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SYNOPSIS: A s  a n  a lt e r n a t iv e  to  r ig o r o u s  b o u n d a r y - e le m e n t  s o lu t io n s ,  s im p le  p h y s ic a l m o d e ls  c a n  be  u s e d  to  d e t e r m in e  e .g . the  in t e r a c t io n  for c e -  

d is p la c e m e n t  r e la t io n s h ip  ( d y n a m ic  s t iffn e s s )  a n d  t h e  e ffe c t iv e  s e is m ic  in p u t  m o t io n  o f  fo u n d a t io n s .  T r a n s la t io n a l a n d  r o t a t io n a l c o n e s  a n d  t h e ir  

c o r r e s p o n d in g  lu m p e d - p a r a m e te r  m o d e ls  t o g e t h e r  w it h  s im p le  o n e - d im e n s io n a l w a v e  p a t te r ns  in  the  h o r iz o n t a l p la n e  a llo w  s ur fa c e , e m b e d d e d  a n d  p ile  

fo u n d a t io n s  e v e n  fo r  a  la y e r e d  s it e  t o  be  a n a ly s e d  a n d  t h u s  fo r m  a  m a jo r  s te p  t o w a r d s  d e v e lo p in g  a  s t r e n g t h - o f- m a te r ia ls  a p p r o a c h  to  fo u n d a t io n -  

v ib r a t io n  a n a ly s is .  T h e  a n a ly s is  c a n  m o s t ly  b e  p e r fo r m e d  d ir e c t ly  in  the  t im e  d o m a in .  T h e  p h y s ic a l m o d e ls  p r o v id e  p h y s ic a l in s ig h t  w h ic h  is  o ft e n  

o b s c u r e d  b y  the  m a t h e m a t ic a l c o m p le x it y  o f  r ig o r o u s  s o lu t io n s , o ffe r  s im p lic it y  in  a p p lic a t io n  a s  w e ll a s  in  the  p h y s ic s  a n d  in  the  r ig o r o u s  m a t h e m a t ic a l 

s o lu t io n  o f  th e  p h y s ic a l m o d e l,  a r e  s u f f ic ie n t ly  g e n e r a l t o  e n a b le  r e a s o n a b ly  c o m p lic a t e d  p r a c t ic a l c a s e s  to  be  s o lv e d , e x h ib it  a d e q u a t e  a c c u r a c y  a n d  

o ffe r  the  p o t e n t ia l fo r  g e n e r a liza t io n s .

INTRODUCTION

Im p o r t a n t  t a s k s  o f  fo u n d a t io n - v ib r a t io n  a n a ly s is  s u c h  a s  d e t e r m in in g  

t h e  in t e r a c t io n  fo r c e - d is p la c e m e n t  r e la t io n s h ip  (d y n a m ic - s d ffn e s s )  a n d  

th e  e ffe c t iv e  s e is m ic  in p u t  m o t io n  o f  a  fo u n d a t io n  c a n  be  s o lv e d  e x a c t ly  

u s in g  s o m e  fo r m  o f  t h e  boundary-element method. In  t he s e  rigorous 

m e t h o d s  a  f o r m id a b le  t h e o r e t ic a l b a c k g r o u n d  is  r e q u ir e d ,  a n d  a  

c o n s id e r a b le  a m o u n t  o f  e x p e r t is e  in  id e a lis in g  t h e  a c t u a l d y n a m ic  

s y s t e m  is  n e c e s s a r y . T h e  u s e r  t e nd s  t o  b e  in t im id a t e d .  A  s o p h is t ic a t e d  

c o m p u t e r  p r o g r a m  m u s t  b e  a v a ila b le .  T h e  c o m p u t a t io n a l e x p e n s e  

in v o lv in g  t h e  n u m e r ic a l e v a lu a t io n  o f  in t e g r a ls  a n d  t h e  s o lu t io n  o f  a  

la r g e  s y s t e m  o f  e q u a t io n s  fo r  ju s t  o n e  r u n  is  la r g e ,  m a k in g  it  d if f ic u lt  

f r o m  a n  e c o n o m ic a l p o in t  o f  v ie w  to  p e r fo r m  t h e  ne c e s s a r y  p a r a m e t r ic  

s t u d ie s .  A  fa ls e  s e n s e  o f  s e c u r it y  is  t h u s  p r o v id e d .  T h e  m a t h e m a t ic a l 

c o m p le x it y  o f  r ig o r o u s  m e t h o d s  o f t e n  o b s c u r e s  t h e  p h y s ic a l in s ig h t .  

