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DYNAMIC RESPONSE OF FOUNDATIONS.

by E .S iv ap a lan

ABSTRACT

The th e s i s  d e s c r ib e s  a  f i e l d  in v e s t ig a t io n  in to  th e  
dynamic re sp o n se  of sha llow  c o n c re te  fo u n d a tio n  pads c o n s tru c te d  
on a  n a tu r a l  s o i l  d e p o s i t .  P a r t i c u l a r  em phasis i s  p la ced  upon 
th e  re sp o n se  o f ’passive*  fo u n d a tio n s  e x c i te d  by v ib r a t io n s  
t r a n s m i t t e d  th ro u g h  th e  s o i l  from  an a d ja c e n t ’ a c t i v e ’ fo u n d a tio n  
s u b je c te d  to  p e r io d ic  e x c i t a t io n  d e riv e d  from a  r o ta t in g  mass 
ty p e  v ib r a to r .

A t e s t  r i g  in c o rp o ra tin g  th e  v ib r a to r  and a n c i l l a r y  
equipm ent f o r  in d ependen t c o n t ro l  o f o p e ra t in g  speed  and am pli
tu d e  of dynamic lo a d  was c o n s tru c te d . In s tru m e n ta tio n  f o r  th e  
m easurm ent o f fo u n d a tio n  and ground s u r fa c e  a c c e le r a t io n s  i n  th e  
range  0.000001  g to  1g was assem bled  from  com m ercially  [av a ilab le , 
u n i t s .  A s e r ie s l  of f i e l d  t e s t s  in v o lv in g  two s e t s  of a c t iv e  and 
p a s s iv e  fo u n d a tio n  pads was conducted .

The tra n s m is s io n  o f v ib r a t io n s  th ro u g h  th e  s o i l  
from  one fo u n d a tio n  to  a n o th e r  i s  examined by c o n s id e r in g  th e  
r a t i o  of th e  v e r t i c a l  d isp lacem en t o f ‘th e  p a s s iv e  fo u n d a tio n  to  
th e  c o rre sp o n d in g  d isp lacem en t o f  th e  a c t iv e  fo u n d a tio n . I t  i s  
shown th a t  th e  tra n s m is s io n  r a t i o s  a re  s u b s t a n t i a l l y  independen t 
o f  b o th  th e  mass r a t i o  o f th e  a c t iv e  fo u n d a tio n  and th e  i n t e n s i t y  
o f  e x c i ta t io n .  The t e s t  r e s u l t s  a re  used to  dem onstra te  th e  
in f lu e n c e  of s o i l  ad h es io n  a lo n g  th e  s id e s  o f a  p a s s iv e  founda
t i o n  on i t s  dynamic re sp o n se . A lso , th e  in f lu e n c e  o f  th e  p a s s iv e  
fo u n d a tio n  on th e  re sp o n se  o f th e  a c t iv e  fo u n d a tio n , th e  non
l i n e a r  b e h a v io u r o f th e  s u p p o r tin g  s o i l  and th e  i n t e r a c t io n  
betw een two c lo s e ly  spaced  p a s s iv e  fo u n d a tio n s  a re  i l l u s t r a t e d .

To examine th e  p r a c t i c a l  a p p l ic a t io n  o f e x is t in g  
th e o r i e s ,  th e  r e s u l t s  of p u b lish e d  th o e r e t i c a l  p a ra m e tric  s tu d ie s  
a r e  used to  d e r iv e  e q u a tio n s  o f m otion o f b o th  th e  a c t iv e  and th e  
p a s s iv e  fo u n d a t io n s , and v e r t i c a l  d isp lacem en ts  c a lc u la te d  u s in g  
th e  m easured i n  s i t u  s o i l  p a ram ete rs  a re  compared w ith  th e  f i e l d  
r e s u l t s .  The d i f f e r e n c e s  between p re d ic te d  and m easured re sp o n ses  
a r e  d is c u s se d . The problem s w hich r e q u ire  f u r t h e r  s tu d y  a re  
i d e n t i f i e d  and l i s t e d  as su g g e s tio n s  f o r  f u r t h e r  re s e a rc h .
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N 0  T. .A Q? I O N

A -  A m plitude o f d isp lacem en t o f  r i g i d  c i r c u l a r  fo o tin g  on 

an e l a s t i c  h a lfs p a c e , 

wra Q > d im en s io n le ss  freq u en cy
s

h G-o __  s , R a tio  of th e  p ro d u c t o f sh e a r  modulus o f s id e
r  G

la y e r  and d ep th  o f embedment to  th e  p ro d u c t o f 

s h e a r  modulus o f  u n d e rly in g  medium and ra d iu s  of 

fo u n d a tio n .

B -  H a lf-w id th  o f fo u n d a tio n .

b -  Mass r a t i o  o f fo u n d a tio n .

C -  Ify-namic com pliance o f h a l f s p a c e .

-  Dynamic com pliance o f s tra tu m .

-  Dynamic com pliance o f ro ck  u n d e rly in g  s tra tu m .

2 -  S t i f f n e s s  and damping p a ram eters  of h a l f s p a c e .

c -  Damping c o n s ta n t o f s in g le  degree o f freedom  an a lo g u e .

D -  Depth o f s o i l  ad h es io n  a lo n g  th e  s id e s  o f embedded 

fo u n d a tio n .

d -  D is tan ce  from  c e n tre  o f a c t iv e  fo u n d a tio n .

e -  E c c e n t r i c i ty  of r o t a t i n g  m ass.

e„ -  E q u iv a le n t e c c e n t r i c i t y  f o r  fo u r - s h a s t  la y o u t.
ill

F, Q -  Lysm er’s m o d ified  d isp la cem e n t fu n c tio n s ,I , d
2 •  R e is s n e r ’ s d isp la cem e n t fu n c t io n s .



f  -  Frequency o f e x c i ta t io n

f(x) -  R a le ig h  freq u en cy  e q u a tio n

G -  Shear modulus of s o i l  "beneath fo o t in g s .

G -  Shear modulus of s o i l  la y e r  a d ja c e n t to  s id e s  o f 

embedded fo u n d a tio n .

g 9*81 m /sec , A c c e le ra tio n  due to  g r a v i ty .

H -  T hickness o f s o i l  la y e r .

h  -  Depth o f embedment .

i  =  -1 , Im aginary  u n i t .

K -  Average v a lu e s  o f (C -  BS ) and (C -  BS ) / a
I j I I  c . ' O

k -  S p rin g  c o n s ta n t  of s in g le  degree  o f freedom  system  .

k , k -  S p rin g  c o n s ta n t o f s im p l if ie d  analogue f o rSt P

a c t iv e  and p a s s iv e  fo u n d a tio n s , r e s p e c t iv e ly .

L^- Length os s u r fa c e  w aves.

1 -  Lenth of r e c ta n g u la r  b a se .

M -  Mass o f fo u n d a tio n

M , M -  Mass of a c t iv e  and p a s s iv e  fo u n d a t io n s ,r e s p e c t iv e ly ,  u p

m -  E c c e n tr ic  mass on r o t a t i n g  s h a f ts  o f v ib r a t o r .

N ( t )  -  V e r t ic a l  dynamic r e a c t io n  along  s id e s  o f embeddedz
fo o t in g .

Na v ( t )  , N ( t )  -  V e r t ic a l  dynamic r e a c t io n s  a lo n g  s id e s  o f

a c t iv e  and p a s s iv e  fo u n d a tio n s , r e s p e c t iv e ly .

N p ^(t) -  H o riz o n ta l s o i l  r e a c t io n s  a c t in g  on p a s s iv e  fo u n d a tio n  

due to  embedment. —x v d i  —



R2(iO -  V e r t ic a l  dynamic r e a c t io n  a t  base o f r i g i d  fo o tin g s  

on h a lfs p a c e .

Rzal' ( t )  -  V e r t ic a l  dynamic r e a c t io n  a t  base o f s in g le  a c t iv e  

f  o u n d a tio n .

R ( t )  , R ( t )  -  V e r t ic a l  dynamic r e a c t io n  a t  b ases  of
cLV p V

a c t iv e  and p a s s iv e  fo u n d a tio n s , r e s p e c t iv e ly ,  

o f a  tw o -fo u n d a tio n s  system ,

Rt)H( t ) » “ H o r iz o n ta l s o i l  r e a c t io n  and moment a t  base

o f p a s s iv e  fo u n d a tio n .

r , r Q -  R adius o f  c y l in d r i c a l  fo o tin g ;  a l s o  e q u iv a le n t  r a d iu s  

o f sq u are  o r r e c ta n g u la r  fo u n d a tio n .

r  , r  -  R a d ii o f a c t iv e  and p a s s iv e  fo u n d a tio n s , r e s p e c t iv e ly ,  a  p

P ( t )  -  V e r t ic a l  e x c i ta t io n  fo rc e  a t  tim e t .

P -  A m plitude of e x c i t a t io n  fo rc e ,o

P > -  Am plitude o f v e r t i c a l  dynamic fo rc e  on groundas
su r fa c e  d i r e c t l y  b en ea th  the a c t iv e  fo u n d a tio n ,

2“ S t i f f n e s s  and damping param eters  due to  embedment.

s ( t )  -  V e r t ic a l  s id e  dynamic r e a c t io n  p e r u n i t  d ep th  o f

embedment.

t  -  tim e

U (t)  -  H o r iz o n ta l ( r a d i a l )  d isp lacem en t o f r i g i d  fo u n d a tio n .

Vp , V Vp -  V e lo c i t ie s  o f s u r fa c e  waves, sh e a r  waves and

com pression  waves th rough  th e  s o i l

w -  C irc u la r  freq u en cy  o f e x c i ta t io n  .

X -  Root o f R a le ig h  frequency  e q u a tio n .
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z(t) -  V e r t ic a l  d isp la cem e n t o f  r i g i d  c i r c u l a r  fo o tin g *

Z ( t )  ~ Complex v e r t i c a l  d isp la c e m e n t o f  a c t iv e  fo u n d a tio n , a

-  A m plitude o f  v e r t i c a l  d isplacem ent* .

Zpo “ ComPle:x v e r t i c a l  d isp la cem e n t o f  p a s s iv e  fo u n d a tio n  

in  f r e e  v ib r a t io n .

Zpg ~ ^ Ge v e r t i c a l  d isp la cem e n t a t  l o c a t io n  o f  p a s s iv e

fo u n d a tio n .

Z -  A m plitude o f  f r e e  f i e l d  m otion , pgo

z -  V e r t ic a l  c o o rd in a te .

0  -  R e la tv e  phase  d i f f e r e n c e  betw een u p p er and low er p a i r s

o f r o t a t i n g  s h a f t s  in s id e  v ib r a t o r  box .

j> »- Bulk d e n s i ty  o f  s o i l

j-t ~ P o is s o n ’s r a t i o  .

(j) ~ .Angle o f  r o t a t i o n  o f p a s s iv e  fo u n d a tio n  i n  th e  v e r t i c a l  

p la n e .
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CHAPTER I

INTRODUCTION

GENERAL

The beh av io u r o f fo u n d a tio n s  su b je c te d  t o  dynamic lo a d s  

and th e  e f f e c t s  o f such m otions on th e  environm ent have 

c o n s t i tu te d  im p o rtan t problem s s in c e  th e  e a r l i e s t  fo rg e  hammers 

caused  s e tt le m e n t and v ib r a t io n  p rob lem s. The n e c e s s i ty  f o r  

d eve lo p in g  e f f e c t iv e  and econom ical d esig n  f o r  fo u n d a tio n s  

su b je c te d  to  dynamic lo a d s  has become more im p o rtan t in  re c e n t 

y e a r s .  This has been  caused , p r im a r i ly ,  by th e  in c re a s e  i n  

c a p a c ity  and number of i n d u s t r i a l  i n s t a l l a t i o n s  t h a t  a re  

in te n s iv e  so u rces  o f v ib r a t io n ,  and, p a r t l y  by th e  req u ire m en ts  

of s a f e ty  and s t a b i l i t y  o f s t r u c tu r e s  i n  re g io n s  a f f e c te d  by 

b l a s t s  o r e a r th q u a k e s .



DESIGN REQUIREMENTS

D ynam ically  lo a d ed  fo u n d a tio n s  can be c l a s s i f i e d  in to  

th e  fo llo w in g  c a te g o r ie s  acc o rd in g  to  t h e i r  d e s ig n  r e q u i r e 

m ents:

( i )  F oundations s u b je c te d  to  s te a d y  s t a t e  v ib r a t io n  

o r ig in a t in g  from  r o t a t i n g  o r r e c ip r o c a t in g  

m achinery  such as com presso rs , pumps, i n t e r n a l  

com bustion e n g in e s , e t c . ;

( i i )  F oundations s u b je c te d  t o  in t e r m i t t e n t  lo a d s  from 

th e  o p e ra tio n s  o f punch p r e s s ,  fo rg in g  hammers, 

e t c . ;

( i i i )  F oundations s u p p o r tin g  s e n s i t iv e  equipm ent such

as e le c t r o n  m icro sco p es , c a l ib r a t io n  t e s t  s ta n d s ,  

e t c . ,  w hich r e q u ire  i s o l a t i o n  from  am bient 

v ib r a t io n s  a t  th e  s i t e  ;

( iv )  F oundations f o r  s p e c ia l  equipment such as

p r e c i s io n  t r a c k in g  ra d a r  w hich a re  d esig n ed  to

t **
r e s i s t  dynamic lo a d s  developed  by th e  su p p o rted  

u n i t  and a ls o  to  p r o te c t  th e  e n t i r e  s t r u c tu r e



from  dynamic energy  t h a t  may be t r a n s m it te d  

th ro u g h  th e  ground from  e x te rn a l  so u rc e s .

(v) F oundations o f t a l l  s t r u c tu r e s  such as m u l t i 

s to r e y  b u ild in g s  which a re  s e n s i t iv e  to  la rg e  

s c a le  dynamic energy  a r r iv in g  from b la s t s  or 

e a r th q u a k e s .

In  each ‘c a se , th e  d e s ig n  req u ire m en ts  a re  d ic ta t e d  by th e  

c r i t e r i a  fo r  s a t i s f a c t o r y  o p e ra t io n  o f th e  su p p o rted  u n i t .

For fo u n d a tio n s  su p p o rtin g  m achines which produce s u s ta in e d  

v ib r a t io n s ,  t h i s  d e s ig n  c r i t e r i o n  i s .n o  lo n g e r  in te r p r e te d  

sim ply  as m eeting  th e  s p e c i f i c a t io n s  recommended by th e  

m an u fac tu re rs  of th e  su p p o rted  m achinery . The e f f e c t s  on th e  

environm ent o f v ib r a t io n s ,  g e n e ra te d  by th e  machine and. 

p assed  th ro u g h  th e  fo u n d a tio n  in to  th e  s o i l ,  a re  a ls o  ta k en  

in to  c o n s id e ra t io n .  Dynamic energy  t r a n s m it te d  from a v ib r a t  

in g  fo u n d a tio n  may be d e tr im e n ta l  to  s e n s i t iv e  equipm ent in  

th e  v i c i n i t y  o r cause annoyance to  peop le  l i v in g  n ea rb y . As 

a r e s u l t , th e re  i s  an in c re a s in g  tendency  to  .regard ground 

v ib r a t io n s  induced  by in d u s t r i a l  a c t i v i t y  as a h e a l th  hazard  

and a form  o f p o l lu t io n  o f th e  n a tu r a l  env ironm ent. Thus, i t



has become n e c e ss a ry  to  e s t a b l i s h  d e s ig n  c r i t e r i a  f o r  machine 

fo u n d a tio n s  b ased  on l im i t in g  l e v e l s  o f v ib r a t io n  some 

d is ta n c e  away from  th e  fo u n d a tio n . F u rth erm o re , th e  d e s ig n  

o f tw in -p la n t  i n s t a l l a t i o n s  in v o lv in g  two o r more independen t 

machine fo u n d a tio n s  b u i l t  on s e p a ra te  base  s la b s  r e q u ir e  an 

assessm en t o f th e  e f f e c t s  o f  th r o u g h - s o i l  co u p lin g  on th e  

dynamic resp o n se  o f  th e  fo u n d a tio n s .

ANALYSIS OF SOIL-FOUNDATION INTERACTION

S o il- fo u n d a tio n  in t e r a c t io n  has re c e iv e d  c o n s id e ra b le  

t h e o r e t i c a l  s tu d y  in  co n n ec tio n  w ith  th e  d es ig n  o f machine found

a t io n s .  The w id e ly  acc ep ted  method o f a n a ly s is  t r e a t s  th e  s o i l  

as a s e m i - in f in i t e ,  e l a s t i c ,  i s o t r o p i c ,  homogeneous medium and 

th e  fo u n d a tio n  as a r i g i d  c i r c u l a r  body r e s t i n g  on th e  s u r fa c e  of 

th e  medium. In  re c e n t  y e a r s ,  approxim ate s o lu t io n s  have been  

fo rm u la ted  to  d e a l w ith  embedded fo o t in g s ,  fo o tin g s  o f r e c ta n g u la r  

o r sq u are  b a s e , la y e re d  s o i l s ,  e t c .  The a n a ly s is  u s u a l ly  r e q u ir e s  

th e  d e te rm in a tio n  o f a s e t  o f fo u n d a tio n  s t i f f n e s s  fu n c tio n s  w hich 

r e l a t e  th e  fo rc e s  and moments a t  th e  fo u n d a tio n  to  th e  r e l a t i v e

-  4 -  '



m otion  betw een th e  fo u n d a tio n  and th e  s o i l  a t  a p o in t  w e ll removed 

from  th e  s t r u c t u r e .  These fu n c tio n s  a re  th e n  u sed , to g e th e r  w ith  

e q u a t io n s ,  f o r  th e  dynamic e q u ilib r iu m  o f th e  s t r u c tu r e  to  an a ly se  

th e  s o i l - s t r u c t u r e  system . For p r a c t i c a l  com putations th e se  freq u en cy  

dependen t fu n c tio n s  a re  u s u a l ly  re p la c e d  by e q u iv a le n t s p r in g s ,  dash - 

p o ts  and m asses.

Most o f  th e s e  t h e o r e t i c a l  s o lu t io n s  have been co n fin ed  to  

s in g le - s t r u c tu r e  c o n f ig u ra t io n  and l i t t l e  i s  known about th e  t r a n s 

m iss io n  o f v ib r a t io n s  betw een a d ja c e n t fo u n d a tio n s . R e la t iv e ly  few 

ex p e rim e n ta l s tu d ie s  check ing  th e  v a l i d i t y  o f  th e s e  th e o r ie s  i n  

p r a c t i c a l  a p p l ic a t io n s  have been  c a r r i e d  o u t .  The rea so n s  f o r  t h i s  

d e f ic ie n c y  appear t o  be th e  d i f f i c u l t y  in  c r e a t in g  a s u i ta b le  

environm ent in  th e  la b o ra to ry  and th e  d i f f i c u l t i e s  i n  co n d u c tin g  f i e l d  

t e s t s  w ith  c o n t ro l  over th e  sy stem ’ s p a ra m e te rs .

