o n s  : 

a )  The dynamic b e h a v i o r  i s  h i g h l y  dependent  o n ' f r e q u e n c y ,  as a  r e -  

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

between t h e  v a r i o u s  p i l e s  i n  t h e  group. R a d i a t i o n  damping gen- 

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

b )  P i l e  g roups  s u b j e c t e d  t o  s e i s m i c  e x c i t a t i o n s  e s s e n t i a l l y  f o l l o w  

t h e  low f r e q u e n c y  components o f  t h e  ground mot ion,  w h i l e  f i l t e r -  

i n g  t o  a n  i m p o r t a n t  d e g r e e  i t s  i n t e r m e d i a t e  and h i g h  f requency  

components. The r o t a t i o n a l  component, on t h e  o t h e r  hand,  is  

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

c )  F o r c e s  on  t h e  p i l e s  g e n e r a l l y  i n c r e a s e  towards  t h e  edge of t h e  

r a f t ,  e x c e p t  f o r  some f r e q u e n c i e s .  Also ,  l a r g e  dynamic ampl i -  

f i c a t i o n  f a c t o r s  f o r  t h e s e  f o r c e s  may be  expec ted .  





I Fig. 13 - Rockinq and Torsional Dygamic Stiffnesses for 4 x 4 
Pile Groups by the Superposition Technique. 



d )  Nonl inea r  s o l u t i o n s  ( o r  P-Y c u r v e s )  f o r  s i n g l e  p i l e s  c a n n o t  

r e l i a b l y  b e  used t o  a s s e s s  g roup  s t i f f n e s s e s  i n  combina t ion  

w i t h  group f a c t o r s .  

e )  F i e l d  tests o n  s i n g l e  p i l e s  may b e  poor  p r e d i c t o r s  of  g roup '  

b e h a v i o r .  

f )  The s u p e r p o s i t i o n  scheme s u g g e s t e d  f i r s t  by Pou los  g i v e s  r e a -  

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

o n e s  a s  w e l l .  
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