T h e  r ig o r o u s  m e t h o d s  b e lo n g  m o r e  t o  t h e  d is c ip l in e  o f  a p p lie d  

m e c h a n ic s  t h a n  t o  c iv il  e n g in e e r in g .  T h e s e  m e t h o d s  s h o u ld  o n ly  be  

u s e d  fo r  la r g e  p r o je c t s  o f  c r it ic a l fa c ilit ie s .  F o r  a ll o t h e r  p r o je c t s  simple 
physical models t o  r e p r e s e n t  t h e  u n b o u n d e d  s o il s h o u ld  be  a p p lie d .  F o r  

in s t a n c e ,  t h e  s o il b e lo w  th e  d is k  is  m o d e lle d  a s  a  t r u n c a t e d  r o d  (b a r )  

w it h  it s  a r e a  v a r y in g  a s  in  a  cone (F ig .  la ) .  T h r o u g h  t h e  c h o ic e  o f  the  

c o n e  a s  a  p h y s ic a l m o d e l,  t h e  c o m p lic a t e d  t h r e e - d im e n s io n a l w a v e  

p a t t e r n  w it h  b o d y  a n d  s u r fa c e  w a v e s  a n d  th r e e  d if fe r e n t  v e lo c it ie s  is  

r e p la c e d  b y  th e  s im p le  o n e - d im e n s io n a l w a v e  p r o p a g a t io n  g o v e r n e d  b y  

t h e  o n e  c o n s t a n t  d ila t a t io n a l- w a v e  v e lo c it y  o f  t he  c o n ic a l r o d ,  w h e r e b y  

plane sections remain plane (t h e o r y  o f  s t r e n g t h  o f  m a t e r ia ls ) .

A s  in  t h e  p h y s ic a l m o d e ls  t he  p h y s ic s  o f  t he  p r o b le m  is  s im p lif ie d ,  

conceptual clarity w it h  physical insight r e s u lt s .  T h e  a p p lic a t io n  

p e r fo r m e d  d ir e c t ly  in  t he  f a m ilia r  t im e  d o m a in  is  simple, p e r m it t in g  

e v e n  h a n d  c a lc u la t io n s  in  s o m e  c a s e s . T h e  p h y s ic a l m o d e ls  p e r m it  

e n g in e e r in g  s o lu t io n s  t o  r e a s o n a b ly  c o m p lic a t e d  p r a c t ic a l c a s e s . T h e  

shape o f  the  fo u n d a t io n - s o il in te r fa c e , t he  soil profile a n d  t he  a m o u n t  o f  

embedment c a n  v a r y  c o n s id e r a b ly .  T h e  accuracy is  s u f f ic ie n t ,  

e s p e c ia lly  w h e n  c o n s id e r in g  t h e  m a n y  u n c e r t a in t ie s .  T h e  concepts a n d  

c e r t a in  features o f  t h e  p h y s ic a l m o d e ls  c a n  b e  generalized a n d  t he  

r e s u lt s  a p p lie d  in  m u c h  m o r e  s o p h is t ic a t e d  c a lc u la t io n s .  S u m m a r iz in g ,  

w h e n  a p p ly in g  t h e  s im p le  p h y s ic a l m o d e ls  s o m e  lo s s  o f  p r e c is io n  

r e s u lt s  w h ic h  is  m o r e  t h a n  c o m p e n s a t e d  b y  t h e ir  m a n y  a d v a n t a g e s .  A s  

the  s im p le  m o d e ls  c a n n o t  c o v e r  a ll c a s e s , t h e y  d o  n o t  s u p p la n t  the  m u c h  

m o r e  g e n e r a lly  a p p lic a b le  r ig o r o u s  b o u n d a r y - e le m e n t  m e t h o d ,  b u t

r a th e r  s u p p le m e n t  it .  T h e  p h y s ic a l m o d e ls  s u c h  a s  the  c o n e  m o d e ls  w it h  

t he  d e fo r m a t io n  p a t t e r n  o f  r o d  t he o r y  a n d  o th e r s  to  be  d is c u s s e d  p r e s e n t  

a  m a jo r  s te p  t o w a r d s  d e v e lo p in g  a  strength-of-materials approach to 
foundation dynamics. T h e  a im  is  t h e  s a m e  a s  t h a t  u s e d  r o u t in e ly  in  

s t r e s s  a n a ly s is  o f  s t r u c t u r a l e n g in e e r in g ,  w h e r e  e .g .  f o r  v e r y  

c o m p lic a t e d  s k e w  c u r v e d  p r e s t r e s s e d  c o n c r e t e  b r id g e s  b e a m  t h e o r y  is  

a p p lie d  s u c c e s s iv e ly  a n d  t h e  g e n e r a l t h r e e - d im e n s io n a l t h e o r y  o f  

e la s t ic it y  is  n o t  n e e d e d . C o n c lu d in g ,  the  d y n a m ic  a n a ly s t  s h o u ld  a lw a y s  

«M a k e  t h in g s  a s  s im p le  a s  p o s s ib le  b u t  n o  s im p le r » (H .  E in s t e in ) .  O r  to  

s ta te  it  d iffe r e n t ly :  «Simplicity that is based on rationality is the ultimate 
sophistication» ( A .S .  V e le t s o s ) .

In  t h is  p a p e r  s im p le  p h y s ic a l m o d e ls  to  d e t e r m in e  t he  in t e r a c t io n  

fo r c e - d is p la c e m e n t  r e la t io n s h ip  ( d y n a m ic  s t iffn e s s )  a n d  t h e  e ffe c t iv e  

s e is m ic  in p u t  m o t io n  o f  fo u n d a t io n s  a r e  d e s c r ib e d . T h e  p r a c t ic a l r e s u lt s  

o f  a  th r e e - y e a r  r e s e a r c h  e ffo r t  p e r fo r m e d  t o g e t h e r  w it h  D r .  J . W .  M e e k  

a r e  d e s c r ib e d  w h o  d e v e lo p e d  20 y e a r s  a g o  a  r o t a t io n a l c o n e  w it h  t he  

c o r r e s p o n d in g  lu m p e d - p a r a m e t e r  m o d e l ( M e e k  a n d  V e le t s o s  1 9 7 4 ) 

w h ic h  p r o v id e d  t h e  s t a r t in g  p o in t  fo r  m u c h  o f  t h is  a n d  o t h e r  

d e v e lo p m e n t s .  T h e  w o r k  o n  p h y s ic a l m o d e ls  fo r  fo u n d a t io n - v ib r a t io n  

a n a ly s is  is  a ls o  s u m m a r iz e d  in  a  fo r t h c o m in g  b o o k  ( W o lf  1 9 9 5 ).