AIM OF INVESTIGATION

W ith th e  in t e n t io n  o f  p ro v id in g  more 'ex p e rim en ta l d a ta  on th e  

dynamic b eh av io u r o f fo u n d a tio n s  embedded in  n a tu ra l  s o i l  d e p o s its  

and on th e  tra n s m is s io n  o f  v ib r a t io n s  betw een a d ja c e n t fo u n d a tio n s ,



an e x p e rim en ta l programme was d es ig n ed  and c a r r ie d  out as d e sc r ib e d  

i n  th e  fo llo w in g  c h a p te r s ;  The programme was d esigned  to  s tu d y  th e  

dynamic b eh av io u r o f a system  c o n s is t in g  of an embedded fo u n d a tio n  

e x c i te d  by a r o ta t in g  m ass-type  v ib r a to r ;  a  n a tu r a l  s o i l  d e p o s it 

(w eathered  Keuper M arl) and a fo u n d a tio n  r e c e iv in g  v ib r a t io n s  a t  some 

d is ta n c e  away from  th e  e x c i te d  fo u n d a tio n .



CHAPTER I I

LITERATURE SURVEY

INTRODUCTION

V ib ra tio n s  o f s o i l s  and fo u n d a tio n s  have re c e iv e d  a 

c o n s id e ra b le  amount o f  s c i e n t i f i c  a t t e n t i o n  s in c e  th e  1930s .  

As a r e s u l t ,  th e  r e le v a n t  l i t e r a t u r e  c o n s is ts  of numerous 

p u b l ic a t io n s  most o f w hich d e s c r ib e  a n a ly t ic a l  s tu d ie s .

E a r ly  a tte m p ts  a t  a n a ly s in g  fo u n d a tio n  v ib r a t io n  

problem s were b ased  on th e  assum ption  th a t  th e  fo u n d a tio n  

and th e  s o i l  formed a s im p le  m a ss-sp rin g -d ash p o t system .

The mass o f th e  system  was c o n s id e re d  to  be a sum of th e  

mass of th e  fo u n d a tio n  and th e  mass o f a p o r t io n  o f th e  

s o i l  which was supposed t o  be o s c i l l a t i n g  in  phase w ith  th e  

fo u n d a tio n . D if f e r e n t  r u le s  f o r  e v a lu a tin g  th e  ’ in -phase*  

mass of th e  s o i l  have been su g g es ted  by Lorenz (1934-5, 

C ro c k e tt and Hammond (l 9U9)  ̂ Pauw (I9f>3) and Rao and N agaraj 

( i 960 ) .  However, a s e r i e s  of c o n t ro l le d  t e s t s  perform ed by 

DEGEBO (German S o c ie ty  fo r  S o il  M echanics) r e v e a le d  th a t  th e  

’s p r in g -m a ss ’ th e o ry  was in a d eq u a te  to  e x p la in  th e  t e s t



r e s u l t s .  The in -p h a se  mass o f s o i l  t h a t  would make th e  

th e o ry  and th e  t e s t  r e s u l t s  a g ree  was not a c o n s ta n t f o r  a 

p a r t i c u l a r  fo u n d a tio n  b u t v a r ie d  w ith  th e  freq u en cy  of 

e x c i ta t io n ,  th e  s t a t i c  lo a d  and th e  dynamic lo a d  a p p lie d  to  

th e  f o o t in g .

The - u n r e l i a b i l i ty  of th e  s im ple  S p rin g -m ass*  th e o r ie s  

le d  t o  th e  developm ent o f  th e  'e l a s t i c  h a lfsp ac e*  th e o ry  which 

.'Was f i r s t  in tro d u c e d  by R e is sn e r  (1 9 3 6 ). This approach  t r e a t e d  

th e  s o i l  as a s e m i - in f in i t e ,  e l a s t i c ,  un ifo rm , homogeneous, 

i s o t r o p i c  medium, o r  as  i t  i s  commonly deno ted  an e l a s t i c  

h a lf s p a c e ,  and th e  fo u n d a tio n  as a r i g i d  c i r c u la r  body p la c e d  

on th e  s u r fa c e  o f th e  h a lf s p a c e .  A lthough th e  a p p l ic a t io n  o f 

such a th e o ry  t o  a n a ly se  v ib r a t io n s  o f a c tu a l  fo u n d a tio n s  i s  

n o t q u i te  r e a l i s t i c ,  i t  form ed th e  b a s is  o f n e a r ly  a l l  f u r th e r  

a n a ly t i c a l  s tu d ie s  o f fo u n d a tio n  v ib r a t io n  problem  because i t  

p e rm itte d  e v a lu a t io n  o f many p a ram ete rs  t h a t  had p re v io u s ly  

seemed to  p la y  an im p o rta n t p a r t  in  th e  problem , b u t which 

cou ld  no t be c o m p le te ly .d e f in e d , such as P o is so n ’s r a t i o ,  

sh e a r  m odulus, b u lk  d e n s i ty  o f  th e  s o i l ,  mass and s iz e  o f

fo u n d a tio n  and p re s s u re  d i s t r i b u t i o n  over th e  c o n ta c t a re a .
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M ath em atica lly  th e  o s c i l l a t i o n  o f a r i g i d  c i r c u la r  

fo o tin g  on an e l a s t i c  h a lfs p a c e  c o n s t i tu te d  a mixed boundary 

v a lu e  problem  -which was f i r s t  so lv ed  app ro x im ate ly  by assuming 

a co nven ien t form o f s t r e s s  d i s t r i b u t i o n  b en ea th  th e  fo o t in g .  

Development of m ath em atica l te c h n iq u e s , l a t e r  enab led  d e r iv 

a t io n  of ex ac t s o lu t io n s ,  b u t as shown by W arburton ( 1973) ,  

th e  d if f e r e n c e  betw een th e  r e s u l t s  g iven  by th e  approxim ate 

method and th e  ex ac t method were n e g l ig ib le  excep t f o r  th e  

h o r iz o n ta l  t r a n s l a t i o n a l  mode o f v ib r a t io n .  A f u l l  d e s c r ip t io n  

of th e  v a r io u s  te c h n iq u e s  employed to  o b ta in  s o lu t io n s  f o r  th e  

t h e o r e t i c a l  problem  can be found in  Barkan ( 1962 ) ,  I^ rc ro ft 

(1956) and G ladw ell (1 9 6 8 ) .

The f i n a l  e x p re s s io n  d e r iv e d  f o r  th e  am plitude of d i s 

p lacem ent o f  th e  fo o t in g  i s  u s u a l ly  w r i t t e n  a s ,

A Gr0

( 2 . 1 )

in  which

A - Am plitude of d isp lacem en t of th e  f o o t in g .

P0 -  A m plitude o f e x te r n a l  p e r io d ic  fo rc e
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G - Shear modulus o f th e  e l a s t i c  h a l fs p a c e .

Radius o f th e  f o o t in g .

a -  A d im e n s io n le ss  e x p re s s io n  o f th e  freq u en cy  o f

e x c i t a t io n ,  o f te n  d e s c r ib e d  as freq u en cy  f a c t o r .

d e f in e d  a s :  a o 2TT f r

V

( 2 . 1a)

V -  V e lo c ity  o f sh e a r  wave th ro u g h  th e  medium,

f  -  F requency  of e x c i ta t io n  in  Ha.

b -  Mass r a t i o  o f  th e  r i g i d  fo o tin g  d e fin e d  as:

m
b =

( 2 . 1b)

A?

m Mass o f th e  fo o t in g .

j? - Bulk d e n s i ty  of th e  h a lfs p a c e , 

and , f^ and fg  -  a re  two co m p lica ted  fu n c tio n s  o f freq u en cy  f a c to r

a Q and P o is so n ’s r a t i o  (.[*-) o f th e  h a lfs p a c e  b e in g  

e f f e c t iv e l y  th e  in p h ase  and out o f phase compo

n en ts  o f  d isp lacem en t p e r u n i t  fo rc e  o f  a r i g i d  

m a ss le ss  p la te  o f  th e  same dim ensions and shape

as th e  r i g i d  f o o t in g .  E x p ressio n s  f o r  f^ and f ?
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v a ry  w ith  th e  form  o f s t r e s s  d i s t r i b u t i o n  

assumed b en ea th  th e  f o o t i n g . '  The a n a ly s is  i s  

m ain ly  d i r e c te d  tow ards th e  d e r iv a t io n  o f 

e x p re s s io n s  f o r  th e s e  two d isp lacem en t fu n c t io n s .



DYNAMIC RESPONSE OF 1SURFACE1 FOUNDATIONS

2 .2 .1  T h e o re tic a l  Development

R e is s n e r ’ s (1936) s o lu t io n  f o r  th e  v e r t i c a l

o s c i l l a t i o n  o f  a r i g i d  fo o t in g  on th e  su rfa c e  o f  an

e l a s t i c  h a lf s p a c e  was ex tended  in to  more u s e f u l  and

more a c c u ra te  forms by s e v e r a l  in v e s t ig a to r s  n o ta b ly ,

Su:qg (1 9 5 3 ), A rno ld , e t  a l  (1955)* H sieh (1 962) and

Awojobi and G ro tenhu is  (1 9 6 5 ). The main d if f e re n c e s

betw een th e s e  s tu d ie s  a re  th e  modes o f v ib r a t io n s  and

th e  boundary c o n d itio n s  c o n s id e re d . Sung (1953)

p re s e n te d  s o lu t io n s  f o r  d isp lacem en t fu n c tio n s  f^ and

f^  co rresp o n d in g  to  th r e e  d i f f e r e n t  ty p e s  of s t r e s s

d i s t r i b u t i o n  over th e  c i r c u l a r  c o n ta c t a re a  on th e

su r fa c e  of th e  h a lf s p a c e .  The resp o n se  cu rves o b ta in ed

by Sung in d ic a te d  t h a t  th e  dynamic re sp o n se  o f a
*

fo u n d a tio n  can be in f lu e n c e d  by c o n t ro l l in g  th e  

f l e x i b i l i t y  of th e  fo u n d a tio n . None o f th e  assumed 

s t r e s s  d i s t r i b u t i o n s ,  how ever, could  y ie ld  r ig i d  body 

d isp la cem e n ts  o f th e  fo u n d a tio n . A rnold  e t  a t  (1955) 

and B y cro ft (1956) p re s e n te d  s o lu t io n s  f o r  d i f f e r e n t



modes o f v ib r a t io n s  o f th e  r i g i d  body. They assumed 

re le v a n t  s t a t i c  s t r e s s  d i s t r i b u t io n  betw een th e  r i g i d  

body and th e  h a lfs p a c e  f o r  each o f  th e  fo u r  modes of 

v ib r a t io n  ( i . e .  v e r t i c a l  t r a n s la t io n *  h o r iz o n ta l  

t r a n s la t io n *  ro ck in g  abou t a h o r iz o n ta l  a x is  and 

r o ta t io n  abou t a v e r t i c a l  axis)* e v a lu a te d  th e  w eigh ted  

average o f th e  d isp la cem e n ts  b en ea th  th e  fo o t in g  and 

th u s  e s ta b l i s h e d  more a c c u ra te  v a lu e s  fo r  d isp lacem en t 

fu n c tio n s  f^ and f Q th a n  th o se  p re s e n te d  by Sung (195>3)« 

By re o rg a n is in g  R e is s n e r 's  b a s ic  equations*  H sieh 

( 1962) showed th a t  a l l  modes o f v ib r a t io n s  o f a r ig i d  

c i r c u la r  fo o tin g  cou ld  be re p re s e n te d  by e q u a tio n s  which 

have th e  same g e n e ra l form  as th e  e q u ilib r iu m  e q u a tio n  

fo r  a damped s in g le  d eg ree  of freedom  sp r in g -m a ss -d a sh - 

p o t system . The m ajor d if f e r e n c e  was t h a t  th e  damping 

te rm  and th e  sp r in g  r e a c t io n  te rm  were fu n c tio n s  o f f^ 

and fg, w hich*as d e s c r ib e d  e a r l ie r *  v a r ie d  w ith  freq u en cy  

o f e x c i t a t io n  and P o is so n ’ s r a t i o  (U ) of th e  medium. 

Lysmer and R ic h a r t  ( 1966 ) ex tended  t h i s  tre a tm e n t by 

in tro d u c in g  m od ified  d isp lacem en t fu n c tio n s  F  ̂ and Fg
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( -  Ijf^ and developed  a

sp rin g -m ass-d ash p o t-an a lo g u e  w ith  c o n s ta n t p a ram ete rs  

w hich c lo s e ly  approx im ated  th e  beh av io u r o f  a r ig id  

fo o tin g  on th e  e l a s t i c  h a l f s p a c e .  The e q u a tio n  o f 

e q u ilib r iu m  f o r  t h i s  analogue is ' g iven  by:

where

M - Mass o f th e  fo o t in g .

Z - V e r t ic a l  d isp la c e m e n t.

P ( t  ) -  V e r t ic a l  fo rc e  a p p lie d  to  th e  fo o t in g .

- R adius cf th e  fo o t in g ,  

and P, C-j and o  a re  th e  p r o p e r t ie s  o f th e  e l a s t i c  

h a lfs p a c e  as d e f in e d  f o r  e q u a tio n  2.1 .

Lysmer’s analogue i s  a p p lic a b le  f o r  th e  v e r t i c a l  t r a n s 

l a t i o n a l  mode o n ly . S im ila r  analogues fo r  o th e r  modes 

o f  v ib r a t io n  o f th e  fo o tin g  were p re se n te d  by H a ll 

(1967). N o n lin ear re sp o n se  s tu d ie s  (F tinston  and H a ll ,

( 1 - h 1-P* )

MZ +■ ( 3.U ?0 2 /PG  ) Z h- UG rQ Z = P( t  )

1 -f*.

( 2 . 2)

-  14 -



1967 ) have made e x te n s iv e  use of th e s e  s im p l if ie d  

a n a lo g u e s .

Awojobi and G roo tenhu is  (196£) a ttem p ted  t o  

p ro v id e  an ’ exact* s o lu t io n  to  th e  problem  by ad h erin g  

to  th e  p h y s ic a l  req u irem en t o f a un ifo rm  d isp lacem en t 

under th e  r i g i d  fo o tin g  and zero  norm al and sh e a r  s t r e s s e s  

a t  th e  su rfa c e  away from  th e  fo o tin g .  This approach  le d  

t o  a s e t  o f d u a l i n t e g r a l  eq u a tio n s  which were so lv ed  by 

a num erical m ethod. The a u th o rs  found t h a t  th e  s t r e s s  

d i s t r i b u t i o n  b en ea th  th e  fo o t in g  changes w ith  freq u en cy  

o f e x c i ta t io n ,  and th e  assum ption  of s t a t i c  s t r e s s  d i s 

t r i b u t i o n  i s  v a l id  on ly  f o r  v e ry  l o r  v a lu e s  o f th e  

freq u en cy  f a c t o r  aQ. W ith f u r th e r  developm ents o f m ath

e m a tic a l te c h n iq u e s  more a c c u ra te  s o lu t io n s  fo r  and 

fg  have been p re se n te d  by G ladw ell (1968), R ichardson

( 1969 ) and Cl emmet (1971-0* Clemmet (19710 c o n s id e re d  

th e  cou p lin g  betw een h o r iz o n ta l  m otion and ro c k in g  m otion 

of th e  fo u n d a tio n  and d e r iv e d  s o lu t io n s  fo r  th e  coupled 

mode of v ib r a t io n .

Lysrner and Kuhelemeyer (19&9) developed a g e n e ra l 
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m ethod th rough  w hich an e l a s t i c  h a lfsp a c e  cou ld  be 

r e p la c e d  by a f i n i t e  model w ith  a s p e c ia l  v isco u s  

boundary c o n d i t io n .  They used  th e  f i n i t e  elem ent 

method to  a n a ly se  th e  dynamic resp o n se  of a r i g i d  

fo o t in g  on th e  f i n i t e  model and showed t h a t  th e  r e s u l t s  

ag reed  w ith  th e  r e s u l t s  g iven  by th e  c l a s s i c a l  e l a s t i c  

h a lfs p a c e  t h e o r i e s .  Wass and Lysmer ( 1972) developed  an 

a l t e r n a t iv e  f i n i t e  model w hich in c lu d ed  t r a n s m it t in g  

b o u n d arie s  and an i n f i n i t e l y  r i g i d  b a se , to  re p re s e n t  

th e  e l a s t i c  h a l f s p a c e .  They claim ed t h a t  th e  u t i l i z a t i o n  

o f t h i s  m odel, i n  th e  a n a ly s is  of dynamic resp o n se  o f 

fo u n d a tio n s , was l e s s  expen siv e  and more a c c u ra te  th a n  th e  

use  o f th e  v isc o u s  boundary  model. A lthough f u r th e r  

developm ent o f th e  dynamic f i n i t e  elem ent method (K ausel 

e t  a l  (1975)) has made p o s s ib le  th e  s tu d y  of th e  resp o n se  

o f fo o tin g s  on s o i l s  o th e r  th a n  an homogeneous h a lfs p a c e , 

th e  assum ption  o f  an i n f i n i t e l y  r i g i d  base  a t  a r e l a t i v e l y  

sha llow  d ep th  i s  an u n av o id ab le  requ irem en t which can be 

j u s t i f i e d  on ly  in  th e  case  o f a shallow  la y e r  o v e r ly in g  a 

v e ry  s t i f f  ro c k .
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' Because of th e  s im p l i f ic a t io n  a r i s in g  from 

c y l in d r ic a l  c o o rd in a te s ,  a l l  of th e  a fo rem en tioned  

th e o r ie s  were developed  f o r  r i g i d  fo o tin g s  w ith  c i r c u l a r  

b a s e s .  K obori and Thomson (1 9 6 2 ), and l a t e r ,  E lo rduy  

e t  a l  ( 1967) s tu d ie d  v e r t i c a l  v ib r a t io n  of r i g i d  r e c t a n 

g u la r  fo o tin g s  011 an e l a s t i c  h a l f  sp ace . R ic h a r t e t  a l ,

(1970) compared th e  r e s u l t s  o b ta in ed  by E lo rduy  e t  a l ,  

f o r  a r e c ta n g u la r  base  o f  le n g th  to  w id th  r a t i o  2 w ith  

r e s u l t s  o b ta in e d  by B y cro ft (19£6) f o r  a c i r c u la r  fo o tin g  

hav ing  th e  same a re a  as th e  r e c ta n g u la r  base and found 

t h a t  th e  d i f f e r e n c e  betw een th e  d isp lacem en t fu n c tio n s  

g iv en  by th e  two methods were n e g l ig ib le .



A p p lic a tio n s  o f th e J th e o ry ,
i

The a p p l ic a t io n  of e l a s t i c  h a lfs p a c e  s o lu t io n s  to  

a c tu a l  fo u n d a tio n  v ib r a t io n s  problem s and th e  im p lic a tio n s  of 

th e  t h e o r e t i c a l  p r e d ic t io n s  re g a rd in g  th e  s ig n if ic a n c e  of 

d i f f e r e n t  p a ram e te rs  of th e  fo u n d a t io n - s o i l  system  were d isc u sse d  

by R ic h a r t  ( 1962 ) ,  Whitman (1965 ), Barkan (1962 ) and R ic h a rt e t  

a l  (1 9 7 0 ). I t  was found t h a t  q u a l i t a t i v e l y ,  th e  r e s u l t s  giVen by 

th e  e l a s t i c  h a lfs p a c e  th e o ry  ag reed  w ith  observed  b eh av io u r of 

fo u n d a tio n s  p ro v id ed  t h a t  th e  s o i l  b ro a d ly  resem bled  an e l a s t i c  

h a l f s p a c e .  When th e  th e o ry  was a p p lie d  to  p r a c t i c a l  s iz e  found

a t io n s ,  th e  r e s u l t s  in d ic a te d  t h a t  fo u n d a tio n s  ex p e rien c in g  

t r a n s l a t i o n a l  modes o f v ib r a t io n  would be h e a v i ly  damped due t o  

lo s s  o f energy  by th e  p ro p a g a tio n  o f  leaves, w hereas t h i s  r a d ia t io n  

damping would be sm all i n  system s e x p e rie n c in g  r o t a t i o n ,  

e s p e c ia l ly  ro c k in g . R ich ard  (1962) s tu d ie d  th e  in f lu e n c e  of th e  

mass r a t i o  o f  th e  fo o tin g  on i t s  dynamic b eh av io u r and p re se n te d  

a fa m ily  o f d e s ig n  cu rves i l l u s t r a t i n g  th e  d e c re a se  in  re so n a n t 

freq u en cy  and in c re a s e  i n  re so n a n t am plitude w ith  in c re a s e  in  

mass r a t i o .  A n a ly s is  cf th e  in f lu e n c e  o f th e  p a ram ete rs  o f th e  

s o i l  ( i . e .  sh e a r  modulus and p o is s o n 's  r a t i o )  r e v e a le d  t h a t  sm all



v a r ia t io n s  in  th 'e sh e a r  modulus a f f e c te d  th e  r e s u l t s  c o n s id e r 

a b ly , b u t v a r i a t io n s  in  p o is s o n ’s r a t i o  w ith in  th e  range  0 , 25> 

to  O.I4, w hich i s  re a so n a b le  fo r  n a tu r a l  s o i l  d e p o s i t s , had 

v e ry  l i t t l e  e f f e c t  on th e  d isp lacem en ts  p re d ic te d  by th e  th e o ry . 