OVERVIEW

T h e  t r u n c a t e d  s e m i- in fin it e  translational a n d  rotational cones s h o w n  in  

F ig s .  l a  a n d  l b  fo r  the  v e r t ic a l a n d  r o c k in g  m o t io n s  c a n  a ls o  m o d e l the  

h o r iz o n t a l a n d  t o r s io n a l m o t io n s  in v o lv in g  s h e a r  d is t o r t io n s  o f  a  d is k  

o n  th e  s u r fa c e  o f  a  half space ( M e e k  a n d  W o l f  1 9 9 2 a ) . F o r  p r a c t ic a l 

a p p lic a t io n s  t h e  t r a n s la t io n a l a n d  r o t a t io n a l c o n e s  c a n  be  r e p r e s e n t e d  

r ig o r o u s ly  b y  t h e  discrete-element models c o n s is t in g  o f  s p r in g - d a s h p o t  

s y s t e m s  w it h  fr e q u e n c y - in d e p e n d e n t  c o e f f ic ie n t s  o f  F ig s .  l e  a n d  If ,  

r e s p e c t iv e ly ,  w h e r e b y  fo r  th e  r o t a t io n a l c o n e  a n  a d d it io n a l in t e r n a l 

d e g r e e  o f  f r e e d o m  is  in t r o d u c e d .  T h e  p r o p e r t ie s  o f  t he  c o n e s  a n d  the  

d is c r e te - e le m e n t  m o d e ls  fo r  a ll fo u r  m o t io n s  a r e  d e s c r ib e d  in  T a b le  1. 

T h e  n o m e n c la t u r e  is  d e f in e d  in  F ig .  2 a  w h e r e  a  s e c o n d  d is c r e te - e le m e nt  

m o d e l (m o n k e y - t a il)  fo r  t h e  r o t a t io n a l m o t io n  is  a ls o  s h o w n .  F o r  

n e a r ly - in c o m p r e s s ib le  s o il (1 / 3  <  v <  1 / 2 ) a  t r a p p e d  m a s s  a n d  m a s s  

m o m e n t  o f  in e r t ia  w h ic h  c a n  b e  a s s ig n e d  to  the  b a s e m a t  a r e  in t r o d u c e d  

fo r  t he  v e r t ic a l a n d  r o c k in g  m o t io n s  (M e e k  a n d  W o l f  1 9 9 3 c ). B a s e d  o n  

t h e  r o t a t io n a l c o n e ,  t h e  r o c k in g  d y n a m ic  s t iffn e s s  is  c a lc u la t e d .  A f t e r
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LUMPED 

PARAMETER

F ig .  1 C o n e s  a n d  lu m p e d - p a r a m e te r  m o d e ls

a ) D is k  o n  s u r fa c e  o f  h a lfs p a c e  w it h  t r u n c a t e d  s e m i- in fin it e  

t r a n s la t io n a l c o ne .

b )  D is k  o n  s u r fa c e  o f  h a lfs p a c e  w it h  t r u n c a t e d  s e m i- in fin it e  

r o t a t io n a l c o n e .

c )  D is k  o n  s u r fa c e  o f  s o il la y e r  r e s t in g  o n  f le x ib le  r o c k  

h a lfs p a c e  w it h  c o r r e s p o n d in g  c o n e s .

d )  S y m m e t r y  c o n d it io n  w it h  r e s p e c t  t o  fr e e  s u r fa c e  fo r  d is k  

a n d  m ir r o r - im a g e  d is k  w it h  c o r r e s p o n d in g  d o u b le  c o n e s  

t o  c a lc u la t e  G r e e n ' s  fu n c t io n s .

e ) Dis c r e te - e le m e nt  m o d e l fo r  t r a n s la t io n a l c o ne .

f)  Dis c r e te - e le m e nt  m o d e l fo r  r o t a t io n a l c o ne .

g )  L u m p e d - p a r a m e t e r  m o d e l c o n s is t in g  o f  s p r in g s  a n d  

d a s h p o t s  w i t h  o n e  in t e r n a l  d e g r e e  o f  f r e e d o m  

c o r r e s p o n d in g  t o  f) .

h )  L u m p e d - p a r a m e t e r  m o d e l c o n s is t in g  o f  s p r in g s , d a s h p o t s  

a n d  a  m a s s  w it h  t w o  in t e r n a l de g r e e s  o f  fr e e d o m .

a)

K | A M

77T77T7TTr r 7Tt TTm

C

777777

¿ A  3 I
-C,

z.Xs

V»

F ig .  2  D is k  o n  s u r fa c e  o f  h a lfs p a c e .