R ic h a r t  (197U) recommended t h a t  f o r  c a lc u la t io n  p u rp o se s , 

p o is s o n ! s r a t i o  may be ta k e n  as 0 .3 3  f o r  sands and 0 . U f o r  

c la y s  w ith  l i t t l e  lo s s  o f acc u racy . The th e o ry  o b v io u s ly , 

was in a d e q u a te  t o  d e a l w ith  n o n lin e a r  re sp o n se  and Whitman 

(1965) recommended t h a t  th e  a p p l ic a t io n  o f th e  th e o ry  shou ld  

be l im ite d  to  s i t u a t io n s  w herethe in t e n s i t y  o f e x c i ta t io n  d id  

not r e s u l t  i n  a c c e le r a t io n s  exceeding  0 .£ g .



E xperim en ta l S tu d ie s  on S u rface  F o u n d a tio n s .

Fry  ( 1963) c a r r i e d  ou t a s e r i e s  o f v ib r a t io n  t e s t s  on 

d i f f e r e n t  c i r c u l a r  fo o tin g s  from  5 t o  16 f e e t  in  d ia m ete r 

which were e x c i te d  i n  th e  v e r t i c a l ,  t o r s io n a l  and ro ck in g  

modes o f v ib r a t io n .  A ll  o f th e  fo o tin g s  were c o n s tru c te d  

i n  s i t u  011 th e  s u r fa c e  o f th e  s o i l  a t  two t e s t  s i t e s ,  one o f 

w hich c o n s is te d  o f  a s i l t y  c la y  s o i l  and th e  o th e r  c o n s is te d  

o f a sandy s o i l .  F ry  re p o r te d  t h a t  b o th  s o i l  d e p o s i ts  were 

un ifo rm  and homogeneous to  dep th s  s e v e ra l  tim es  g r e a te r  th a n  

th e  d iam ete r o f th e  l a r g e s t  fo o tin g  t e s t e d j  th u s  s im u la tin g  

an e l a s t i c  h a l f s p a c e .  The r e s u l t s  o f th e s e  t e s t s  were 

compared by R ic h a r t  and Whitman ( 1967) w ith  d isp la cem e n ts  

c a lc u la te d  u s in g  th e  e l a s t i c  h a lfsp a c e  th e o ry . D if f e r e n t  

ty p e s  o f s t r e s s  d i s t r i b u t i o n s  b en ea th  th e  fo o tin g s  were 

c o n s id e re d  in  th e  c a lc u la t io n s .  R ic h a r t and Whitman found 

th a t  th e  assum ption  o f  s t a t i c  s t r e s s  d i s t r i b u t io n  b enea th  th e  

fo o tin g s  gave th e  c lo s e s t  agreem ent w ith  th e  m easured r e s u l t s  

b u t ,  even th e n ,  th e  c a lc u la te d  maximum am plitu d es  were one- 

t h i r d  to  o n e -h a lf  of th e  observed  maximum a m p litu d e s . R ic h a r t  

and Whitman a t t r i b u t e d  t h i s  la rg e  d if f e re n c e  betw een th e o ry



and t e s t  r e s u l t s  t o . in a c c u ra te  d e te rm in a tio n  o f sh e a r  modulus 

o f  th e  s o i l ,  v a r i a t io n  o f  s t r e s s  d i s t r i b u t io n  w ith  freq u en cy  

o f e x c i ta t io n  and n o n lin e a r  re sp o n se  of th e  su p p o rtin g  s o i l .

The v a r ia t io n s  o f maximum am plitude  and freq u en cy  o f  maximum 

am plitude  w ith  mass r a t i o  o f th e  fo o t in g ,  how ever, fo llow ed  

th e  t r e n d  p re d ic te d  by th e  e l a s t i c  h a lfsp a c e  th e o ry .

B renvich  and H a ll (1966 ) conducted  t r a n s i e n t  lo a d in g  

t e s t s  on a 0 . 3m d ia m e te r model f o o t in g  r e s t in g  on a f i n i t e  bed 

o f sand p la c e d  in  a  c o n ta in e r .  They m easured th e  p re s s u re  

d i s t r i b u t io n  b en ea th  th e  fo o tin g  and found t h a t  th e  t o t a l  s t r e s s  

d i s t r i b u t i o n  d u rin g  t r a n s i e n t  lo a d in g  was somewhat s im i la r  to  

s t a t i c  s t r e s s  d i s t r i b u t i o n .  They showed th a t  d isp la cem e n ts  

computed u s in g  Lvsmer’s analogue agreed  c lo s e ly  w ith  t h a t  p a r t  

of th e  t e s t  r e s u l t s  which were no t a f f e c te d  by waves r e f l e c t e d  

from th e  w a lls  of th e  c o n ta in e r .

Moore (1971) c a r r ie d  ou t f i e l d  v ib r a t io n  t e s t s  on 1f?in. 

d ia m e te r , one inch  th ic k  s t e e l  p la t e s  of d i f f e r e n t  mass r a t i o s  

p la c e d  on d i f f e r e n t  s o i l s .  By com paring m easured maximum 

am plitudes w ith  th o s e  computed from e l a s t i c  h a lfsp a c e  s o lu t io n s
* - V

fo rm u la te d  by Sung (1953) w ith  un ifo rm , p a ra b o l ic  r i g i d  base



s t r e s s  d i s t r i b u t io n s  b en ea th  th e  f o o t in g s ,  Moore found th a t, 

f o r  c lay ey  s u b s o i ls  th e  c lo s e s t  p r e d ic t io n  o f th e  observed  

r e s u l t s  was o b ta in ed  w ith  r i g i d  b ase  p re s su re  d i s t r i b u t io n .

For th e  sandy s u b s o i l ,  th e y  s t a t e d  t h a t  t h e i r  t e s t  r e s u l t s  

in d ic a te d  a p a ra b o lic  s t r e s s  d i s t r i b u t i o n  a t  low mass r a t i o s  

and r i g i d  base  s t r e s s  d i s t r i b u t i o n  a t  h igh  mass r a t i o s .  An 

exam ination  of t h e i r  r e s u l t s  su g g e s ts  t h a t  d i f f e r e n t  i n t e r 

p r e ta t io n s  a re  p o s s ib le .  N e v e r th e le s s , a g e n e ra l co n c lu sio n  

t h a t  can be  drawn from  th e s e  t e s t  r e s u l ts ,  i s  th a t  c a lc u la te d  

and observed  am p litu d es  o f d isp la cem e n t do n o t m a in ta in  a 

c o n s is te n t  r e la t io n s h ip  in  a l l  c a s e s .

MacCalden and M a tth ie sen  (1973) c a r r ie d  ou t a s e r ie s  

o f t e s t s  on a fo o t  d ia m ete r c o n c re te  fo u n d a tio n  r e s t i n g  on 

a un ifo rm  s i l t y  c la y .  The a u th o rs  u sed  B y c ro f t 's  (19^6) 

h a lfs p a c e  s o lu t io n  which assumes s t a t i c  s t r e s s  d i s t r i b u t io n  

t o  c a lc u la te  th e  d isp lacem en ts  o f th e  fo o t in g  and found th a t  

th e  m easured d isp la cem e n ts  a re  60% to  Q0% h ig h e r  th a n  th e  

p re d ic te d  d isp la cem e n ts  b u t th e  freq u en cy  o f maximum am plitude  

c a lc u la te d  was v e ry  c lo se  t o  t h a t  m easured i n  th e  f i e l d .
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DYNAMIC RESPONSE OF'FOUNDATIONS ON STRATIFIED SOILS

T h e o re tic a l  s tu d y  o f v ib r a t io n s  of fo u n d a tio n s  con

s t r u c te d  on s t r a t i f i e d  s o i l s  has been  co n fin ed  t o  th e  a n a ly s is  

o f th e  r e l a t i v e l y  sim ple case  of a r i g i d  fo o tin g  o s c i l l a t i n g

on th e  su r fa c e  o f a s in g le  e l a s t i c  la y e r  o v e rly in g  an i n f i n i t e l y

r ig i d  ro c k , A rnold e t  a l  (195>5) assumed th a t  th e  s t r e s s
i

d i s t r i b u t i o n  b en ea th  th e  fo o t in g  was th e  same as th e  s t a t i c  

s t r e s s  d i s t r i b u t i o n  i n  th e  case of a r i g i d  fo o t in g  on a u n ifo rm  

h a lfs p a c e  and p re s e n te d  s o lu t io n s  f o r  a l l  fo u r  modes o f v ib r a t io n  

of th e  fo o tin g  in  a form  s im i la r  to  e q u a tio n  2 .1 .  I t  was found 

th a t  th e  d isp lacem en t fu n c tio n  f^ and f^  depended on th e  r a t i o  

o f th e  th ic k n e s s  o f th e  s tra tu m  ( H ) to  th e  r a d iu s  o f th e  f o o t 

in g  ( r  ) .  W arburton ( 195>7 ) gave a more d e ta i le d  account o f th e

s o lu t io n  f o r  v e r t i c a l  mode of v ib r a t io n  and p re s e n te d  num erical 

v a lu es  f^ and f^  f o r  d i f f e r e n t  v a lu e s  of mass r a t i o .  I t  was 

shown t h a t , u n lik e  in  th e  case  o f a un ifo rm  h a lf s p a c e ,  t r u e  

resonance  w ith  am plitude o f m otion approach ing  i n f i n i t y  o ccu rred  

fo r  a m ass le ss  r i g i d  fo o t in g  o s c i l l a t i n g  on th e  s tra tu m . The 

f re q u e n c ie s  a t  which re so n an ce  o ccu rred  were g iven  by ,
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1
2

f O ( 2n -1 )„  Vs 2 ( 1 - )

(l -  2 I*-)

(2 .3 )

in  which

V - V e lo c ity  of sh e a r  waves th ro u g h  th e  s tra tu m ,s

J*- = P o is so n ’ s r a t i o  o f th e  medium.

and, n  - 1 , 2 , 3, . . .

W arburton id e n t i f i e d  th e  re so n a n t f re q u e n c ie s  as th e  n a tu ra l  

f re q u e n c ie s  o f th e  s tra tu m . For fo o tin g s  w ith  m ass, W arburton 

found t h a t  th e  re so n a n t f re q u e n c ie s  v a r ie d  w ith  th e  mass r a t i o  

o f  th e  fo o t in g .  He p re s e n te d  a fa m ily  o f curves each c o r r e s 

ponding to  a d i f f e r e n t  mass r a t i o  and g iv in g  th e  v a r i a t io n  o f 

d im en sio n le ss  freq u en cy  o f maximum am plitude  w ith  mass r a t i o  

o f  th e  fo u n d a tio n . In  genera l, f req u en cy  o f maximum am plitude  

d e c re a se d  w ith  in c re a s in g  mass r a t i o .  The au th o r compared h is  

t h e o r e t i c a l  p r e d ic t io n s  w ith  e x p e rim en ta l r e s u l t s  o b ta in ed  fo r  

model fo o tin g s  on an a r t i f i c i a l  la y e r  and recommended t h a t  th e  

a p p l ic a t io n  o f ’s t r a tu m -o n - r ig id  b a s e 1 th e o ry  should  be 

r e s t r i c t e d  t o  fo u n d a tio n s  on sha llow  s t a r t a  ( i . e .  H /r < l i ) .

For a fo u n d a tio n  p la c e d  on a deep s ta r tu m  ( i . e . H / r  ^>1|) e l a s t i c

h a lfs p a c e  assum ption  was recommended.
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An im p o rtan t' o b s e rv a tio n  t h a t  emerged from  t h i s  s tu d y  

■was t h a t  th e  freq u en cy  re sp o n se  of a sm all fo o tin g  ( i . e .  mass 

r a t i o  < $ >  on a s tra tu m  would re a c h  a sh arp  peak a t  a 

r e l a t i v e l y  low freq u en cy  compared to  th e  alm ost f l a t  re sp o n se  

o f th e  same fo o t in g  on an e q u iv a le n t e l a s t i c  h a l f s p a c e .  The 

p r a c t i c a l  u se  of t h i s  concept in  d e te rm in in g  w hether a n a t u r a l ,  

heterogeneQ us s o i l  d e p o s it sh o u ld  be re p re s e n te d  by an e l a s t i c  

h a lfsp a c e  model o r  by a s tra tu m  on r i g i d  rock  model was 

d e s c r ib e d  by ¥ a rb u r to n  ( 1965 ) .

Whitman ( 1 9 6 9 )  p re s e n te d  a g e n e ra l s t u d y  on th e  re sp o n se  

of a fo u n d a tio n  s u b je c te d  to  h o r iz o n ta l  v ib r a t io n  on th e  s u r fa c e  

o f an e l a s t i c  s tra tu m . He a ls o  co n s id ered  s e v e ra l  cases  i n 

v o lv in g  d i f f e r e n t  mass r a t i o s  and s ta t e d  t h a t  f o r  (H /r)  h3 

s o i l  a m p lif ic a t io n  due to  th e  o s c i l l a t i o n  of s tra tu m  and s o i l -  

s t r u c tu r e  in t e r a c t io n  due t o  th e  o s c i l l a t i o n  o f th e  fo o tin g  can 

be c o n s id e re d  s e p a r a te ly .  He showed t h a t  th e  d isp lacem en t 

fu n c tio n  f^ and f^  f o r  an e l a s t i c  h a lfs p a c e  model and th o se  f o r  

a s tra tu m  on r ig i d  ro ck  model w ith  (H /r)^ > ^ j a re  n e a r ly  equ a l 

a t  a l l  fre q u e n c ie s  excep t th o s e  c lo s e r  to  th e  fundam ental 

n a tu r a l  freq u en cy  o f th e  s tra tu m , At t h i s  f re q u e n c y , th e  d i s 



placem ent fu n c tio n  f o r  th e  l a t t e r  model approaches i n f i n i t y .

For th e  a n a ly s is  o f  fo u n d a tio n -s tra tu m  system s w ith  r a t i o s  

l e s s  th a n  four., "Whitman proposed  an e q u iv a le n t ,  two degrees 

o f freedom  system  in  which th e  s tra tu m  was re p la c e d  by a 

mass and a  s p r in g .

Wass and Lysmer (1972) u sed  f i n i t e  elem ent te c h n iq u e s

to  s tu d y  v e r t i c a l  v ib r a t io n s  o f a fo o tin g  r e s t in g  on a deep

( i . e .  h/ i  eq u a l to  10) v i s c o e l a s t i c  s tra tu m . An i n f i n i t e l y

r i g i d  base  b en ea th  th e  s tra tu m  was assum ed. The a u th o rs

p re s e n te d  a s e t  o f re sp o n se  cu rv es  each co rresp o n d in g  to

d i f f e r e n t  mass r a t i o s  o f th e  fo u n d a tio n , which a re  rep roduced

i n  f ig u r e  2 .1 . Each re sp o n se  curve showed two p e a k s , th e  f i r s t

a t  a freq u en cy  v e ry  c lo se  to  th e  n a tu r a l  freq u en cy  o f th e

th e
s tra tu m  and th e  second a t  a  frequency^sam e as th e  freq u en cy  o f  

maximum am plitude  of th e  same fo u n d a tio n  on an e q u iv a le n t 

e l a s t i c  h a l fs p a c e .

G azetas and R o s e tt  (1979) d e r iv e d  s o lu t io n s  f o r  v e r t i c a l  

v ib r a t io n s  o f a lo n g  s t r i p  fo o t in g  o f h a lfw id th  B r e s t i n g  on 

a two la y e re d  medium c o n s is t in g  o f an e l a s t i c  s tra tu m  of 

com pliance C o v e r ly in g  a com plian t ro c k , of dynamic com plianceO
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Cr  . They p re se n te d  a number of resp o n se  cu rves co rresp o n d in g  

to  d i f f e r e n t  mass r a t i o s  o f th e  f o o t in g ,  d i f f e r e n t  v a lu e s  o f

n
s r a t i o  and d i f f e r e n t  dep ths o f  th e  s tra tu m . By com paring

th e s e  resp o n se  cu rv es  w ith  s im i la r  resp o n se  curves o b ta in e d  

f o r  fo u n d a tio n s  on a s tra tu m  o v e r ly in g  a r i g i d  b ase  and 

fo u n d a tio n s  on an e l a s t i c  h a lf s p a c e , th e  a u th o rs  concluded  t h a t  

f o r  fo u n d a tio n  v ib r a t io n  p rob lem s, a la y e r  of s o i l  o v e r ly in g  a - 

com plian t ro ck  co u ld  be re p la c e d  by e i th e r  a s in g le  s tra tu m  

o v e rly in g  an i n f i n i t e l y  r i g i d  ro ck  o r by an e l a s t i c  h a l f s p a c e ,  

depending on th e  mass r a t i o  o f  th e  fo o t in g ,  th e  r a t i o  o f  dep th  

o f th e  to p  la y e r  to  th e  w id th  of th e  fo o t in g ,  com pliance r a t i o  

o f th e  two la y e r s  and th e  ty p e  of e x c i ta t io n  em ployed. For 

fo u n d a tio n s  of h ig h  mass r a t i o ,  sm a ll e r ro r s  in  m od e llin g  th e  

s o i l  were found to  be u n im p o rta n t. F or sm all mass r a t i o s  

( b < 20 ) ,  s tra tu m  on r i g i d  ro ck  model was a p p ro p r ia te  f o r

(C / c  ) -> 2 , — —<TU and a c o n s ta n t fo rc e  ty p e  o f e x c i t a t io n ,  
r  8 j

When d e a lin g  w ith  r o ta t in g  m achinery ty p e  of e x c i t a t io n ,  a 

h a lfs p a c e  model was found  t o  be more a p p ro p r ia te ,  e s p e c ia l ly



DYNAMIC RESPONSE OF- EMBEDDED FOOTINGS

K a ld jia n  ( 1969 ) u sed  th e  f i n i t e  elem ent method t o  s tu d y  

th e  e f f e c t  of embedment on th e  s t i f f n e s s  o f a fo u n d a t io n - s o i l  

system . He found th a t  th e  s t i f f n e s s  in c re a s e d  w ith  in c re a s e  

i n  dep th  o f embedment and th e  s t r e s s e s  developed along  th e  

v e r t i c a l  fa c e s  o f th e  embedded fo o tin g  were m ain ly  re s p o n s ib le  

f o r  t h i s  e f f e c t .

Novak and Beredugo (1972) and Beredugo and Novak (1972)

have d e sc r ib e d  an e x te n s iv e  s tu d y  on fo rc e d  v ib r a t io n s  of

embedded f o o t in g s . They employed an approxim ate a n a ly t ic a l

approach fo rm u la te d  by Barnov (1 967 ) w hich t r e a t e d  th e  s o i l

on th e  s id e s  of th e  fo o t in g  as a la y e r  s e p a ra te  from  th e  s o i l

b en ea th  th e  b ase  o f th e  f o o t in g .  W ith t h i s  assum ption , Novak

and Beredugo developed  s o lu t io n s  f o r  th e  fo u n d a tio n  in

v e r t i c a l  and coupled  h o r iz o n ta l  t r a n s l a t i o n  and ro ck in g  modes

o f v ib r a t io n .  The a u th o rs  found t h a t  embedment in c re a s e d  th e

s t i f f n e s s  of th e  f o o t i n g - s o i l  system  and r e s u l t e d  in  an

in c re a s e  in  re so n a n t freq u en cy  and d ec re a se  i n  re so n a n t

am p litu d e . Comparison o f th e  t h e o r e t i c a l  p r e d ic t io n s  xvith

ex p erim en ta l r e s u l t s  from  f i e l d  t e s t s  on fo o tin g s  embedded

- 2 9  -



in  ■undisturbed s o i l s  re v e a le d  th a t '  th e  th e o ry  and t e s t  r e s u l t s  

ag reed  q u a l i t a t i v e l y  b u t ex p e rim en ta l re so n a n t am p litu d es  were 

two to  th r e e  tim es h ig h e r  th a n  th o se  p r e d ic te d .  E xperim ents 

conducted  w ith  b a c k f i l l e d  fo u n d a tio n s  showed t h a t  th e  in c re a s e s  

in  re so n a n t am plitude w ith  embedment were much sm a lle r  th a n  

th o se  p re d ic te d  by th e  th e o ry .  I t  was found th a t  th e  e f f e c t  o f 

embedment depended on th e  d e n s i ty  o f  th e  b a c k f i l l  and th e  

q u a l i ty  o f th e  bond betw een th e  s o i l  and th e  fo o t in g .

Stoke and R ic h a r t (1 97U) conducted  a s e r i e s  o f  model 

t e s t s  on 200mm. d iam ete r c o n c re te  fo o tin g s  to  s tu d y  th e  e f f e c t  

of embedment on th e 'd y n am ic  re sp o n se  of th e  f o o t in g s .  Each 

fo o t in g  was f i r s t  t e s t e d  as a c a s t  in  p la c e  fo o tin g *  afte rw h ich*  

s o i l  c o n ta c t a long  th e  embedded d ep th  was removed and t e s t e d  

a g a in . The r e s u l t s  showed t h a t  th e  damping r a t i o  and th e  damped 

n a tu r a l  freq u en cy  o f th e  fo o t in g  in c re a s e d  s i g n i f i c a n t l y  w ith  

embedment f o r  v e r t i c a l*  h o r iz o n ta l  and ro c k in g  modes o f 

v ib r a t io n  o f  th e  f o o t in g .  The a u th o rs  p re se n te d  two w e ll 

docum ented case  s tu d ie s  which d e sc r ib e d  th e  s te a d y  s t a t e  resp o n se  

o f  two p ro to ty p e  m achine fo u n d a tio n s . One o f  th e  fo u n d a tio n s  

was embedded in  a c o h e s io n le s s  s o i l  and th e  o th e r in  a cohesive



b a c k f i l l .  Both fo u n d a tio n s  w ere s e t  in to  ro c k in g  and s l id in g  

m o tions. I t  was found t h a t  th e  a c tu a l  resp o n se  ox th e  

fo u n d a tio n  embedded in  th e  co h es iv e  s o i l  ag reed  more c lo s e ly  

w ith  th e  re sp o n se  p r e d ic te d  by th e  th e o ry  f o r  a s u r fa c e  found

a t io n  th a n  w ith  th e  re sp o n se  p r e d ic te d  by th e  th e o ry  f o r  an 

embedded fo u n d a tio n . For th e  fo u n d a tio n  w ith  c o h e s io n le s s  

b a c k f i l l*  however* a c tu a l  d isp la cem e n ts  were abou t 20% o f th e  

d isp lacem en ts  p r e d ic te d  by th e  th e o ry  fo r  s u r fa c e  fo u n d a tio n s . 

Based on th e s e  o b se rv a tio n s*  R ic h a r t  and S toke concluded  th a t  

th e  d e s ig n  o f fo u n d a tio n s  embedded in  a co h esiv e  b a c k f i l l  and 

su b je c te d  to  ro c k in g  and s l i d i n g  m otions* shou ld  n o t r e l y  upon 

th e  b e n e f i c i a l  e f f e c t s  o f  embedment.



SURFACE RESPONSE IN THE VICINITY OF A HARMONICALLY EXCITED

FOUNDATION

A n a ly t ic a l  s o lu t io n s  f o r  th e  su rfa c e  m otions in  th e  

v i c i n i t y  of a v ib r a t in g  fo u n d a tio n  were p re se n te d  by s e v e ra l  

in v e s t ig a to r s  (A rnold e t  a l  (19£5>)j Barkan (1962 ), R ich ard so n  

e t  a l  (1 9 7 1 )) . These s o lu t io n s  were o b ta in e d  by t r e a t i n g  th e  

s o i l  as an e l a s t i c  h a lfs p a c e  and th e  fo u n d a tio n  a s  a r i g i d  

c i r c u la r  body. R ichardson  e t  a l  (1971) co n s id e re d  an e l a s t i c  

h a lfs p a c e  w ith  p o isso n * s  r a t i o  ze ro  and found t h a t  f o r  each 

o f th e  fo u r  modes of v ib r a t io n  o f th e  foundation*  th e  s u r fa c e  

d isp la cem e n ts  decayed v e ry  r a p id ly  w ith  d is ta n c e  from  th e  

fo u n d a tio n . The r a t e  o f decay o f d isp lacem en ts  in  th e  v e r t i c a l  

t r a n s la t io n *  to r s io n  and' ro c k in g  modes d e c re a se d  w ith  in c re a s in g  

freq u en cy  o f e x c i ta t io n .

Barkan ( 1962 ) conducted  an e x te n s iv e  s e r i e s  of e x p e r i 

m en tal in v e s t ig a t io n  on p ro p a g a tio n  o f s u r fa c e  waves th rough  

d i f f e r e n t  s o i l s  and compared th e  r e s u l t s  w ith  e l a s t i c  h a lfs p a c e  

s o lu t io n s .  I t  was found t h a t  f o r  v e r t i c a l  v ib r a t io n  o f th e  

source* th e  e x p e rim en ta l o r b i t s  o f  m otion o f th e  s o i l  p a r t i c l e s

d i f f e r e d  c o n s id e ra b ly  from  th e  e l l i p t i c a l  o r b i t  p r e d ic te d  by
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th e  theory*  e s p e c ia lly *  f o r  r e l a t i v e l y  sm all d is ta n c e s  from 

th e  s o u rc e . The am p litu d es  o f v e r t i c a l  component o f  d i s 

p lacem ent o f th e  su rface*  c a lc u la te d  from  th e  theory*  ag reed  

w ith  m easured am p litu d es  a t  sm a ll d is ta n c e s  from  th e  so u rce  

b u t a t  la rg e  d is ta n c e s  from th e  source* c a lc u la te d  am p litu d es  

w ere much h ig h e r  th a n  th e  m easured am p litu d e s . W ith in c re a s e  

in  d is ta n c e  from  th e  source* a t te n u a t io n  of s o i l  d isp lacem en t 

w ere much more r a p id  th a n  th e  in v e rs e  p ro p o r tio n  to  d is ta n c e  

p r e d ic te d  by th e  th e o ry .  F requency  resp o n se  m easurem ents on 

th e  su rfa c e  of n a tu r a l  s o i l  d e p o s its  r e s u l t e d  in  re sp o n se  cu rves 

d i f f e r e n t  i n  shape to  th e  resp o n se  curve fo r  th e  sou rce  found

a t io n .  The freq u en cy  resp o n se  of th e  ground s u rfa c e  had s e v e ra l  

maxima w hereas th e  re sp o n se  o f th e  so u rce  had on ly  one maximum. 

Barkon d id  n o t g ive  a s a t i s f a c t o r y  e x p la n a tio n  f o r  t h i s  d i f f e r e n c e .

W arburton e t  a l  (1972) p re s e n te d  a com parison betw een 

f r e e  su r fa c e  re sp o n se  d e te rm in ed  from th e  t h e o r e t i c a l  s o lu t io n  

g iven  by R ichardson  e t  a l  (1971) a n d 'e x p e rim e n ta l r e s u l t s  

o b ta in e d  by P a llo k s  (1961+). The v e r t i c a l  and h o r iz o n ta l  

components o f th e  f r e e  s u r fa c e  d isp lacem en t were co n s id e re d  i n  

th e  com parison . A q u a l i t a t i v e  agreem ent betw een th e o ry  and t e s t

-  3 3  -



r e s u l t s  was ach iev ed  b u t q u a n t i t a t i v e l y  c o n s id e ra b le  d if f e re n c e s  

were ob serv ed ,

MacCalden and M atth ie sen  (1973) p re se n te d  r e s u l t s  of 

f i e l d  t e s t s  in  which d isp la cem e n ts  were m easured f o r  a range 

o f p o in ts  on th e  s o i l  s u r fa c e  re sp o n d in g  to  v e r t i c a l  and 

h o r iz o n ta l  harm onic e x c i ta t io n  o f a nearby  fo o tin g .  The s o i l  

c o n s id e re d  was d e sc r ib e d  as a s i l t y  c la y .  C o n tra ry  to  th e  

f in d in g s  o f  Barkan (1 9 6 2 ), th e  a u th o rs  found t h a t  th e  e x p e r i 

m en ta l resp o n se  was g r e a te r  th a n  t h e i r  t h e o r e t i c a l l y  determ ined  

re sp o n se . Clemmet (197^4) compared th e s e  t e s t  r e s u l t s  w ith  h is  

t h e o r e t i c a l  s o lu t io n  w hich in c lu d e d  m a te r ia l  damping and found 

b e t t e r  agreem ent betw een p r e d ic te d  and m easured re sp o n se .
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COUPLED RESPONSE OF TWO FOUNDATIONS

A th e o ry  fo r  th e  re sp o n se  o f two, p e r io d i c a l ly  e x c i te d ,

r i g i d ,  g e o m e tr ic a lly  i d e n t i c a l  c i r c u l a r  fo o tin g s  a t ta c h e d  to

th e  s u r fa c e  of an e l a s t i c  h a lfs p a c e  was p re se n te d  by

R ichardson  (1 9 6 9 ). He u sed  th e  p r in c ip le  of s u p e rp o s it io n  to

combine th e  d isp la cem e n ts  o f th e  f r e e  su rfa c e  and th e  re sp o n se

of a s in g le  m a ss le ss  d is c  o s c i l l a t i n g  on th e  su rfa c e  to  o b ta in

th e  resp o n se  o f th e  whole system  when one o f th e  fo o tin g s  was

s u b je c te d  t o  v e r t i c a l  harm onic e x c i ta t io n .  I t  was shown t h a t

th e  p resen ce  o f th e  r e c e iv in g  fo o tin g  a f f e c te d  th e  p rim ary

resp o n se  o f th e  e x c i te d  fo o tin g  and in tro d u c e d  r e l a t i v e l y  sm all

ro c k in g  and h o r iz o n ta l  t r a n s l a t i o n a l  d isp la c e m e n ts . The resp o n se

th e
of th e  r e c e iv in g  fo o tin g  was s tu d ie d  by c o n s id e r in g /tra n s m is s io n  

r a t i o  o f  th e  system  w hich was d e f in e d  as th e  r a t i o  o f th e  

am p litude  o f a  component of d isp lacem en t of th e  second fo o tin g  

to  th e  v e r t i c a l  am p litu d e  o f th e  e x c i te d  f o o t in g .  • These r a t i o s  

had maxima a t  f re q u e n c ie s  a s s o c ia te d  w ith  reso n an ces  o f th e  

re c e iv in g  fo u n d a tio n . For v e r t i c a l  e x c i ta t io n  o f th e  f i r s t  

fo u n d a tio n , i t  was shown t h a t  th e  second fo o tin g  underw ent 

v e r t i c a l ,  h o r iz o n ta l  and ro ck in g  m o tio n s, and under c e r t a in



c irc u m sta n c e s , th e  p e r ip h e r a l  am plitude o f d isp lacem en t of 

th e  second fo u n d a tio n  exceeded th e  v e r t i c a l  d isp lacem en t o f 

th e  e x c i te d  fo o t in g .  The s o lu t io n s  f o r  o th e r  forms o f 

e x c i t a t io n  of th e  f i r s t  f o o t in g  were p re se n te d  by W arburton 

e t  a l  ( 1972 ) .

Lee and W esley (1973) ex ten d ed  R ic h a rd so n 's  th e o ry  fo r  

two fo o tin g s  to  cover any number of fo o tin g s  a t ta c h e d  to  a 

common e l a s t i c  b a se . MacCalden and M atth ie sen  (1973) a ls o  

employed a s im i la r  approach and developed  equations- f o r  th e  

m otions o f a p a s s iv e  fo u n d a tio n  p la c e d  some d is ta n c e  away 

from  an a c t iv e  fo u n d a tio n  which was s u b je c te d  to  dynamic lo a d s . 

The au th o rs  c o n s id e re d  a l l  fo u r  modes o f e x c i ta t io n  b u t 

n e g le c te d  th e  in f lu e n c e  o f th e  p a s s iv e  fo u n d a tio n  on th e  

re sp o n se  of th e  a c t iv e  fo u n d a tio n  in  o rd e r  to  s im p l ify  th e  

problem . They p re s e n te d  th e  r e s u l t s  o f an e x p e rim en ta l 

in v e s t ig a t io n  o f th e  tra n s m is s io n  o f harmonic v ib r a t io n  from  

one c i r c u la r  f o o t in g  to  a n o th e r  g e o m e tr ic a lly  id e n t i c a l  

fo u n d a tio n  a t  £.5>m. away from  th e  fo rm er. Both fo o tin g s  were 

o f 1 , 22m. d ia m e te r and c o n s tru c te d  in  s i t u  on th e  s u r fa c e  of 

a un ifo rm  s i l t y  c la y  d e p o s i t .  The ex p e rim en ta l r e s u l t s
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confirm ed th a t  v e r t i c a l ,  e x c i ta t io n  o f th e  a c t iv e  fo u n d a tio n  

r e s u l t e d  in  v e r t i c a l ,  h o r iz o n ta l  r a d i a l  and ro ck in g  m otions 

o f th e  p a s s iv e  fo u n d a tio n  and th e  h o r iz o n ta l  and ro ck in g  

m otions were co u p led . V e r t ic a l  d isp lacem en ts  o f th e  p a ss iv e  

fo u n d a tio n  m easured on th e  edge n e a re s t  to  th e  a c t iv e  found

a t io n  were o f  th e  same o rd e r  as th o s e  p re d ic te d  b u t d i s p la c e 

m ents m easured a t  th e  f a r  edge were about fo u r  tim es  le s s  th a n  

th o se  p r e d ic te d  by th e  th e o ry . ' As measurements were ta k e n  on ly  

a t  two p o in ts  on th e  s u r fa c e  of th e  p a s s iv e  fo u n d a tio n , i t  was 

no t p o s s ib le  to  d e f in e  c l e a r ly  th e  resp o n se  o f th e  p a s s iv e  

fo u n d a tio n .



CHAPTER I I I

DEVELOPMENT OF EQUATIONS OF MOTION 

FOR COUPLED RESPONSE OE TOO EMBEDDED FOUNDATIONS

• GENERAL

The e x p e rim en ta l work d e sc r ib e d  in  C hapter VI 

in v e s t ig a te d  th e  dynamic re sp o n se  o f two fo u n d a tio n  pads 

embedded in  a n a tu r a l  s o i l  d e p o s it  when one o f th e  fo u n d a tio n s  

was e x c ite d  by a v e r t i c a l  s in u s o id a l  (w ith  r e s p e c t  to  tim e) 

f o r c e ,  th e  am p litude  o f which was p ro p o r t io n a l  to  th e  square  

o f  th e  freq u en cy  o f  e x c i t a t io n .  A r ig o ro u s  a n a l y t i c a l  

in v e s t ig a t io n  o f  th e  problem  in v o lv in g  a l l  th e  v a r ia b le s ,  

e s p e c i a l l y . ,  th e  v a r i a t io n  o f  e l a s t i c  p r o p e r t ie s  o f th e  s o i l  

w ith  d ep th , i s  ex trem ly  d i f f i c u l t  and i s  p o s s ib le  on ly  w ith  

f u r th e r  developm ent o f th e  f i n i t e  elem ent te c h n iq u e s  d e sc r ib e d  

in  S e c tio n  2 , 2 . 1 . However, W arburton e t . a l  ( 1972) and 

MacCalden e t  a l  (1973) have d e riv e d  approx im ate s o lu t io n s  

f o r  coupled v ib r a t io n s  o f  two r i g i d  c i r c u la r  m asses a t ta c h e d  to  

th e  s u r fa c e  o f  an e l a s t i c  h a l f s p a c e ,  and t h i s  th e o ry  may be



f u r th e r  ex tended  to  th e  case  o f two fo u n d a tio n s  embedded in  ^

an e l a s t i c  h a l f s p a c e .  The e f f e c t  o f embedment can be ;J1
0A.£§ ,-•#41

in c lu d e d  by th e  approxim ate a n a ly t ic a l  approach fo rm u la te d  "fit

by Barnov (1967) and developed  by Novak and Beredugo (1972 ).

Wi
F ig u re  3 , 6  shows th e  a c t iv e  f o u n d a t io n - s o i l - p a s s iv e  M

:J l

fo u n d a tio n  system  c o n s id e re d . The fo u n d a tio n  su b je c te d  to  ;t|S
M

e x te rn a l  dynamic lo a d  i s  r e f e r r e d  to  as th e  1 a c t iv e  foundation*  df§
m

and th e  fo u n d a tio n  r e c e iv in g  v ib r a t io n s  th rough  th e  ground i s  -jl

term ed as th e  * p ass iv e  fo u n d a tio n * . Tgi
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3 . 2 .  RESPONSE OF ACTIVE FOUNDATION

3 .2 .1  Embedment in  E la s t i c  H alfsp ace

The e x te r n a l  fo rc e  and s o i l  r e a c t io n s  a c t in g  

on th e  a c t iv e  fo u n d a tio n  in  th e  absence of th e  

p a s s iv e  fo u n d a tio n  a re  shown in  f ig u re  3.1 • The

s o i l  i s  t r e a t e d  as an id e a l  e l a s t i c  h a lf s p a c e .  The. 

e q u a tio n  of m otion f o r  s te a d y  s t a t e  v ib r a t io n  i s :

P ( t )  -  R ( t )  -  N ( t  ) - MZ* ( t  ) = 0i* z

(3 .1 )

in  which

P ( t  ) = Po eiwk i s  th e  complex v e r t i c a l  e x c i ta t io n .

R ( t  ) - Dynamic v e r t i c a l  r e a c t io n  a t  base  o f th e  z

fo u n d a tio n .

N ( t  ) -  D y n a m ic .v e r tic a l r e a c t io n  a long  th e  s id e s* <6

o f th e  fo u n d a tio n .