a ) C o n e  m o d e l a n d  e q u iv a le n t  d is c r e te - e le m e n t  m o d e ls  fo r  

t r a n s la t io n  a n d  r o t a t io n .

b )  R o c k in g  d y n a m ic  s t iffn e s s  ( u  =  0 .4 5 ) .
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T a b le  1: B a r e  e s s e n t ia ls  to  m o d e l a  fo u n d a t io n  o n  s u r fa c e  o f  h o m o g e n e o u s  s o il h a lfs p a c e

(j4q =  a r e a ,  Iq  =  m o m e n t  o f  in e r t ia ,  cs =  s he a r - w a ve  v e lo c it y ,  cp = d ila t a t io n a l- w a v e  v e lo c it y ,  p  =  m a s s  

d e n s it y )

n o n - d im e n s io n a liz in g  t he  la t t e r  b y  it s  s ta t ic  v a lu e ,  th e  r e a l p a r t  k  a n d  the  

im a g in a r y  p a r t  d iv id e d  b y  t h e  d im e n s io n le s s  f r e q u e n c y  c  a g r e e  w e ll 

w it h  t h e  e x a c t  s o lu t io n  (F ig .  2 b ) .

F ig .  1c  s h o w s  t h e  e x t e n s io n  o f  t he  c o n e  m o d e l t o  c a lc u la t e  a  d is k  o n  

t he  s u r fa c e  o f  a  s o il lay e r re s ting on fle x ib le  rock  half s pace  ( W o l f  a n d  

M e e k  1 9 9 3 ). In  t h is  la y e r e d  c o n e  m o d e l t h e  v e r t ic a l fo r c e  a p p lie d  t o  the  

d is k  p r o d u c e s  d ila t a t io n a l w a v e s  p r o p a g a t in g  d o w n w a r d s  a lo n g  a  c o n e  

f r o m  t he  d is k .  A t  t he  in t e r fa c e  o f  t h e  la y e r  a n d  t h e  r o c k ,  a  r e fr a c t e d  

w a v e  p r o p a g a t in g  in  t h e  r o c k  in  t he  s a m e  d ir e c t io n  a s  t he  in c id e n t  w a v e  

a lo n g  it s  o w n  c o n e  (d o t t e d  lin e )  is  c r e a t e d  in  a d d it io n  to  a  r e f le c t e d  

w a v e  p r o p a g a t in g  b a c k  t h r o u g h  th e  la y e r  a lo n g  t h e  in d ic a t e d  c o n e  

(d a s h e d  lin e )  in  t h e  o p p o s it e  u p w a r d  d ir e c t io n .  T h e  la t t e r  w il l  r e fle c t  

b a c k  a t  t h e  fr e e  s u r fa c e  a n d  th e n  p r o p a g a t e  d o w n w a r d s  a lo n g  it s  c o n e ; 

u p o n  r e a c h in g  t he  in t e r fa c e  o f  th e  la y e r  a n d  the  r o c k , a  r e fr a c t io n  a n d  a 

r e f le c t io n  a g a in  t a k e  p la c e .  T h e  w a v e s  in  t he  la y e r  t h u s  d e c r e a s e  in  

a m p lit u d e  a n d  s p r e a d  r e s u lt in g  in  r a d ia t io n  o f  e n e r g y  t o w a r d s  in f in it y  in  

the  la y e r  in  t h e  h o r iz o n t a l d ir e c t io n .  T h e  d y n a m ic  s t iffn e s s  e q u a ls

. • T1 + ic tf-

S ( û ) )  =  K - - - - - - - - - - - - * - - - - - -

1 + 2 1  e ' ii<ùT

j= l  1 + jK

w it h  t h e  s ta t ic  s t iffn e s s  o f  th e  h a lfs p a c e  K  w it h  t h e  p r o p e r t ie s  o f  t h e  

la y e r ,  T=2d/cfe (d = d e p t h  o f  la y e r ,  L = s o il la y e r )  a n d  k = 2d/zjj. T h e  

r e f le c t io n  c o e f f ic ie n t  - a (< u )  d e t e r m in e d  w it h  r o d  t h e o r y  o f  c o n e s  is ,  in  

g e n e r a l,  a  fu n c t io n  o f  or, it s  lo w - fr e q u e n c y  lim it  (s ta t ic  c a s e ) e q u a ls  fo r  

lA  =  v P (R = r o c k  h a lfs p a c e )

_ P L (c j l )2  -  P r ( c rd )2 

pL-icfc)2 + pR{cRp )2

F o r  t h is  f r e q u e n c y - in d e p e n d e n t  r e f le c t io n  c o e f f ic ie n t  t h e  d y n a m ic  

a n a ly s is  c a n  b e  p e r fo r m e d  in  t h e  t im e  d o m a in .  F o r  t h e  h o r iz o n t a l 

m o t io n  cs r e p la c e s  cp . T h e  h o r iz o n t a l d y n a m ic  s t iffn e s s  o f  a  d is k  o n  the  

s u r fa c e  o f  a  la y e r  r e s t in g  o n  a  h a lf s p a c e  n o n - d im e n s io n a liz e d  b y  K  

c a lc u la t e d  w it h  a  la y e r e d  c o n e  is  q u it e  a c c u r a te  (F ig .  3 ).