In  o rd e r to  so lv e  e q u a tio n  3*1 > th e  fo llo w in g  assum ptions 

are  made:

( i )  The fo o t in g  i s  a r i g i d  body w ith  a c i r c u l a r  

b a se  o f r a d iu s  r a

( i i )  There i s  a p e r f e c t  bond betw een th e  s id e s  of



Z ( t ) , z  +ve

E l a s t i c  h a lfs p a c e

F IG .3 .1 , EXTERNAL FORCE AND SOIL REACTIONS ACTING ON 
EMBEDDED FOUNDATION.
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CM
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FREQUENCY FACTOR a

FIG. 3.2 VARIATIONS OF STIFFNESS PARAMETERS C ,S AND 
DAMPING PARAMETERS 0OfSo FOR HALFSPACE AND 
SIDE LAYER WITH FREQUENCY FACTOR a Q
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th e  f o o t in g  and th e  s o i l .

( i i i )  T h e .s o i l  u n d e r ly in g  th e  fo u n d a tio n  is  an e l a s t i c  

h a lfs p a c e  and th e  o v e rly in g  s o i l  i s  an in d ep en 

d en t e l a s t i c  s tra tu m  composed of a s e r i e s  o f 

i n f i n i t e s i m a l ^  t h i n  independen t e l a s t i c  l a y e r s .  

This approach was f i r s t  fo rm u la ted  by Barnov 

(1967) and l a t e r  developed  by Novak and Beredugo

(1 9 7 2 ) .

Under th e s e  assum ptions,, th e  r e la t io n s h ip  betw een th e  

d isp lacem en t o f th e  b ase  o f th e  fo u n d a tio n  and th e  

fo rc e  a c t in g  on th e  s u r fa c e  o f th e  e l a s t i c  h a lfs p a c e  

can be w r i t t e n  a s :

Z ( t  ) = Rz ( t  ) ( f ,  + i f 2 )

0 r a
(3 -2 )

in  w hich:

G - Shear modulus o f  th e  u n d e rly in g  medium, 

f^ 2 -  a re  th e  w e ll known d isp lacem en t fu n c tio n s .

A d e s c r ip t io n  o f f^ and i s  g iven  in  

S e c tio n  2 .2 .  E x p ress io n s  f o r  f^ and f^  can



be o b ta in e d  from  B y cro ft (195>6), Ils ieh  (1962) 

o r  G ladw ell ( 1968 ) .  

and, r a  -  R adius o f  th e  fo u n d a tio n .

From 3*2,

Rz ( t  ) = G r a  (G1 4- C2) Z ( t  )

(3 .3 )

in  w hich:

C.j s  * ~f^ and - f 2 a re  th e
~2 p ? p
f1 *2 f1 +f2

dynamic com pliance o f th e  e l a s t i c  h a l f s p a c e .

The dynamic r e a c t io n  a c t in g  on th e  v e r t i c a l  fa c e s  o f  th e

fo u n d a tio n  may be ex p re ssed  a s :

h

N ( t ) - =  j s  ( t )  d a  
Z 0

(3 .W

in  w hich: s ( t ) i s  th e  r e a c t io n  p e r  u n i t  d ep th  o f

embedment which i s  assumed to  be independen t o f dep th  

E x p ressio n  f o r  s ( t )  was fo rm u la ted  by Barnov (1967) a s : 

s ( t )  ?  - as ( s1 + i s 2) z ( t )

(3 .5 )

in  w hich:

G -  i s  th e  sh ea r  modulus o f th e  s o i l  a d ja c e n t s
-■43  -



to  th e  v e r t i c a l  fa c e s  o f th e  fo u n d a tio n . For c 

fo u n d a tio n  embedded in  media which can be

re p re s e n te d  by an e l a s t i c  h a lfsp a c e  G i s  eq u a l3

to  G.

S- = 2 a  (J„ ( 'a ) J  ( a  ) Y„ ( a  ) v  (a  ) )1 o > 1  ̂ o ' o v o o ' 1 o o *

J 2( a  ) + X 2( a  ) o o ' o o

(3c6)

i n  w hich:

aQ i s  th e  freq u en cy  f a c to r  g iven  by a  _ w rg /  V

S2

J  2( a  )+ Y 2( a  )o v o ' o v o '

(3 .7 )

J Q( a 0 )* J*j( ^j) ” B e s s e l’ s fu n c tio n s  o f  th e  f i r s t

k ind  o f o rd e r ae ro  and one 

r e s p e c t iv e ly .

Y0( a-o ) ,  X ^ ( a Q) -  B e s s e l’ s fu n c tio n s  o f th e  second

k in d  of. o rd e r  ze ro  and one r e s 

p e c t iv e ly .

S u b s t i t u t in g  f o r  s ( t )  i n e q u a tio n  3 . It,
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T o ta l  s id e  r e a c t io n  N ( t )  -
h

= J o, (S, + iS  ) Z ( t)  dz

Gs h (S1 + iS 2 ) Z ( t)  (3 .8 )

S u b s t i t u t io n  o f eq u a tio n s  3 .3  and 3 .8  in to  e q u a tio n  3.1

y i e l d s ,

P ( t )  -  Ora (C1 + iC2 ) Z ( t)  -  Gsh (S 1 t  xS2 ) Z ( t )  :  MZ(t)
( 3 . 9 )

• * O
F or s te a d y  s t a t e  v ib r a t io n s ,  Z ( t)  *» -  w Z ( t ) .  T h ere fo re

e q u a tio n  3 .9  can be w r i t t e n  a s ;

P ( t )  -  Gra (C1 4- 1C2 ) Z '(t) -  Ggh (S 1+ iS 2) Z ( t )  = -w2M Z ( t)

From w hich,

z ( t )  =
p ( t )

G r a
p s Q Mw

+ F 5  Ta  a  —
+ i

hG

°2 * ~ ~ S2a

(3 .1 0 )

The r e a l  p a r t  o f th e  complex d isp lacem en t Z ( t )  i s  

g iv en  by 2 = 20 °os (wt + jb) , in  which, Zq i s  th e  

r e a l  am p litude  o f d isp la cem e n t.

From e q u a tio n  3 .1 0 ,

Z =o
G r a (0 1 4- B S p  -  \+  (c 2 + BS2 ) :

2) 2
( 3 . 11)

45



_1
and the  phase s h i f t  $ = ta n  (Cgt BS^)

' ( C L + B S J  -  S2L .
1 2

(3 .1 2 )

in  which:

B s M s ____________  ( 3  » 1 2 a )
r s G

-  4 6  -



Embedment in  an E la s t i c  S tra tu m .

The e x p re s s io n  f o r  th e  am plitude o f_d isp lacem en t of 

a fo u n d a tio n  embedded in  an e l a s t i c  s tra tu m  u n d e r la in  by a 

r i g i d  base  w i l l  be o f th e  same form  as th e  e x p re s s io n  

d e r iv e d  in  S e c tio n  3*2.1 f o r  th e  am p litude  o f d isp lacem en t 

o f  a fo u n d a tio n  embedded in  an  e l a s t i c  h a lf s p a c e . However,

i

a p p ro p r ia te  v a lu e s  of d isp lacem en t fu n c tio n s  f^ and f^  must 

be used  to  c a lc u la te  th e  dynamic com pliances and C^.

As d e s c r ib e d  in  S e c tio n  2 .3 * j th e  d isp lacem en t fu n c tio n s  

f^ and fg  f o r  a fo u n d a tio n  on a s tra tu m  depend on an a d d i t io n a l  

p a ra m e te r , 3 H /r a  , th e  r a t i o  of th e  th ic k n e s s  o f th e  s tra tu m  

to  th e  ra d iu s  of th e  fo u n d a tio n . A p p ro p ria te  v a lu e s  o f  f^ and 

fg  may be o b ta in e d  from  W arburton (195>6) o r Novak and Beredugo

(1 9 7 2 ). For a deep s tra tu m  ( i . e .  £  ]> i |) ,  how ever, th e

dynamic com pliances and a re  n e a r ly  th e  same as th o s e  f o r  

an e l a s t i c  h a lfs p a c e  p ro v id ed  th a t  a l l  th e  o th e r  p a ram ete rs  

a re  th e  same in  b o th  c a s e s .



*'3 Simple Analogue f o r  A c tiv e  F oundation  M otion

The e q u a tio n  e f  m otion fo r  th e  embedded 

fo u n d a tio n  ( i . e .  e q u a tio n  3 .1 0 ) i s  s im ila r  to  th e  

eq u a tio n  o f  m otion o f  a s in g le  degree o f  freedom  

system  w ith  s p r in g  f a c to r  k ,  ex p ressed  in  th e  form 

; hG
k = G*a < C1 + T g S1 > (3.13)a

and damping f a c to r  , ex p ressed  a s ,

"hG
0 = (C2 + “T f  S2> O ’ 14)a

U sing, B=( hG ) / ( r  . G) , a = wrO y

and V. = ( G /f> y g

The e x p re s s io n s fo r  k and c can be w r i t t e n  a s ,

k  = Grg ( C1 + B S p  (3 .1 3 a )

and , 0 = {P  r g ( C2+ B Sg)/ a Q (3 .1 4 a )

Tie v a r i a t io n s  o f  , C2 , and S^ w ith  th e  

freq u en cy  f a c to r  a Q a re  g iv e n  by Novak and Beredugo 

(1972) which a re  rep ro d u ced  in  F ig u re  3*2, I t  can be 

observed  t h a t  d e c re a se s  and in c re a s e s  w ith , aQ

and 0o and S0 v a ry  a lm ost l i n e a r l y  
* * -4 8 -



w ith  a Q

In  F ig u re  3. 3j th e  v a r ia t io n s  o f (C^4- BS.) and 

(C0 + BS0) w ith  a Q a re  shown f o r  d i f f e r e n t  v a lu e s  o f B.

I t  i s  e v id e n t t h a t  f o r  a p a r t i c u l a r  v a lu e  of 3 , b o th

(C.j •+ BS-j ) and ( - * *  BSg) v a ry  v ery  l i t t l e  w ith  a Q in

a
o

th e  range 0 .2  a 0 <C

Thus th e  s p r in g  f a c t o r  k  and th e  damping f a c to r  c 

in  e q u a tio n s  3*  ̂3 (a) and 3 « t^ (a )  can be approxim ated  to  

c o n s ta n t v a lu es  g iv e n  by:

k = G r a .IC1 

and, c = ( ^ ) S r ê 2

in  which:

and Kg a re  th e  c o n s ta n t  v a lu es  o b ta in ed  from  

F ig u re  3.3> fo r  (C^-t--BS^) and ( -t- BS0) r e s p e c t iv e ly .

Thus, th e  embedded a c t iv e  f o u n d a t io n - s o i l  system  can be 

re p re s e n te d  by th e  s in g le  d eg ree  o f freedom  sp rin g -m ass-d ash p o t

-  49 -
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sy stem  shown i n  F ig u re  3.U.

A com parison o f th e  freq u en cy  re sp o n se  o f one o f th e  

a c t iv e  fo u n d a tio n s  co n s id e re d  in  t h i s  in v e s t ig a t io n ,  computed 

u s in g  e q u a tio n  3*11> w ith  th e  freq u en cy  re sp o n se  computed 

u s in g  th e  s im ple  sp rin g -m ass-d ash p o t analogue i s  shown in  

F ig u re  3*5.

'51 -
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Pit)

F I G . 3 .

►k=Gr  K. a I
c  =  ( G ) 2 r ^ K 0 

a 2

B K = ( C  +BS j ) k  =  (V b s 2 >

a
o

1 / ? 7 . 4

CO00

3 / 4 8 . 0 1 3 . 5

1 8 . 7 1 2 . 2

1 . 2 9 . 3 . 1 3 . 6

S i n g l e  D e g r e e  o f  F r e e d o m  
A n a l o g u e  f o r  V e r t i c a l  
V i b r a  ,+ i o n  o f  A c t i v e  
F o u n d a t  i o n

F I G . 3 . 4 b  A v e r a g e  V a l u e s  o f
S t i f f n e s s  and  Da mp in g  
P a r a m e t e r s  O b t a i n e d  
f r o m  F ig . 3 . 3  .
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3 • 3 RESPONSE OF T.7Q FOUND ATI QNS SYSTEM

3.3d 1 E quations  o f M otion

The e x te rn a l  .force and s o i l  r e a c t io n s  a c t in g  on 

th e  tw o -fo u n d a tio n s  system  a re  shown in  F ig u re  3 .6 ,

A ll th e  s im p ly fin g  assum ptions co n sid e red  i n “S e c tio n  3 ,2  

f o r  a s in g le  fo u n d a tio n  system  app ly  f o r  each o f th e  

two fo u n d a tio n s  co n s id e re d  in  f i g , 3 .6 ,

p ( t )  = PQe iw t

/ 7 7 7 7 ~ /7  ‘ A c tiv e  
F oundation  
a t  ( A )

'?v*/ y

R

N ( t )  av 7 'Z (t)

*& (t) " *

Mve

P ass iv e  
Foundation 

a t  ( B )

a<v
u

( t )
pv

  — 1»

>/ /  /

f v (t)

F ig . 3 .6  FORCES AND SO IL  REACTIONS ACTING ON A TWOrF OUNDA TE ON S SYS TEA

In  f i g . 3 .6  , th e  lo c a t io n  o f th e  a c t iv e  fo u n d a tio n  

i s  r e f e r r e d  to  as  P o s i t io n  (A) and th e  lo c a t io n  of th e  

p a s s iv e  fo u n d a tio n  i s  r e f e r r e d  to  as  P o s i t io n  ( b ) .

For th e  fo rc e s  and r e a c t io n s  shown in  f i g . 3 .6 , th e  

f i r s t  s u b s c r ip ts  ’a 1 and fb* denote th a t  th e  

v a r ia b le  i s  r e l a t e d  to  th e  a c t iv e  fo u n d a tio n  o r the 

p a s s iv e  fo u n d a tio n  r e s p e c t iv e ly .

=*» 54 *™



' The second s u b s c r ip ts  y , H, $  in d ic a te  th e  

mode of v ib r a t io n  as v e r t i c a l ,  h o r iz o n ta l ,  r a d i a l  and 

ro c k in g , r e s p e c t iv e ly .

P ( t)  -  P e lle t i s  th e  complex harm onic e x c i ta t io n  in  o

th e  v e r t i c a l  d i r e c t io n .

R„,r ( t )  - S o i l  r e a c t io n  a t  th e  base of th e  a c t iv e
d V

fo u n d a tio n .

^av fa )  “ S o i l  r e a c t io n  a lo n g  th e  s id e s  of th e  a c t iv e  

fo u n d a tio n .

RpV f a ) ,  Rppj , - S o i l  r e a c t io n s  a t  th e  base

o f th e  p a s s iv e  fo u n d a tio n . 

Za  ( t )  -  Complex d isp lacem en t o f th e  a c t iv e  fo u n d a tio n  

in  th e  v e r t i c a l  d i r e c t io n .

Zp ( t ) ,  Up ( t )  - Complex d isp la cem e n ts  o f th e  p a s s iv e

fo u n d a tio n  in  th e  v e r t i c a l  and r a d i a l  

d i r e c t io n s  r e s p e c t iv e ly ,  

fa )  - R o ta tio n  o f th e  p a s s iv e  fo u n d a tio n  abou t an

a x is  p a s s in g  th ro u g h  th e  c e n tre  o f th e  base  of 

th e  fo u n d a tio n .

Ma , r a  ~ Mass and ra d iu s  of th e  a c t iv e  fo u n d a tio n , 

and, M p ,rp  -  Mass and ra d iu s  o f  th e  p a s s iv e  fo u n d a tio n .

-  5’5 -



Under th e  assum ptions d e sc r ib e d  in  S ection3*2 , e q u a tio n

o f  m otion f o r  v e r t i c a l  v ib r a t io n  o f th e  a c t iv e  fo u n d a tio n M

i s  g iv en  by :

P ( t )  -  KOT( t )  -  Hfty( t )  = Ma  Za  (3 .1 9 )
"M

The v e r t i c a l  m otion of th e  a c t iv e  fo u n d a tio n  in d u c es  v e r t i c a l

and h o r iz o n ta l ( r a d i a l )  m otions o f th e  e l a s t i c  h a lfs p a c e  , and,

i n  consequence, g iv e s  r i s e  to  v e r t i c a l , r a d i a l  and ro ck in g  m otions

o f th e  p a s s iv e  fo u n d a tio n  w hich, in  tu rn , in d u ces  some ro ck in g
■?M
' i

and r a d i a l  m otions o f th e  a c t iv e  fo u n d a tio n .

C onsidering  v e r t i c a l  m otions o f the  p a ss iv e  fo u n d a tio n , M

th e  e q u a tio n  o f m otion i s  g iv e n  by,

0 -  R ( t )  ~ N ( t )  s  M Z ( t )  (3*20) pvx '  pvx 7 P P t. '
• - j

For s te a d y  s t a t e  harm onic e x c i ta t io n : . .

Z ( t )  = ~w2 Z ( t )
PV P ,

(3 .2 1 )

Z ( t )  = ~w2 Z ( t )  * a x  ̂ a

The d isp lacem en t Z^ of th e  p a s s iv e  fo u n d a tio n  lo c a te d •133

a t  p o s i t i o n 1B1i s  determ ined  by th e  s u p e rp o s it io n  o f  th e

d isp la cem e n ts  caused  by th e  s u r fa c e  fo rc e s  a t  p o s i t i o n ’s*

(i* e*  Z ) and th e  f r e e  f i e l d  d isp lacem en t po
-

- -  56 -
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a t  (B) caused  by th e  fo r c e s  a c t in g  on th e  s u r fa c e  b en ea th

th e  a c t iv e  pad .

1 *e « Zp -  Z po + ^ ( 3 . 22)

S im ila r ly ,

7 4. 7
ao ( 3 . 2 3 )

where Zao

and. Z 9 ag

- D isp lacem ent o f th e  a c t iv e  pad due 

t o  su rfa c e  fo rc e s  a t  (A).

- D isplacem ent of th e  a c t iv e  pad due 

to  s u r fa c e  fo rc e s  a t  (B ).

The s o lu t io n  can be c o n s id e ra b ly  s im p l if ie d  i f  th e

in f lu e n c e  o f th e  p a s s iv e  pad on th e  d isp lacem en t o f th e

a c t iv e  fo u n d a tio n  i s  ig n o re d .

The Zv in  e q u a tio n  3 .22  i s  a f r e e  f i e l d  d isp lacem en t 
Pg

a t  (B) due t o  th e  s u r fa c e  fo rc e s  a t  (A) and i t  does no t g ive  

r i s e  to  any s o i l  r e a c t io n  a t (B ) .

Thus, th e  s o i l  reac tio n :; a c t in g  on th e  p a s s iv e  pad a re

a s s o c ia te d  on ly  w ith  and may be ex p re ssed  by:

Rp ( t )  = G* XP (C1 +  iC 2 5 Zp o ( t ) (3 .2 4 )

57--



W here, r  i s  th e  e q u iv a le n t r a d iu s  of th e  base  of th e  p a s s iv e  

fo u n d a tio n .

The s o i l  r e a c t io n  a long  th e  s id e s  o f th e  p a s s iv e  fo u n d a tio n  i s  

g iv e n  by,

Np ( t )  = Gs  hp ( Sl +  iS 2 ) Zpo( t )  (3 .2 5 )

in  w hich,
h  -  d ep th  of embedment o f p a s s iv e  

fo u n d a tio n ,

-  S hear modulus of s o i l  a d ja c e n t to  th e  

s id e s  of th e  fo u n d a tio n .