F o r  a  s o il lay e r res ting on r ig id  rock , - a  e q u a ls  - 1  (M e e k  a n d  W o lf  

1 9 9 2 b ) .  T h e  d y n a m ic  f l e x ib i l i t y  in  t h e  t im e  d o m a in ,  n o n -  

d im e n s io n a liz e d  w it h  K, i.e .  the  u n it - m o m e n t  im p u ls e  r o c k in g  r e s po ns e  

f u n c t io n ,  c a lc u la t e d  w it h  t h e  la y e r e d  c o n e s  (F ig .  4 )  e x h ib it s  ju m p  

d is c o n t in u it ie s  a n d  is  v e r y  a c c u r a te . T h e  "e x a c t" s o lu t io n  d e t e r m in e d  fo r  

a  s lig h t ly  d a m p e d  s o il b y  n u m e r ic a l F o u r ie r  t r a n s fo r m a t io n  s m e a r s  o v e r  

t h e  d is c o n t in u it ie s .

T h e  c o n c e p t s  o f  c o n e  m o d e ls  c a n  b e  e x p a n d e d  to  th e  a n a ly s is  o f  

e m be dde d  c y lin d r ic a l f o u n d at io n s .  A g a in ,  t h e  v e r t ic a l d e g r e e  o f  

f r e e d o m  is  a d d r e s s e d  in  F ig .  Id ,  b u t  the  fo llo w in g  a r g u m e n t a t io n  is  ju s t  

a s  v a l id  fo r  t h e  h o r iz o n t a l,  r o c k in g  o r  t o r s io n a l o n e s . T o  r e p r e s e n t  a  

d is k  w it h in  a n  e la s t ic  fu lls p a c e ,  a  d o u b le - c o n e  m o d e l is  in t r o d u c e d  

( M e e k  a n d  W o l f  1 9 9 3 a ). It s  d is p la c e m e n t  f ie ld  d e fin e s  a n  a p p r o x im a t e  

G r e e n ' s  f u n c t io n  f o r  u s e  in  a n  u n c o m p lic a t e d  (o n e - d im e n s io n a l)  

v e r s io n  o f  th e  b o u n d a r y - e le m e n t  m e t h o d .  T o  e n fo r c e  t h e  s tr e s s - fr e e  

c o n d it io n  a t  t h e  fr e e  s u r fa c e  o f  t he  h a lfs p a c e  (F ig .  Id ) ,  t w o  id e n t ic a l 

d o u b le  c o n e s  in  t h e  fu l l  s pa c e  p la c e d  s y m m e t r ic a lly  (w it h  r e s pe c t  t o  the  

fr e e  s u r fa c e )  a n d  e x c it e d  s im u lt a n e o u s ly  b y  t h e  s a m e  fo r c e s  a r e  

c o n s id e r e d .  B y  a p p ly in g  p r in c ip le s  o f  s y m m e t r y  a n d  s u p e r p o s it io n ,  the  

s o il' s  f le x ib ilit y  m a t r ix  d e fin e d  a t  t he  d is k s  lo c a te d  w it h in  th e  e m b e d d e d  

p a r t  o f  the  fo u n d a t io n  c a n  b e  s e t  u p . T h e  r e s t  o f  the  a n a ly s is  fo llo w s  v ia  

c o n v e n t io n a l m a t r ix  m e t h o d s .  A s  a n  e x a m p le  a  c y lin d e r  e m b e d d e d  in  a  

h a lfs p a c e  is  e x a m in e d  (F ig .  5 a ).  In  t he  e m b e d d e d  p a r t  o f  t h e  fo u n d a t io n  

8 d is k s  w it h  d o u b le  c o n e s  a r e  in t r o d u c e d  (o n e  is  s h o w n ) .  In  F ig .  5 b  t he  

s t a t ic  s t iffn e s s  fa c t o r s  d e f in e d  a s  th e  r a t io  o f  th e  s ta t ic  s t iffn e s s  o f  the  

e m b e d d e d  fo u n d a t io n  t o  t h a t  o f  a  d is k  o n  t he  h a lfs p a c e  a r e  p lo t t e d  a s  a  

fu n c t io n  o f  t h e  e m b e d m e n t  r a t io  fo r  a ll m o t io n s .  In  F ig .  5 c  t h e  (no n-
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F ig .  3  H o r iz o n t a l d y n a m ic  s t iffn e s s  o f  d is k  o n  la y e r  r e s t in g  o n  h a lfs p a c e  ( r ^ d  =  1 , vf-  =  U® =  0 .2 5 ,  c ^ lc § -  0 .8 ,  p ^ / p ^  -  0 .8 5 ) .
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D IM E N S IO N L E S S  TIME t= tcs / r 0 (=tcp/ (  2d))

F ig .  4 R o c k in g  d y n a m ic  f le x ib ili t y  in  t im e  d o m a in  o f  d is k  o n  la y e r  

r e s t in g  o n  r ig id  r o c k  ( r ^ d  =  1, t > =  1/ 3).

d im e n s io n a liz e d )  r o c k in g  d y n a m ic  s t iffn e s s  is  p r e s e n t e d  c a lc u la t e d  w it h  

c o n e s  a n d  t h e  e x a c t  s o lu t io n  fo r  etr^=\  is  a ls o  s h o w n .  T h e  h o r iz o n t a l 

a n d  r o c k in g  c o m p o n e n t s  o f  t h e  e f fe c t iv e  s e is m ic  in p u t  m o t io n  fo r  

v e r t ic a lly  p r o p a g a t in g  s e is m ic  S - w a ve s  (F ig .  5 a )  a r e  c o m p a r e d  in  F ig s . 

5 d  a n d  e  t o  t h e  e x a c t  s o lu t io n .  In  a ll c a s e s  th e  c o n e  m o d e ls  le a d  to  

s u r p r is in g ly  a c c u r a te  r e s u lt s .

T h e  m o d e l o f  F ig .  I f  s h o w n  in  F ig .  l g  fo r  t he  t r a n s la t io n a l m o t io n  

fo r m s  t he  s ta r t in g  p o in t  to  d e v e lo p  s y s t e m a t ic a lly  a  fa m ily  o f  c o n s is t e n t  

lum pe d- param e te r mode ls . T h e  d ir e c t  s p r in g  is  c h o s e n  to  r e p r e s e n t  t he  

s t a t ic  s t if fn e s s .  T h e  c o e f f ic ie n t s  o f  t h e  o t h e r  s p r in g  a n d  t h e  t w o  

d a s h p o t s  a r e  s e le c t e d  s o  a s  t o  a c h ie v e  a n  o p t im u m  f i t  b e t w e e n  t h e  

d y n a m ic  s t if f n e s s  o f  t h e  lu m p e d - p a r a m e t e r  m o d e l  a n d  t h e  

c o r r e s p o n d in g  e x a c t  v a lu e  ( t a k e n  f r o m  t h e  lit e r a t u r e ,  o r ig in a l ly  

d e t e r m in e d  b y  a  r ig o r o u s  p r o c e d u r e  s u c h  a s  t h e  b o u n d a r y - e le m e n t  

m e t h o d ) .  T o  in c r e a s e  t h e  n u m b e r  o f  c o e ffic ie n t s  a n d  t h u s  th e  a c c u r a c y , 

s e v e r a l s y s te m s  o f  F ig .  l g  c a n  b e  p la c e d  in  p a r a lle l.  F ig .  l h  s h o w s  the  

lu m p e d - p a r a m e t e r  m o d e l fo r  th r e e  s u c h  s y s te m s , w h e r e b y  t w o  o f  t h e m  

a r e  c o m b in e d  t o  fo r m  a  n e w  s y s t e m  c o n s is t in g  o f  t w o  s p r in g s ,  o n e  

in d e p e n d e n t  d a s h p o t  ( t h e  t w o  d a s h p o t s  in  s e r ie s  h a v e  t h e  s a m e  

c o e ffic ie n t )  a n d  a  m a s s . It  c a n  be  s h o w n  th a t  t he  fr e q u e n c y - in d e p e n d e n t  

c o e ffic ie n t s ,  w h ic h  c a n  b e  d e t e r m in e d  u s in g  c u r v e  f it t in g  a p p lie d  to  t he  

d y n a m ic  s t if fn e s s  ( in v o lv in g  t h e  s o lu t io n  o f  a  l in e a r  s y s t e m  o f  

e q u a t io n s  o n ly )  w il l  b e  r e a l (b u t  n o t  n e c e s s a r ily  p o s it iv e ) .  T h e  e ight  

s prings , das hpots  and  m as s  w ill  r e p r e s e n t  a  s table  lum pe d- param e te r  

mode l w ith only  two addit io nal in te rnal degre es  o f  f re e dom . U s e  is  th u s  

im p l ic i t ly  m a d e  o f  t h e  r e s u lt  o b t a in e d  w it h  t h e  s ta te - o f- t he - a r t

f o r m u la t io n  w h ic h  le a d s  t o  t h e  r ig o r o u s  d y n a m ic  s t iffn e s s  u s e d  in  th e  

o p t im u m  fit .  T o  ta k e  s o il- s t r uc tur e  in t e r a c t io n  in t o  a c c o u n t , the  lu m p e d -  

p a r a m e t e r  m o d e l (F ig .  lh )  o r  t he  d is c r e te - e le m e n t  m o d e l (F ig s .  l e  a n d

10 r e p r e s e n t in g  t h e  s o il is  a t t a c h e d  t o  th e  u n d e r s id e  o f  t h e  s t r u c t u r a l 

m o d e l.  T h e  t o t a l d y n a m ic  s y s t e m  o f  t h e  s t r u c t u r e  a n d  t h e  s o il c a n  be  

a n a ly s e d  u s in g  a  s t a n d a r d  s t r u c t u r a l d y n a m ic s  c o m p u t e r  p r o g r a m . F o r  

illu s t r a t io n ,  t he  lu m p e d - p a r a m e t e r  m o d e l o f  F ig .  lh  is  u s e d  t o  c a lc u la t e  

th e  r o c k in g  d y n a m ic  f le x ib ilit y  o f  a  d is k  o n  a  la y e r  o n  r ig id  r o c k  s h o w n  

in  F ig .  4  ( W o l f  a n d  P a r o n e s s o  1 9 9 1 ).