S u b s t i tu t in g  f o r  Rpy( t )  , Rp v ( ‘fc) Zp ( t )  from  e q u a tio n s  3 . 2 4 , 

3 .2 5  and 3 . 2 1 , e q u a tio n  3 .2 0  can be w r i t t e n  a s :

GV C1 + iC2} Zp o ( t )  +  GShp ( V iS2 > Zpo( t )  =  ^  HP Zp ( t )

i . e .  G r p ( Cl 4 iC 2 )(Z p ( t )  -  Z j i ) )  + Gshp ( S l4  iS 2 ) ( Zp( t )  -Z pg( t ) )

=  w2 Hp Zp ( t )  (3 .2 6 )

f e ta g  Bp =  , a  =  TOp (P/G) i
P

M 
I

" f

r e a r r a n g in g  th e  te rm s o f  e q u a tio n  3„26, an e x p re s s io n  f o r  th e  

v e r t i c a l  d isp lacem en t o f th e  p a s s iv e  fo u n d a tio n  , i n  term s of

-  5 8  -
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th e  f r e e  f i e l d  d isp la cem e n t a t  th e  lo c a t io n  o f th e  p a s s iv e  

fo u n d a tio n  (Z ( t ) )  , can he w r i t t e n  a s :
iro

[ ( ° 1 +  V i )  * * - (02 * Bp S2)J • V t}  (3 .2 7 )
Z „ ( t )  =   pP ( n . T3 o -u _ 2

( °1 + BpS1 -  V p  } + 1 ( C2 + B P  s 2 }

-  59 -



3 .2  E x p ress io n  f o r  S u rface  D isp lacem en ts.

An e x p re s s io n  fo r  th e  f r e e  f i e l d  v e r t i c a l  d isp lacem en t

Z in  term s o f th e  s u r fa c e  fo rc e  ben ea th  th e  a c t iv e  pad can 
PS r

be e x t ra c te d  from  th e  s o lu t io n s  f o r  wave p ro p a g a tio n  g iven  by 

B y cro ft (195>6), Barkan (1962) and Mac Gal den e t  a l  (1 97U).

In  c u r re n t  n o ta t io n ,

Z -
Pg

P /  , 2as S in lX jr^ ). ) (_g__ e i(vrt -  - ^ 4 )
"  1

(3.28)
G r  3s  8 £ '(X )a

where:

■ d - C entre  to  c e n tre  d is ta n c e  of th e  p a s s iv e  pad . 

k - JL  x-jhere 7  -  v e lo c i ty  o f  sh e a r  wave.
**"■* y S

s
f 1 (X ,) = d f(x) a t  X ^  X,

dX

f(x ) = (X2 -  Ju jc£")2-: X2 is  th e  Raleigh
In

frequency equation.

<=< = ( x2- h2 yi « ,  = (x2- h2)®

p =  (x2 - k2) i  p, =  (xf -  k2)^

h=w/7p

- is  a ro o t of th e  Raleigh frequency equation

- 6 0 -



and i s  u s u a l ly 'e x p re s s e d  as a s p e c i f ie d  

c o n s ta n t tim e s  & . The v a lu e  of th e

s p e c i f i e d  c o n s ta n t depends on th e  p o is s o n 's  

r a t i o  o f th e  h a lf s p a c e .

X̂  - 1.0661 k f o r  P o is s o n ’s r a t i o  = 0 .37

P„_ - A m plitude of v e r t i c a l  fo rc e  a c t in g  on th e
clS

su r fa c e  d i r e c t l y  b en ea th  th e  base  o f th e  

a c t iv e  pad .

Pas  elW t= '  R 0 - 2 9 )

From e q u a t i  on 3 .19

P(t) = Ha ( t )  4- Na(t)  - ! » \ z a ( t )  ( 3 . 3 0 )

From e q u a tio n  3 .3  

R ( t )
z„(t) =   (3.31?)a

G r a (C1a+ iC 2 a ) whereC^ , a re  th e  dynamic 

com pliances f o r  th e  a c t iv e  pad

From e q u a tio n  3 .8  and 3 .3



By s u b s titu tin g  equations 3 .29 , 3.31 and 3.32 in to  equation 

3 .30  and rearran g in g  the term s,

- p 0 ( C1 + iC 2>
as

_^1a+lC2a^ ~ Gr 4  GHT ^ l a 4" iS 2a^ a a -

(3 .3 3 )

S u b s t i tu t io n  o f e q u a tio n  3 .3 3  in to  e q u a tio n  3 .3 0  g iv e s  th e  

complex v e r t i c a l  d isp lacem en t o f th e  su r fa c e  b en ea th  th e

p a s s iv e  fo u n d a tio n  a s :



D isplacem ent o f th e  P a s s iv e  F ou n d a tio n .

In tro d u c in g :

K
k 2 S in (X .r  ) r  2 1 3 I a

8 G r  ( d ) 3 f*(x) TTX. a u i.
i

B = (G h ) /G r and a '  s a"  a a

and s u b s t i tu t in g  e q u a t io n 3* 34- in to  eq u a tio n  3*27 

th e  complex v e r t i c a l  d isp la cem e n t of th e  p a s s iv e  pad is.:

The r e a l  p a r t  o f th e  e x p re s s io n  on th e  r ig h th a n d  s id e  

o f e q u a t io n 3*35 w i l l  g iv e  th e  r e a l  d isp lacem en t o f  th e  

p a s s iv e  pad . The am p litu d e  o f d isp lacem en t i s  in v e r s e ly  

p ro p o r t io n a l  to  th e  squ are  ro o t  o f  R ,- 'th e  d is ta n c e  from th e  

c e n tre  of th e  a c t iv e  pad . D isplacem ent o f  d i f f e r e n t  p o in ts  

on th e  p a s s iv e  pad p re d ic te d  by eq u a tio n  3*3^) w i l l  v a ry

Z
P

(3 .3 5 )



1
acco rd in g  to  —± and a re  no t com patib le  w ith  th e  r ig id

d2

body m otion assum ed. However, th e  d isp lacem en t a t  th e  c e n tre  

o f th e  pad can be ta k e n  as th e  average d isp lacem en t o f th e  

pad when th e  d im ensions o f  th e  pad a re  sm all compared to  th e  

d is ta n c e  o f th e  pad from th e  a c t iv e  fo o t in g .  For l a r g e r  

pads an av e ra g in g  p ro ced u re  g iven  by R ichardson  e t  a l  (1972) 

can be employed to  o b ta in  th e  average d isp lacem en t o f th e  

p a s s iv e  pad.



SIMPLIFIED ANALYSIS

From eq u a tio n  3*27 , th e  v e r t i c a l  d isp lacem en t o f

th e  p a s s iv e  pad in  term s o f th e  f r e e  f i e l d  d isp lacem en t

Z ( t )  can be w r i t t e n  a s :
Pg

Zp = ^  -v- a k 2)_________  Zp g ^

^A1 " V  a p ^  1 A2

C- h
where Aj -  (C^ + S )

G r
P

G h

(3 - 36)

The r e a l  p a r t  o f Z i s  g iv en  by Z Cos(wt+J$)P o

where ZQ i s  th e  r e a l  am plitude and ft i s

th e  phase d if f e re n c e  betw een ground

m otion and p a s s iv e  pad m otion .

(A 2-p a . 2 ) 2 z1 1 pgo
Z —

0 ~  — F-----------«— ^ 2 ------ T T ' f 'f / .  M w S 2  , .2 1

L( , ■ * -  2 ]P

where, Z - r e a l  am plitude o f ground m otion. 
Pgo
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[ ( GrpAi ) *1-  ( GrpA2  ̂J

[ ( G - ^  -  Mw2 ) 2 +  (G r p A2 ) 2]

Zpgo
Zo =1   2    ____  ( 3 . 3 7 )

E quation  3*37 i s  i d e n t i c a l  to  th e  s o lu t io n  fo r  th e

d isp lacem en t o f a s in g le  d eg ree  o f freedom  m a ss -sp r in g -

dashpot system  e x c i te d  by a su p p o rt d isp lacem en t Z . The
PS

sp r in g  and damping p a ram ete rs  of such a system  would be,

sp r in g  c o n s ta n t k =  G r  A.p P 1

= ° rp < V  S1 ) (3.38)
P

damping c o n s ta n t c =  G r  A ./w
P P 1/

=  i n p ( c 2 +
w G r

P

i  s2)' a  G ro p
(3 .3 9 )

G h
In tro d u c in g  p =  —— P . e q u a tio n s  3*38 and

p G r  
- 1 P

3 .3 9  can be w r i t te n  a s :

t rGr ( C . t B  S.)
P P 1 P 1

( 3 . 3 8 ( a ) )
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A lthough , C^i and S0 a re  fu n c tio n s  of th e  freq u en cy  

f a c to r  Ad . } F ig u re  3 .3  shows th a t  ((L •+• B« S . ) and 

(Gg Hr- B ,S 2) v a ry  v e ry  l i t t l e  w ith  &0 w ith in  th e

freq u en cy  range 0 .2  a 0 1

Thus, th e  sim ple  sp rin g -m ass-d ash p o t system  shown in  

F ig u re  3 .7  can he u sed  as a sim ple model o f th e  p a s s iv e  

fo u n d a t io n - s o i l  system .

With re fe re n c e  to  F ig u re  3.7> th e  d isp lacem en t am plitude 

o f th e  p a s s iv e  fo u n d a tio n  i s  g iven  by,

E quation  (3.1+0), to g e th e r  w ith  f r e e  f i e l d  d isp lacem en t 

a t  th e  lo c a t io n  o f th e  p a s s iv e  fo u n d a tio n , m easured in  th e  

absence o f th e  p a s s iv e  fo u n d a tio n , can be used  to  c a lc u la te  

th e  d isp la cem e n ts  o f th e  p a s s iv e  fo u n d a tio n .

Zo

( 3 . 1+0 )



g* ( < V b s )

S i nwt"

FIG .3 .7 ,  SPRING -MASS- .DASHPOT ANALOGUE FOR VERTICAL MOTIONS 
OF PASSIVE FOUNDATION.
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CHAPTER IV

DESCRIPTION OF EQUIPMENT AMD INSTRUMENTATION

GENERAL

E x p erim en ta l in v e s t ig a t io n s  in to  dynamic c h a r a c t e r i s t i c s  

o f fo u n d a tio n s  and s o i l s  can be approached i n  two ways. 

Experim ents can be perform ed e i t h e r  w ith  s te a d y  s t a t e ,  s in u 

s o id a l  e x c i ta t io n  f o r  which a pu rpose b u i l t  v ib r a t io n  g e n e ra to r  

has to  be a c q u ire d , or w ith  t r a n s i e n t  e x c i ta t io n  which can be 

developed by r e l a t i v e l y  sim ple arrangem ents such as b l a s t ,  f a l l 

in g  w e ig h ts , e t c .  For s te a d y  s t a t e  e x c i ta t io n  th e  i n t e r p r e t a t i o n  

o f d a ta  w i l l  be a sim ple p ro c e s s , w hereas, r ig o ro u s  a n a ly s is  o f 

d a ta ,  o f te n  in  th e  freq u en cy  dom ain, w i l l  be n e c e ss a ry  to  o b ta in
■v

th e  re q u ire d  in fo rm a tio n  from  t e s t s  conducted  w ith  t r a n s i e n t  

e x c i ta t io n .  The q u a l i ty  o f d a ta  o b ta in e d  from  e i th e r  approach 

w i l l  depend on th e  e f f ic ie n c y  o f  th e  m easuring in s tru m e n ts . The 

f i r s t  approach was adop ted  f o r  th e  c u r re n t  in v e s t ig a t io n .



v|yv .

':y::

EXCITATION EQUIPMENT ' f

The e x c i t a t io n  equipment used  in  th e  c u r re n t  s tu d y  

c o n s is te d  o f a 1 r o ta t in g  mass tj rp e 1 v ib r a to r ,  a d i e s e l  gfj
-Bj

engine to  d r iv e  th e  v ib r a to r  and a n c i l l a r y  equipm ent f o r  ’;|

c o n t ro l l in g  th e  o p e ra t in g  speed  and th e  dynamic lo a d

developed  by th e  v ib r a t o r .  The p rim e mover and th e  f§,

a n c i l l a r y  equipm ent were mounted on a m obile t e s t  r i g .  The ‘§

v ib r a to r  was r i g i d l y  a t ta c h e d  to  t h i s  t e s t  r i g  on ly  when 

i t  was moved from p la c e  to  p la c e .

''J’mw
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h • 2.1 V i b r a t o r ;

The b a s ic  v ib r a t in g  u n i t  o f th e  e x c i ta t io n  equipm ent was a 

m echanical v ib r a to r  in  which th e  e x c i ta t io n  fo rc e  was d e r iv e d  

from  th e  r o t a t i o n  o f out o f b a lan ce  s h a f t s .  The fo rc e  

developed was v e r t i c a l l y  o r ie n te d  and was p ro p o r t io n a l  to  

th e  sq u are  o f th e  speed  of r o t a t i o n  o f th e  s h a f t s .  The 

v ib r a to r  was o r ig in a l ly  d es ig n ed  by Morgan (197U) as  a 

p a r t  o f a ’v ib r a t in g  ta b le  a p p a ra tu s* . Only a b r i e f  d e s c r ip 

t i o n  o f th e  v ib r a to r  i s  g iv en  in  t h i s  s e c t io n  as f u l l  d e t a i l s  

of th e  d e s ig n  and c o n s tru c t io n  o f t h i s  u n i t  can be found in  

Morgan (197U).

P la te  1 shows a view  o f th e  v ib r a to r  assem bled and 

read y  f o r  t e s t i n g .  F ig u re  U.1 i s  an end e le v a t io n  draw ing 

o f th e  v ib r a to r  and F ig u re  h,2  i s  a t r a n s v e r s e  c ro s s  s e c t io n .  

An is o m e tr ic  view o f  th e  v ib r a to r  and th e  d r iv e  la y o u t i s  

g iv en  in  F ig u re  U.3• W ith re fe re n c e  t o  th e s e  f ig u re s*  th e  

v ib r a to r  c o n s is te d  o f a box fram e of welded c o n s tru c t io n  ( 1 ) 

w ith  an access  p a n e l ( 2) made o f  t r a n s p a re n t  p e rsp ex  b o lte d  

t o  one o f th e  v e r t i c a l  f a c e s .  The box fram e c a r r i e d  e ig h t 

heavy d u ty  ta p e r  r o l l e r  b e a r in g s  ( 7 ) in  which th e  v ib r a to r

-  71 -
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s h a f ts  ( 3)5 ( U)^ (£) and (6 ) r o t a t e d .  The e x c i ta t io n  fo rc e  

was d e r iv e d  from th e  e c c e n tr ic  m asses ( 8 ) , 'which were b o lte d  

to  f l a t s  m achined  on th e  v ib r a to r  s h a f t s .  The upper p a i r  of 

r o ta t in g  s h a f ts  ( i . e .  s h a f t s  (3 ) and (Ij.) in  F ig . I4. 3 ) were 

d r iv e n  from one s id e  o f th e  box by th e  p u l le y  ( 9 ) th ro u g h  

th e  gear c lu s t e r  (1 0 ) . The low er p a i r  o f r o ta t in g  s h a f ts  

was d r iv e n  from  th e  o th e r  s id e  by th e  p u l le y  ( 11 ) and th e  

gear c l u s t e r  (1 2 ) . By t h i s  arrangem ent i t  was p o s s ib le  to  

d r iv e  each p a i r  o f  s h a f t s  in d e p e n d e n tly  of th e  o th e r  p a i r  of 

s h a f t s .  L u b r ic a tio n  f o r  th e  g ea rs  and b e a r in g s  was p rov ided  

by an o i l  s p la s h  b a th  in  th e  bo ttom  o f th e  v ib r a to r  box.

The two p a i r s  of s h a f t s  were geared  to  r o t a t e  in  

o p p o s ite  d i r e c t io n s  so t h a t  th e  h o r iz o n ta l  component o f th e  

c e n t r i f u g a l  fo rc e  developed  by one p a i r  o f r o ta t in g  s h a f ts  

c a n c e lle d  ou t th e  co rre sp o n d in g  h o r iz o n ta l  component developed 

by th e  o th e r  p a i r  o f  s h a f t s .  Thus, th e  fo rc e  g e n e ra te d  by th e  

v ib r a to r  was v e r t i c a l l y  o r ie n te d  and th e  fo rc e - t im e  h i s to r y  

was s in u s o id a l .  The e x c i t a t io n  fo rc e 'w a s  p ro p o r t io n a l  to  th e  

e c c e n tr ic  mass and to  th e  sq u are  o f th e  speed  of r o t a t i o n  of 

th e  s h a f t s .  The c a p a c i ty  o f th e  b e a r in g s  were such t h a t  th e
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maximum dynamic lo a d  th a t  cou ld  be g en era ted  by th e  v ib r a to r  

was l im i te d  to  it 53 lcN



U .2 .2  D rive Arran,cement.

F ig u re  U.3 shows an is o m e tr ic  view  o f th e  d r iv e  la y o u t.  

The s e le c t io n  o f  a s u i t a b l e  prim e mover depended onthe power 

re q u ire d  to  d r iv e  th e  v ib r a to r  over th e  d e s ir e d  freq u en cy  ran g e . 

C a lc u la t io n  o f th e  power n e c e ssa ry  to  d r iv e  th e  v ib r a to r  was 

hampered by la c k  o f d a ta  re g a rd in g  power lo s s e s  i n  th e  t r a n s 

m iss io n , th e ' b e a r in g s  and in  r o ta t in g  th e  g ea r c l u s t e r s  th ro u g h  

th e  l u b r i c a t i o n  b a th  in s id e  th e  v ib r a to r  box. In  o rd e r  to  g e t 

some in fo rm a tio n  on th e  power re q u ire m e n t, th e  v ib r a to r  was 

d r iv e n  in  th e  la b o ra to ry  by a th r e e  phase 3- 73 kw (5 )

m otor a t  d i f f e r e n t  speeds up to  1)400 r .p .m . and th e  power 

consumed fo r  th e  d r iv e  was m easured. During th e s e  t r i a l  ru n s , 

o i l s  of d i f f e r e n t  v i s c o s i t i e s  were t e s t e d  as th e  lu b r i c a t i n g  

f l u i d  i n  th e  s p la s h  b a th , t o  f in d  a s u i ta b le  lu b r i c a n t  th a t  

en su red  a re a so n a b le  w orking l i f e  f o r  th e  b e a r in g s  and gear 

c l u s t e r s  w ith  a minimum o f power l e s s .

These measurem ents in d ic a te d  th a t  th e  power re q u ire d  

in c re a s e d  w ith  in c re a s e  in  o p e ra tin g  speed and a l i g h t  o i l  

(T e llu s  23) co u ld  be u sed  as th e  lu b r i c a n t  in s te a d  o f th e  heavy 

m otor o i l s .  E x tra p o la t io n  o f r e s u l t s  re v e a le d  t h a t  a prim e
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mover cap ab le  o f p ro d u c in g  a t  l e a s t  6 lew would be re q u ire d  to  

d r iv e  th e  v i b r a t o r .over th e  p roposed  s p e e d 'ra n g e . As e l e c t r i c  

m otors of t h i s  c a p a c ity  r e q u ir e d  a th r e e  phase power sup p ly  

which was n o t a v a i la b le  a t  th e  t e s t  s i t e ,  i t  ‘was d ec ided  t o  

make u se  of a two c y l in d e r  d i e s e l  en g in e , t h a t  was a v a i la b le  

i n  th e  la b o ra to r y ,  as th e  prim e mover fo r  th e  e x c i ta t io n  e q u ip 

m ent. The maximum power o u tp u t a v a i la b le  from  t h i s  eng ine  was 

8 .2  lew and th e  BHP r a t i n g  was 6 .7 2  kw (o P .P . ) ,  The recommended 

o p e ra t in g  speed o f th e  eng ine  was 1£00 r .p .m , A s e r io u s  d i s 

advan tage in  u s in g  th e  d ie s e l  engine as th e  prim e mover was t h a t  

i t  developed  c o n s id e ra b le  v ib r a t io n s  d u rin g  o p e ra t io n  which 

i n t e r f e r e d  w ith  th e  dynamic lo a d s  g en era ted  by th e  v ib r a to r .

The p ro ced u re  adopted  to  overcome t h i s  problem  i s  d e sc rib e d  in  

S e c tio n  £ .2 .5 .
a

An im p o rta n t req u irem en t o f th e  d r iv e  arrangem ent was a 

speed c o n tro l  d ev ice  t h a t  shou ld  en ab le  v a r ia t io n s  o f th e  

freq u en cy  e x c i t a t io n  and s te a d y  m aintenance o f  any p a r t i c u l a r  

freq u en cy  o f e x c i ta t io n  f o r  a p e r io d  lo n g  enough (ab o u t f iv e  

m inu tes) to  o b ta in  perm anent re c o rd s  of r e le v a n t  d a ta  f o r  

subsequen t a n a ly s is  in  th e  la b o ra to r y .  The d ev ice  which was
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eventu  r a l ly  chosen f o r  t h i s  p u rp o se , was an i n f i n i t e l y  

v a r ia b le  h y d ra u lic  gear box com m ercially  known as f C arter*  

g ea r box. The maximum in p u t speed  f o r  th e  h y d ra u lic  gear 

box ( d e t a i l  (-jy) in  F ig . 4 . 3 ) was 1 £00 r .p .m . and i t  was 

p o s s ib le  t o  o b ta in  any speed  in  th e  range £0 r .p .m .  to  

1khO r .p .m . a t  th e  o u tp u t s h a f t .  The v a r i a t io n  o f  speed  was 

a ch iev ed  by th e  r o t a t i o n  of a v a lv e  (P la te  2) which c o n tro l le d  

th e  amount o f f l u i d  d is p la c e d  in s id e  th e  gear box from  th e  i n 

p u t compartment to  th e  o u tp u t com partm ent.

Power t r a n s m is s io n  from  th e  d ie s e l  engine to  th e  v ib r a to r  

th ro u g h  th e  h y d ra u lic  gear box was ach ieved  by th e  tim in g  b e l t  

and p u lle y  d r iv e s  shown in  F ig u re  4 .3  and P la te  3 , The two 

tim in g  b e l t s  p u lle y s  9 and 11 (F ig . 4 . 3 ) on e i t h e r  s id e  o f th e  

v ib r a to r  box d r iv in g  th e  upper and low er p a i r s  o f v ib r a to r  

s h a f t s  were d riv e n  by th e  tim in g  b e l t  d r iv e s  1 £ and 16 , from  a 

common t r a n s f e r  s h a f t  (1 9 ) . The common t r a n s f e r  s h a f t  (P la te  3 ) 

was d r iv e n  by th e  tim in g  b e l t  d r iv e  ( 1I4) from th e  o u tp u t s h a f t  

(20) o f th e  h y d ra u lic  g ea r box ( P la te  Ij.) • The h y d ra u lic  g ea r box 

was d r iv e n  by th e  main d r iv e  b e l t  ( 13 ) from th e  d ie s e l  en g in e .

As th e  maximum r o t a t i o n a l  speed  o f th e  o u tp u t s h a f t  o f th e
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h y d ra u lic  g ear box was 114U0 r .p .m . ,  a 1 s tep-up*  arrangem ent 

in  th e  tim in g  b e l t . d riv e (t5 , l6 )fro m  th e  coninon t r a n s f e r  s h a f t  

to  th e  v ib r a to r ,  was adop ted  to  g iv e  v ib r a to r  s h a f t  speeds 

up to  2)400 r .p .m . A f te r  th e  p re lim in a ry  t e s t s ,  th e  s te p -u p  

r a t i o  was in c re a s e d  t o  2 .£  to  g ive  v ib r a to r  s h a f t  speeds 

ra n g in g  from  1 2£ r .p .m . to  36OO r .p .m .

The prim e mover and th e  d r iv e  arrangem ent were mounted 

on a )4 . 26m. lo n g  1 . 22m. wide t e s t  r i g  f i t t e d  w ith  a p a i r  of 

w h ee ls . The t e s t  r i g  (P la te  1|.) was a box fram e d iv id e d  in to  

fo u r  com partm ents. The f i r s t  th r e e  com partm ents (F ig . 4»M 

su p p o rted  th e  e n g in e , th e  h y d ra u lic  g ear box and th e  t r a n s f e r  

s h a f t .  These th re e  components were mounted on s lo t t e d  p l a t 

form s so t h a t  th e y  can be moved to  and f ro  to  g ive th e  re q u ire d  

amount o f t e n s io n  f o r  th e  tim in g  b e l t s .  The f o u r th  compartment 

o f th e  t e s t  r i g  was p ro v id ed  t o  c a r ry  th e  v ib r a to r  box d u rin g  

t r a n s p o r t  from  th e  la b o ra to ry  to  th e  t e s t  s i t e .  Mien th e  t e s t s  

were i n  p ro g re s s ,  th e  v ib r a to r  was n o t su p p o rted  by th e  t e s t  

r i g ,  b u t s to o d  c le a r  of th e  t e s t  r i g  on a p e d e s ta l  w hich was 

a t ta c h e d  to  th e  t e s t  fo u n d a tio n . In  o rd e r  to  c o u n te ra c t th e  

h o r iz o n ta l  p u l l  o f th e  tim in g  b e l t s  on th e  v ib r a to r  box, two
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dummy b e l t s  p a s s in g  over two dummy s h a f ts  on th e  s id e s  o f 

th e  v ib r a to r  and a te n s io n in g  fram e a t  t h e - f a r  end o f th e  

t e s t  r i g  were p ro v id ed  as shown in  F ig u re  .4 .k* Both th e  

d r iv in g  b e l t s  and th e  dummy b e l t s  were o f  th e  same le n g th  

and m a te r ia l  and were i n i t i a l l y  te n s io n e d  to  th e  same amount. 

F u r th e r  d e t a i l s  o f th e  s e t t i n g  up p rocedu re  a re  g iven  in  

S e c tio n  5 .2 * 2 .



C o n tro l of E x c i ta t io n  F o rce .

The dynamic lo a d  g e n e ra te d  by th e  v ib r a to r  cou ld  be 

a l t e r e d  by changing e i t h e r  th e  e c c e n tr ic  m asses on th e  r o ta t in g  

s h a f ts  or th e  freq u en cy  o f  o p e ra t io n . The proposed  t e s t i n g  

programme in c lu d e d  a s e r i e s  of t e s t s  where d i f f e r e n t  e x c i t a t io n  

fo rc e s  would be a p p lie d  to  a fo u n d a tio n  a t  a c o n s ta n t freq u en cy . 

To accom plish  t h i s  by opening th e  v ib r a to r  box and changing  th e  

e c c e n tr ic  m asses would have been  a cumbersome and tim e  consuming 

p ro c e ss  which would have c o n s id e ra b ly  slowed th e  p roposed  t e s t  

sc h e d u le . The fo u r  s h a f t  v ib r a to r  la y o u t,  however, l e n t  i t s e l f  

t o  a s im ple  and e f f e c t iv e  method o f fo rc e  am p litude  c o n tro l  w ith 

out hav ing  to  a l t e r  th e  e c c e n tr ic  m asses.

The two tim in g  b e l t  p u lle y s  on e i th e r  s id e  of th e  v ib r a to r  

box d r iv in g  th e  upper and low er p a i r s  o f s h a f t s  r e s p e c t iv e ly ,  

were d r iv e n  by th e  common t r a n s f e r  s h a f t  shown in  F ig u re  4 . 3 .

W ith re fe re n c e  to  F ig u re  4 . 3 , th e  t r a n s f e r  s h a f t  (19) was made 

o f  two h a l f  -^shafts ( 2 1 ) and ( 2 2 )* jo in e d  by a v a r ia b le  co u p lin g  

(2 3 ) 3 which i s  sh o rn  in  P la te  5 . T h e ,v a r ia b le  c o u p lin g  c o n s is te d  

o f two d is c s  each w elded to  one o f th e  h a l f - s h a f t s .  E ig h teen  

e q u a lly  spaced h o le s  were d r i l l e d  on a 1J?cm. d iam ete r o f one d is c
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and tw en ty  e q u a l ly  spaced  h o le s  were d r i l l e d  on th e  o th e r  

d i s c .  In  t h i s  a rran g em en t, two d ia m e tr ic a l ly  o p p o s ite  h o le s  

co u ld  be a l ig n e d  on each d is c  in  1 SO d i f f e r e n t  p o s i t io n s .

Thus, by u s in g  two b o l t s  to  coup le  th e  d is c  and by a p p ro p r ia te  

in d e x in g , th e  r e l a t i v e  an g u la r  p o s i t io n  of th e  two h a l f - s h a f t s  

cou ld  be a d ju s te d  in  s te p s  o f 2^. S ince tim in g  b e l t  d r iv e  

could  n o t s l i p ,  and , th e r e f o r e ,  p ro v id ed  p o s i t iv e  an g u la r  

lo c a t io n s ,  a change in  th e  p o s i t io n  of th e  co u p lin g  on th e

t r a n s f e r  s h a f t  r e s u l t e d  in  a change in  th e  r e l a t i v e  an g u la r

p o s i t io n  o f  th e  upper and low er p a i r s  o f  r o ta t in g  s h a f t s  in s id e  

th e  v ib r a t o r .  The e f f e c t  t h a t  t h i s  ad ju stm en t had on th e  n e t 

e x c i t a t io n  fo rc e  g e n e ra te d  by th e  v ib r a to r  i s  i l l u s t r a t e d  i n  

F ig u re  4*5* when th e  r e l a t i v e  a n g u la r  p o s i t io n  o f  th e  upper 

and low er p a i r s  o f  r o ta t in g  s h a f t s  were s e t  t o  some ang le  9  ,

i •

as  shown i n  F ig u re  4«£j a r e l a t i v e  phase d if f e r e n c e  6 was 

in tro d u c e d  betw een th e  v e r t i c a l  fo rc e s  g en e ra ted  by each p a i r

o f  s h a f t s .  The n e t fo rc e  g e n e ra te d  by th e  v ib r a to r  a t  some

i •

freq u en cy  w was th e  v e c t o r i a l  sum 'o f th e  v e r t i c a l  components 

o f th e  c e n t r i f u g a l  fo rc e  developed  by e a c h 'p a i r  o f  s h a f t s  and 

was eq u a l t o :
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( a )  S h a f t s  s e t  f o r
max imum r e s u l t a n t  f o r e e

A n g u l a r  la g  o f  l o w e r  p a i r  o f  
s h a f t s  ( 0 )  i s  s e t  a t  ' z e r o  

x
D y n a m i c  lo ad  P - 4 m e w c o s c u t

x
L a o d  A m p l i t u d e  P = 4 m e u J

( b )  S h a f t s  s e t  f o r  z e r o  r e s u l t a n t  
r e s b l t a n t  f o r c e

9  = 18 0 °

P = 0

CO CO
t -n n —T m L-.v j

“ " W T ”
( c )  F o r  a n g u l a r  la g  o f  l o w e r  

p a i r  o f  s h a f t s  s e t  a t  0 :

P =  4 m e ^ c o s  0 / 2  c o s  ( w t + 9 / 2 )

P =  4me<w c o s  0 / 2
o

F I G 4 . 5  ADJUSTMENT OF AMPLITUDE OF DYNAMIC-LOAD DEVELOPED BY 
V I BRATOR.
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p
P = 4m©W Cos 6 /2  . Cos(wt 0/ 2 ) (4 .1 )

which can be w r i t te n  a s :

P n  4meg»w^Cos(wt + 6/ 2 ) (4.2.)

w here:

P - n e t v e r t i c a l  fo rc e  g en e ra ted  by th e  v ib r a t o r ,

m - e c c e n tr ic  mass on each s h a f t ,

e -  r a d iu s  o f g y ra t io n  o f each e c c e n tr ic  m ass,

andj e Cos 0 /2  i s  h e r e in a f te r  r e f e r r e d  to  as th e

e q u iv a le n t e c c e n t r i c i ty  of each 

r o t a t i n g  mass.

Thus., th e  fo rc e  developed by th e  v ib r a to r  was a tim e  dependent

s in u s o id a l  fo rc e  o f am p litude  h me w Cos©/2 . S e t t in g  th e

an g le  © a t d i f f e r e n t  v a lu e s  r e s u l t e d  in  d i f f e r e n t  fo rc e

am plitu d es  a t  th e  same freq u en cy  of r o ta t io n .  Therefore., th e

sim p le  o p e ra t io n  t h a t  had to  be c a r r ie d  ou t to  change th e  
%

e x c i ta t io n  fo rc e  was to  s to p  th e  machine and s e t  th e  r e l a t i v e  

an g u la r p o s i t io n  o f th e  two h a l f - s h a f t s  to  th e  d e s ire d  v a lu e  

( P la te  5 ) .  The holes i n  th e  v a r ia b le  co u p lin g  were numbered to

f a c i l i t a t e  s e le c t io n  and th e  r e l a t i v e  a n g u la r  p o s i t io n  o f  th e  two



h a l f - s h a f t s  ecu Id  be a d ju s te d  in  s te p s  o f  2° w hich, w ith  a 

s te p -u p  p u l le y  r a t i o  o f  2 . 5> betw een th e  common t r a n s f e r  s h a f t  

and th e  v ib r a to r ,  would r e s u l t  in  a change o f ang le  0  in  

s te p s  o f 5° .



TJhen th e  assem bly of th e  e x c i ta t io n  equipment was com pleted, 

a few t r i a l  t e s t s  were run  to  check i t s  perfo rm ance. F ig u re  

4 .6  shows th e  fo rc e  developed  by th e  v ib r a to r  when th e  

r e l a t i v e  phase d i f f e r e n c e  betw een th e  upper and low er p a i r s  

o f r o t a t i n g  s h a f t s  was s e t  t o  150°. The v ib r a to r  r e a c te d  a g a in s t  

th e  w eight o f  th e  t e s t  r i g  and r e s t e d  on th e  p e d e s ta l  shown in  

F ig u re  4 . 4 . Load developed  was m easured by th r e e  e q u a l ly  spaced 

lo a d  c e l l s  a t  th e  base o f  p e d e s ta l .  A few low freq u en cy  t e s t s  

were a ls o  c a r r ie d  ou t w ith  th e  v ib r a to r  r e a c t in g  a g a in s t  i t s  own 

w eigh t to  d e te rm in e  th e  s u i t a b l e  te n s io n  th a t  shou ld  be a p p lie d  

t o  th e  tim in g  b e l t s  and th e  dummy b e l t s  so t h a t  th e b e  would be 

n e i th e r  h o r iz o n ta l  movement o f  th e  v ib r a to r  no r d i f f e r e n c e  

between th e  e s tim a te d  and m easured lo a d s .  By t r i a l  and e r r o r ,  

i t  xvas found t h a t  i f  th e  i n i t i a l  te n s io n  in  th e  b e l t s  was such 

t h a t  a 10 K gf. lo a d  p la c e d  a t  th e  c e n tr e  o f th e  span  produced 

a d e f le c t io n  n o t l e s s  th a n  Uimm., th e  perform ance o f th e  v ib r a to r  

was s a t i s f a c to r y .  T his te n s io n  was l e s s  th a n  th e  te n s io n  

recommended by th e  tim in g  b e l t  m an u fac tu re rs  f o r  maximum e f f ic ie n c y  

in  power tr a n s m is s io n s ,  bu t th e  d ie se l^  eng ine had enough excess
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power t o  accommodate t h i s  lo s s #  A ty p i c a l  u .v .  t r a c e  of th e  

fo rc e - t im e  h i s to r y  i s  shown in  F ig u re  U .7.

The speed h o ld in g  c a p a c ity  o f th e  h y d ra u lic  g ea r box 

was checked a g a in s t  m easurem ents ta k e n  on th e  v ib r a to r  s h a f t  

u s in g  a c a l ib r a te d  r e v o lu t io n  c o u n te r .  I t  was found t h a t  a f t e r  

ev e ry  change i n  speed , a t  l e a s t  two m inu tes shou ld  be a llow ed  

f o r  th e  ou tp u t speed o f th e  h y d ra u lic  gear box to  s t a b i l i s e .

F o r o u tp u t s h a f t  speeds l e s s  th a n  1000  r .p .m . ,  th e  h y d ra u lic  

g e a r  box h e ld  th e  speed  c o n s ta n t w ith in  10 r .p .m . f o r  a p e r io d  

of 10 m in u te s . At h ig h  sp eed s , th e  ou tpu t speed was h e ld  c o n s ta n t 

f o r  a p e r io d  of k m inu tes b u t a drop  i n  speed by about 2% was 

o bserved  when m easurem ents were ta k e n  over a p e r io d  o f 10 m in u te s . 

As s te a d y  s t a t e  v ib r a t io n  d a ta  m on ito red  over a s h o r t  p e r io d  a t  

any p a r t i c u l a r  freq u en cy  would be adequa te  f o r  a n a ly s i s ,  th e  

perform ance o f th e  h y d ra u lic  g e a r  box was co n s id e re d  s a t i s f a c t o r y .
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U« 3*  ̂ B asic  R eq u irem en ts :

The in s tru m e n ta t io n  ch a in  used  in  t h i s  

in v e s t ig a t io n  to  m o n ito r v ib r a t io n s  was assem bled 

from  com m ercially  a v a i la b le  u n i t s  to  meet s e v e ra l  

b a s ic  req u ire m en ts  d ic ta t e d  by th e  c o n d itio n s  a t  

th e  t e s t  s i t e  and th e  c a p a c ity  of o th e r  equipm ent.

The f i r s t  and th e  most im p o rtan t req u irem en t was th e  

a b i l i t y  to  m easure v ib r a t io n s  v a ry in g  in  in te n s i t ; /  

from O.^g a c c e le r a t io n  a t  th e  sou rce  o f v ib r a t io n  to  

0 . 0001g a t  some d is ta n c e  away from  th e  so u rce  over a 

freq u en cy  range  o f 1 Hz to  100 Hz, A second r e q u i r e 

ment was t h a t  th e  system  should  p ro v id e  fo r  re c o rd in g  

f i e l d  d a ta  f o r  f u tu r e  a n a ly s is  in  th e  la b o ra to ry .  A 

t h i r d  req u irem en t was t h a t  i t  sh o u ld  be p o s s ib le  to  

o b ta in  a t  l e a s t  two simultaneous v ib r a t io n  measurem ents 

reco rd ed  on a common tim e base  in  o rd er to  v e r i f y  phase 

r e l a t i o n s h ip s .  As a f i n a l  req u ire m en t, th e  system  must 

be r o b u s t ,  p o r ta b le  and capab le  of b e in g  o p e ra ted  by



k•3•2 In s tru m en ta tio n  Chain.