T h e  m o d e ls  s h o w n  in  F ig .  1 p r e s c r ib e  a  d is p la c e m e n t  p a t t e r n  

v a r y in g  w it h  d e p t h  a lo n g  t h e  a x is  o f  t h e  c o n e .  T o  e x t e n d  t h e  

a p p lic a t io n ,  dis plac e m e nt pat te rns  in  the  horiz ontal p lan e  o t h e r  t h a n  

t h o s e  c o r r e s p o n d in g  t o  t h e  s t r e n g t h - o f- m a te r ia ls  a s s u m p t io n  o f  p la n e  

c r o s s - s e c t io ns  r e m a in  p la n e  c a n  b e  in t r o d u c e d . O n e - d im e n s io n a l w a v e  

p r o p a g a t io n  is  a g a in  p r e s c r ib e d .  U s in g  n o n m a t h e m a t ic a l p h y s ic a l 

r e a s o n in g  a n d  c a l ib r a t io n  w it h  r ig o r o u s  s o lu t io n s ,  t h e  v e r t ic a l 

d is p la c e m e n t  o n  t h e  fr e e  s u r fa c e  o f  a  h a lfs p a c e  fo r  a  lo a d e d  s o u r c e  

s u b d is k  (F ig .  6a )  c a n  b e  d e r iv e d  ( M e e k  a n d  W o l f  1 9 9 3 b ) .  T h is  

a p p r o x im a t e  Gre e n's  f unc t io n  e x h ib it s  a  d iffe r e n t  d y n a m ic  b e h a v io u r  in  

t h e  ne ar an d  f a r  f ie ld s . A rb it rary  s hape d  s urface  f o un d at io n s  c a n  be  

t r e a t e d  a s  a n  a s s e m b la g e  o f  s u b d is k s .  A s  a n o t h e r  d is p la c e m e n t  p a t t e r n , 

c y lind ric al w av e s  c a n  b e  a s s u m e d  t o  p r o p a g a t e  w it h  t h e  p r o p a g a t io n  

v e lo c it ie s  in d ic a t e d  in  F ig .  6b  t o  d e t e r m in e  dy nam ic  inte rac tion fac tors , 

d e s c r ib in g  t h e  e ffe c t  o f  a  s o u r c e  p ile  o n  a  r e c e iv e r  p ile  ( D o b r y  a n d  

G a z e t a s  1 9 8 8 ). T h is  a llo w s  p ile  groups  t a k in g  pile- soil- pile  inte rac tion  

in t o  c o n s id e r a t io n  t o  b e  a n a ly s e d . A s  a n  e x a m p le  t h e  3 x 3  f lo a t in g  p ile  

g r o u p  s h o w n  in  F ig .  7 a  is  a n a ly s e d .  E  d e n o t e s  t h e  Y o u n g ' s  m o d u lu s  

o f  e la s t ic it y .  2 5  d is k s  w it h  t he  c o r r e s p o n d in g  d o u b le  c o n e s  (F ig .  Id )  

a r e  u s e d  t o  m o d e l a  s in g le  p ile  ( W o lf ,  M e e k  a n d  S o n g  1 9 9 2 ) . T h e  

d y n a m ic  s t iffn e s s  o f  a  s in g le  p ile  a g r e e s  q u it e  w e ll w it h  t h e  e x a c t  

s o lu t io n  (F ig .  7 b ) .  D y n a m ic - in t e r a c t io n  fa c t o r s  a r e  d e t e r m in e d  b a s e d  o n  

t h e  s o u n d  p h y s ic a l a p p r o x im a t io n  o f  F ig .  6b ,  m o d if ie d  a p p r o p r ia t e ly  

fo r  t h e  v e r t ic a l m o t io n .  A s  a n  e x a m p le  o f  t he  r e s u lt s  th e  a m p lit u d e  o f  

t h e  a x ia l fo r c e  a t  t he  h e a d  o f  th e  c e n t r e  p ile  is  p lo t t e d  fo r  t h e  v e r t ic a l 

m o t io n  o f  t he  p ile  g r o u p  fo r  the  t w o  p ile  d is t a n c e  to  p ile  d ia m e t e r  r a t io s  

in  F ig .  7 c . T h e  fo r c e  a m p lit u d e s  a r e  n o r m a liz e d  w it h  t he  a v e r a g e  s ta t ic  

fo r c e  o f  t h e  p ile  g r o u p .  E v e n  d e t a ils  o f  t h e  s t r o n g  d e p e n d e n c y  o n  

fr e q u e n c y  a r e  w e ll r e p r e s e n t e d .

R E F E R E N C E S

D o b r y ,  R .  a n d  G a z e t a s ,  G .  ( 1 9 8 8 ) ,  S im p le  m e t h o d s  fo r  d y n a m ic  

s t iffn e s s  a n d  d a m p in g  o f  f lo a t in g  p ile  g r o u p s .  Ge o te c h n iq ue  3 8 , 

5 5 7 - 5 7 4 .

M e e k ,  J .W .  a n d  V e le t s o s ,  A .S .  (1 9 7 4 ) ,  S im p le  m o d e ls  fo r  fo u n d a t io n s  

in  la t e r a l a n d  r o c k in g  m o t io n ,  Proce e dings  5th W orld  Confe re nce  on  

Earthquak e  Engine e ring , R o m e ,  V o l.  2 , p p .  2 6 1 0 - 2 6 1 3 .
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F ig .  5  C y lin d e r  e m b e d d e d  in  h a lfs p a c e  ( u  =  0 .2 5 ) .

a ) N o m e n c la t u r e .

b )  S t a t ic  s t iffn e s s  fa c t o r .

c )  R o c k in g  d y n a m ic  s t iffn e s s .

d )  H o r iz o n t a l c o m p o n e n t  o f  e f fe c t iv e  s e is m ic  fo u n d a t io n  

in p u t  m o t io n .

e ) R o c k in g  c o m p o n e n t  o f  e ffe c t iv e  s e is m ic  fo u n d a t io n  in p u t  

m o t io n .

M e e k ,  J . W .  a n d  W o lf ,  J .P .  ( 1 9 9 2 a ) ,  C o n e  m o d e ls  fo r  h o m o g e n e o u s  

s o il. I.  Jo u rn al Ge ote c hnic ai Engine e ring , A S C E  1 1 8 , p p .  6 6 7 - 6 8 5 .

M e e k ,  J . W .  a n d  W o l f ,  J .P .  (1 9 9 2 b ) ,  C o n e  m o d e ls  fo r  s o il la y e r  o n  

r ig id  r o c k . II.  Jo u rn a l Ge o te c hnic ai Eng ine e ring , A S C E  1 1 8 , p p .  

6 8 6 - 7 0 3 .

M e e k ,  J . W .  a n d  W o lf ,  J .P .  ( 1 9 9 3 a ) ,  C o n e  m o d e ls  fo r  a n  e m b e d d e d  

fo u n d a t io n ,  s u b m it t e d  t o  Jo u rn al Ge ote c hnic ai Engine e ring , A S C E  

fo r  p o s s ib le  p u b lic a t io n .
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M e e k ,  J . W .  a n d  W o l f  J .P .  ( 1 9 9 3 b ) ,  A p p r o x im a t e  G r e e n ' s  fu n c t io n ' f o r  

a  s u r fa c e  f o u n d a t io n ,  s u b m it t e d  t o  Jo u r n a l G e o t e c h n ic a l 

Engine e ring , A S C E  fo r  p o s s ib le  p u b lic a t io n .

W o l f ,  J .P .  a n d  M e e k ,  J . W .  ( 1 9 9 3 c ) ,  C o n e  m o d e ls  f o r  n e a r ly  

in c o m p r e s s ib le  s o il,  s u b m it t e d  t o  Earthq uak e  Eng ine e ring  an d  

S truc tural Dy nam ics  fo r  p o s s ib le  p u b lic a t io n .

W o lf ,  J .P .  a n d  P a r o n e s s o ,  A .  ( 1 9 9 1 ) ,  L u m p e d - p a r a m e t e r  m o d e l fo r  

fo u n d a t io n  o n  la y e r ,  Proce e dings  S e cond In te rnat ional Confe re nce  

on Re c e nt  A dv ance s  in  Ge o te c hnic al Earthquak e  Eng ine e ring , S . 

P r a k a s h  e d . ,  S t .  L o u is ,  M is s o u r i,  V o l.  1, p p .  8 9 5 - 9 0 5 .

W o lf ,  J .P . ,  M e e k ,  J . W .  a n d  S o n g ,  C h .  (1 9 9 2 ) ,  C o n e  m o d e ls  fo r  a  p ile  

f o u n d a t io n ,  Pile s  unde r Dy n am ic  L o ads , G e o t e c h n ic a l S p e c ia l 

P u b lic a t io n  N °  3 4 , A S C E ,  p p .  9 4 - 1 1 3 .

W o lf ,  J .P .  a n d  M e e k ,  J . W .  (1 9 9 3 ) ,  C o n e  m o d e ls  fo r  a  s o il la y e r  o n  

f le x ib le  r o c k  h a lfs p a c e ,  Earthquak e  Eng ine e ring  an d  S truc tural 
Dy nam ic s , F e b r u a r y .

W o lf ,  J .P .  ( 1 9 9 5 ) .  S im ple  phy s ic al m ode ls  f o r  f o u n d at io n  v ibrat ion , 

P r e n t ic e - H a ll,  E n g le w o o d  C lif f s ,  N .J .
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F ig  6 D is p la c e m e n t  p a t te r ns  in  h o r iz o n t a l p la n e .

a ) V e r t ic a l  d is p la c e m e n t  o n  fr e e  s u r fa c e  f r o m  lo a d e d  

s u b d is k .

b )  H o r iz o n t a l' d is p la c e m e n t  fr o m  lo a d e d  p ile .

F ig .  7  F lo a t in g  p ile  g r o u p  in  s o il h a lfs p a c e .

a)

b)

c )

E le v a t io n  a n d  p la n  v ie w  o f  3 x 3  p ile  g r o u p  [s /(2r0) =  5 

a n d  =  1 0 , 0 (2 r0) =  1 5 , V  =  0 .4 ,  Ep/ Es = 1 0 0 0 , p p / p s = 

1 .4 , 5 %  m a t e r ia l d a m p in g ] .

D y n a m ic  s t iffn e s s  o f  s in g le  p ile .

A x ia l  fo r c e  a m p lit u d e  a t  h e a d  o f  c e n t r e  p ile  fo r  v e r t ic a l 

m o t io n  o f  p ile  g r o u p .
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