The b a sic  s e t  up of th e  v ib ra t io n  measurement system 

c o n sis te d  of an acce lerom eter as th e  sensing  tra n sd u ce r which 

converted  m echanical motion in to  an e l e c t r i c a l  s ig n a l , a 

charge a m p lif ie r  fo r  s ig n a l co n d itio n in g  and an F.M. magnetic 

tap e  reco rd e r fo r  s ig n a l reco rd ing  and s to ra g e . D iffe re n t 

com binations o f acce lerom eters  and charge am p lif ie rs  were used 

depending on th e  in te n s i ty  of v ib ra t io n  m onitored.

(a) A ccelerom eters:

P ie z o -e le c tr ic  acce lerom eters  were used to  m onitor ground 

and foundation  v ib ra t io n s .  In  g e n e ra l, a ty p ic a l  p ie zo 

e le c t r i c  accelerom eter c o n s is ts  of two or more p ie zo 

e le c t r i c  d isc s  su p p o rtin g  a r e la t iv e ly  heavy mass which 

i s  p reloaded  by a s t i f f  sp rin g . The whole assembly i s  

mounted on a m etal housing w ith  a r ig id  b ase , as shown 

in  F igure  4 . 8 . When th e  base i s  r ig id ly  a tta ch ed  to  a 

v ib ra tin g  s u rfa c e , th e  mass w il l  ex e rt a v a r ia b le  fo rce  

on th e  p ie z o - e le c tr ic  d is c s  and a v a r ia b le  charge prop- 

. o r t io n a l  to  th e  fo rce  and, th e re fo re ,  th e  a c c e le ra tio n  

of th e  mass in  th e  p r in c ip a l  d ire c t io n  of m otion, is.
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developed acro ss  th e  p ie z o - e le c t r ic  d is c s .  The spring-m ass

system i s  u s u a lly  designed fo r  very  high resonan t frequency,
%

and fo r  freq u en c ies  much lower th an  th e  resonan t frequency, 

th e  a c c e le ra tio n  of th e  mass w i l l  be v i r t u a l ly  th e  same as 

th e  a c c e le ra tio n  of th e  b ase . Therefore th e  charge b u i l t  up 

across  the  p ie z o - e le c tr ic  d isc s  w i l l  be p ro p o r tio n a l to  th e  

a c c e le ra tio n  to  which th e  acce lerom eter i s  su b jec ted . The 

s e n s i t i v i t y  o f an acce lerom eter i s  u s u a lly  given in  term s of 

th e  charge developed p er u n it  a c c e le ra tio n  of th e  base along 

th e  p r in c ip a l  ax is  o f th e  acce lerom eter. Most accelerom eters 

a re  s l ig h t ly  s e n s i t iv e  to  a c c e le ra tio n s  in  a p lane normal to  

th e  p r in c ip a l  ax is  and t h i s  t ra n s v e rse  s e n s i t iv i ty  is  u su a lly  

expressed as a percen tage  of th e  p r in c ip a l  ax is  s e n s i t iv i ty .

A more d e ta i le d  d e sc r ip tio n  of th e  d if f e r e n t  types of 

accelerom eters and th e  advantages and d isadvantages of t h e i r  

use in  comparison w ith  o th e r types tran sd u ce rs  can be found in  

Skipp (1977)* Kuhen (1977) or Broch (1973).

Two d if f e r e n t  groups of p ie z o - e le c tr ic  accelerom eters 

were used in  th e  c u r re n t- in v e s t ig a t io n . The f i r s t  groups of 

accelerom eters were sm all and hence, le s s  s e n s i t iv e ,  AQ 1+0 

accelerom eters m anufactured by Environm ental Equipment L td.
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The nom inal charge s e n s i t i v i t y  o f a ty p i c a l  AQ 1+0-

accelerom eter was 1+0 pc /g  in  th e  p r in c ip a l  d ire c t io n  and i t s

tra n sv e rse  s e n s i t i v i t y  was le s s  th an  th re e  per cent of the

p r in c ip a l  a x is  s e n s i t i v i t y .  The recommended freq u en cy  range

over which th e  accelerom eter could be used was 2Hz to  10 kHz.

In  con junction  w ith  th e  r e s t  of the  in s tru m en ta tio n  chain ,

th e  lower l im it  of a c c e le ra tio n  th a t  could be measured bjr a
was-

ty p ic a l  AQ 1+0 accelerometer^O.OO^g. To measure low in te n s i ty  

v ib ra tio n s  B & K 8306  accelerom eters  (P la te  1 3) were used . A 

ty p ic a l  8306  accelerom eter had a b u i l t  in  p re a m p lif ie r  which 

in c reased  i t s  nominal charge s e n s i t i v i t y  in  th e  p r in c ip a l  

d ire c t io n  to  10,000 p c /g . The tra n sv e rse  s e n s i t iv i ty  of th e  

B & K 8306  accelerom eter was about f iv e  per cent of th e  main 

ax is  s e n s i t iv i ty .  The low est le v e l  of v ib ra tio n  th a t  could be 

measured by t h i s  acce lerom eter was 10 g but th e  maximum a c c e le r  

a t io n  was l im ite d  to  1g. A th i r d  type of accelerom eter used in  

t h i s  in v e s t ig a t io n  was th e  B & K accelerom eter which had a

nominal charge s e n s i t i v i t y  of the  o rder of 100 p c /g .



(b) S igna l C ondition ing  P re a m p lif ie rs .

As p ie z o - e le c t r ic  accelerom eters a re  of high output 

impedance, th ey  are  norm ally  used in  con junction  w ith  impedance 

m atching p re a m p lif ie rs  which tran sfo rm  th e  high output 

impedance of the  accelerom eter to  a lower value s u i ta b le  fo r  

m easuring or reco rd in g  in s tru m en ts . Also th e  p re a m p lif ie rs  

am plify  th e  r e l a t iv e ly  weak output s ig n a ls  from accelerom eters 

so th a t  le s s  s e n s i t iv e  in strum en ts  can be used to  measure the  

s tre n g th  of th e  s ig n a ls .  The p re a m p lif ie rs  used in  th i s  

in v e s t ig a t io n  were charge a m p lif ie rs  which were p re fe rre d  over 

v o ltag e  a m p lif ie rs  because th e y  have n e g lig ib le  s e n s i t iv i ty  to  

th e  len g th  of th e  cab le  ca rry in g  th e  charge from th e  accelerom eter 

Furtherm ore, th e  charge a m p lif ie rs  had a very  sm all d .c . o f f s e t  

•v o ltag e  compared to  th a t  o f a v o ltag e  a m p lif ie r .

The AQ 1±0 accelerom eters were norm ally used in  con junction  

w ith  a modular QM s e r ie s  (Environm ental Equipments) charge 

a m p lif ie r  system which co n s is te d  of s ix  modules, each o f which 

houses a charge a m p lif ie r  and a sw itched low pass f i l t e r  (P la te  6 ) 

The low pass f i l t e r  could be s e t  in  d if f e r e n t  p o s itio n s  vary ing  

from 25>HZ to  1000HZ. A te n  tu rn  gain  p o ten tiom eter was provided 

w ith each charge a m p lif ie r  module which enabled gain  v a r ia t io n
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f r o m  o n e  t o  1 2 .5  m V /pC . A c a l i b r a t i n g  o s c i l l a t o r  a n d  a  

m o n i t o r i n g  m e t e r  w e re  b u i l t  i n  so  t h a t  e a c h  c h a r g e  a m p l i f i e r  

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

a m p l i f i e r  c o u l d  b e  m o n i t o r e d  o n  t h e  m e t e r  w i t h o u t  i n t e r r u p t i n  

m e a s u re m e n t  o r  r e c o r d i n g  w i t h  a n o t h e r  i n s t r u m e n t .  The d y n a m ic  

r a n g e  o f  t h e  c h a r g e  a m p l i f i e r s  w as o n e  pC t o  5 0 0 0  p C (p k )  a n d  

t h e  f r e q u e n c y  r e s p o n s e  w as  1Hz t o  100 k H z . T he m o d u la r  s y s t e m  

w as p o r t a b l e  a n d  c o u l d  b e  o p e r a t e d  f ro m  245V  A .C . o r  28 t o  32 

v o l t s  B .C .p o w e r  s u p p l i e s .  I t  w as  p o s s i b l e  t o  m ake u s e  o f  

t h e s e  p r e a m p l i f i e r s  f o r  t h e  8 3 0 6  a c c l e r o m e t e r  a s  w e l l  b u t  t h e  

maxim um  a c c l e r a t i o n  t h a t  c o u l d  b e  m o n i t o r e d  b y  t h i s  c o m b i-  

- n a t i o n  w as l i m i t e d  t o  0 . 5 g .

A p a r t  f ro m  t h e  QM s e r i e s  m o d u la r  s y s t e m ,  tw o , B & K

2 635  t y p e  c h a r g e  a m p l i f i e r s  ( p l a t e  6 )  w e re  a l s o  u s e d  i n  t h e

i n s t r u m e n t a t i o n .  The t y p e  2635  c h a r g e  a m p l i f i e r  w as a

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

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

w o rk s  f o r  c o n v e r s i o n  o f  v i b r a t i o n  a c c e l e r a t i o n  t im e  h i s t o r y

m o n i t o r e d  b y  t h e  a c c e l e r o m e t e r s  t o  e i t h e r  v e l o c i t y  o r

d i s p l a c e m e n t  t im e  h i s t o r y .  A ls o  a v a i l a b l e  w as a  h i g h  p a s s

f i l t e r  s e t  a t  1 Hz t o  r e d u c e  i n t e r f e r e n c e  f ro m  s i g n a l s
-  98 -



developed by accelerom eters  in  response to  low frequency 

tem peratu re  f lu c tu a t io n s . Type 263^ charge a m p lif ie r  co n s is ted

of a s e le c ta b le  gain  g iv ing  ou tpu ts  in  10 dB s tep s  from 0.01

— 9  — Pmv/ms to  10,000 mv/ms . I t  could be used over a wide range of

freq u en c ies  from 0.1 Hz to  200 kHz in  th e  a c c e le ra tio n  mode 

and 1 Hz to  1000 Hz. in  th e  displacem ent mode, ' i t  was equipped 

w ith  a push b u tto n  a c tiv a te d  t e s t  o sc illa to r , from which output 

s ig n a ls  vary ing  from 10 mv (pk) to  1 V (pk) a t 160  Hz frequency 

could be ob ta ined  fo r  c a l ib r a t io n  of o th e r in s tru m en ts .

(c) Data S to rage .

As th e  t e s t  programme in c lu d ed  m u lt i-d ire c t io n a l  measure

ments and sim ultaneous measurements of d i f f e r e n t  q u a n t i t ie s ,  on

l in e  p ro cessin g  of d a ta  became d i f f i c u l t  and i t  was necessa ry  to  

s to re  f i e ld  d a ta  fo r  l a t e r  p ro cess in g  in  th e  la b o ra to ry . The 

instrum en t used fo r  d a ta  s to ra g e  was an e ig h t channel FM magnetic 

tap e  reco rd e r (P la te  6 ) ,  The maximum input v o ltag e  to  each 

channel was l im ite d  to  1 7 (pk) and a s te p  down v a r ia b le  gain  

a m p lif ie r  was p rovided  of th e  in p u t to  ensure th a t  i t  was not 

overloaded . An in h ib i t  sw itch  was provided w ith  each channel

-  99 -



which enabled reco rd in g  on d i f f e r e n t  channels a t  d i f f e r e n t  times*

I t  was a lso  p o ss ib le  to  t r a n s f e r  in fo rm ation  from one channel to  

ano ther channel w ithou t e ra s in g  th e  o r ig in a l .  As th e  tap e  

reco rd e r was an FM recorder*  i t  o ffe re d  frequency l i n e a r i t y  from 

D.C. The upper frequency l im i t  was a fu n c tio n  of th e  tape  speed.

The d i f f e r e n t  tape  speeds a v a ila b le  were 15/16 in /s e c , 3|  in /s e c  

and 1 $ in /s e c  and th e  corresponding upper frequency l im its  were 

312 Iiz* 1.25 kite and 3 kHz* re s p e c tiv e ly . The inpu t impedance of 

th e  tape  reco rd e r was no t s u f f ic ie n t  fo r  d ire c t  reco rd in g  w ith  

p ie z o - e le c tr ic  acce le ro m eters . The tap e  reco rd er was p o rta b le  

and could be powered by e i th e r  2I4O V A.C. or 32* k All cap ac ity
1

b a t t e r i e s .  With th i s  b a t te ry  operation* th e  continuous running 

.tim e was lim ite d  to  fo u r hours.

Figure U-9 shows a l in e  diagram  of th e  d i f f e r e n t  com binations 

of accelerom eters and charge a m p lif ie rs  used in  t h i s  in v e s t ig a t io n . 

Also given in  F igure h.9 are  th e  maximum and m inim um 'levels of 

v ib ra t io n  th a t  could be measured, by each com bination.
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) FOR MEASURMENT OF ACCELERATIONS IN THE RANGE 0 .01  m /s2 to  1 .2  X 103 ra/sec2

777? 777
AQ40 Accelerom eter

0  0 .0
OM Charge 
A m plifier w ith 
Low Pass F i l t e r

FM tape 
reco rd er

Narrow( 3/ )  AC V oltm eter
band pass
f i l t e r

( i i )  FOR ItEASUREHEtOT OF ACCELERATIONS WITHIN THE RANGE 0.001; m /sec2 -  8X103 m/sec?

77? Type 2635 
Charge

AQ 40 A ccelerom eter A m plifier

FM Tape 
Recorder

0
Narrow
band pass 
T i l t e r

AC V oltm eter

( i i i )  FOR MEASUREMENT OF ACCLERATIONS UN THE RANGE 1 X10~Uns~2 — 5 ms

/ / /  /  1.

0 "

0  O
I

QM Charge FM Tape

'TO 0
+77777 ?//?>// 7~?

8306 Accelerom eter
Low Pass F i l t e r

Recorder

Narrow
band pass 
f i l t e r

AC Voltm eter

( iv )  FOR MEASUREMENT OF ACCLERATIONS IN ^ E  RANGE 2 X 10~4ms“2 -  8 X 1o3ns3  -2

777/W 7-777777

BMC 4345 
Accelerom eter

0
Type 2635 
Charge

A m plifier

AC Voltm eter
FM Tape 
Recorder

Narrow 
band pass 
f i l t e r

FIG 4 .9  DETAILS OF DIFFERENT COMBINATIONS OF INSTRUMENTS USED FOR 
FIELD VIBRATION MEASUREMENT.
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U*3*3 C a l ib ra t io n  o f In s tru m e n ts .

(a )  C a l ib r a t io n  of A cce le ro m ete rs .

The c a l ib r a t i o n  o f th e  d i f f e r e n t  in s tru m e n ts  d e sc r ib e d  

in  S e c tio n  was c a r r i e d  ou t in  two s ta g e s .  F i r s t l y 5

each item  of th e  in s tru m e n ta t io n  chain  was c a l ib r a t e d  

s e p a r a te ly  and th e n  th e  e n t i r e  ch a in  o f equipment was 

c a l ib r a t e d  b o th  in  th e  la b o ra to ry  and in  th e  f i e l d .

Each a c c e le ro m o te r  was c a l ib r a te d  a g a in s t  a RAlQM 

ty p e  re fe re n c e  a c c e le ro m e te r5 th e  c a l ib r a t io n  of w hich i s  

t r a c e a b le  t o  th e  B r i t i s h  C a l ib r a t io n  S e rv ic e . . An 18 lcgF, 

purpose b u i l t } e lec tro d y n am ic  e x c i t e r  (P la te  7) p ro v id ed  

th e  n e c e ssa ry  s te a d y  s t a t e  harm onic e x c i ta t io n  over a wide 

freq u en cy  ra n g e . The r e fe re n c e  ac c e le ro m e te r  was a tta c h e d  

t o  th e  v ib r a t in g  ta b le  o f th e  e x c i te r  and th e  a c c e le ro m e te r  

to  be c a l ib r a te d  was screw ed on to  th e  re fe re n c e  a c c e le r o 

m eter w ith  a th re a d e d  s t e e l  s tu d . The QM s e r ie s  charge 

a m p lif ie r  (S e c tio n  (b ) )  which had a b u i l t  in  c a l i b r a t o r

was u sed  to  c o n d itio n  th e  s ig n a ls ' from th e  a c c e le ro m e te rs  and 

m easurem ents were ta k e n  by a c a l ib r a te d  d i g i t a l  v o l t  m e te r. 

F ig u re  k. 10 shows th e  freq u en cy  response  ( i . e .  th e  v a r ia t io n
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o f  charge s e n s i t i v i t y  -with freq u en cy  o f e x c i ta t io n )  of a ty p i c a l  

AQ UO a c c e le ro m e te r . I t  can be observed  from F ig u re  t h a t

th e  v a r ia t io n  o f charge s e n s i t i v i t y  i s  n e g l ig ib le  w ith in  th e  

freq u en cy  range 0 to  100 Ha. T h e re fo re , th e  charge s e n s i t i v i t y  

a t  30 H.z freq u en cy  was ta k e n  as th e  fundam ental charge s e n s i t i v i t y  

o f th e  a c c e le ro m e te r . A s im i la r  p rocedu re  was adop ted  f o r  f i e l d  

c a l ib r a t io n s  b u t th e  sm a ll e x c i t e r  shown in  P la te  1.1 p ro v id ed  

.e x c i ta t io n .

I t  i s  w e ll known th a t  th e  freq u en cy  re sp o n se  of an 

a c c e le ro m e te r  i s  in f lu e n c e d  by th e  method adopted  fo r  m ounting 

th e  a c c e le ro m e te r  to  th e  v ib r a t in g  s u r fa c e .  As m u l t i - d i r e c t io n a l  

measurements were in c lu d e d  in  th e  p roposed  t e s t  programme, i t  was 

d ec id ed  t h a t  a c c e le ro m e te rs  w i l l  be mounted on an alum inium  b lo ck  

w ith  th re a d e d  s t e e l  s tu d s  and th e  mounting b lo ck  would be a t ta c h e d  

to  th e  su r fa c e  o f th e  t e s t  fo u n d a tio n  e i th e r  by fo u n d a tio n  b o l t s  

o r w ith  p l a s t i c  s t e e l  (P la te  1 0 ). Hence i t  was n e c e ssa ry  to  

c a l i b r a t e  th e  mounted n a tu r a l  freq u en cy  o f th e  a c c e le ro m e te rs , 

e s p e c ia l ly  f o r  th e  r e l a t i v e l y  heavy 8306 a c c e le ro m e te rs , as th e  

upper freq u en cy  l i m i t  fo r ' an a c c e le ro m e te r  i s  u s u a l ly  ta k e n  as 

one t h i r d  o f th e  mounted n a tu r a l  freq u en cy . The c a l ib r a t io n  

p ro c e ss  was re p e a te d  f i r s t  w ith  th e  aluminium b lo ck  screw ed to
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th e  re fe re n c e  a c c e le ro m e te r  and th e  ‘a cc e le ro m e te r  to  be 

c a l ib r a te d  mounted on to p  o f  th e  b lo c k . For th e  second s e r ie s  

o f c a l i b r a t i o n s ,  a m e ta l p l a t e  x^as r i g i d ly  f ix e d  to  th e  re fe re n c e  

a c c e le ro m e te r  w ith  co u n te r  sunk s tu d s  and th e  m ounting b lo ck  was 

a t ta c h e d  to  th e  m e ta l p l a t e  w ith  p l a s t i c  s t e e l .  The second 

s e r i e s  o f t e s t s  gave th e  low est mounted n a tu ra l  freq u en cy  (730 Hz) 

which was about 13 tim es  g r e a te r  th a n  th e  h ig h e s t  freq u en cy  of 

e x c i ta t io n  (60 H.z) employed in  th e  in v e s t ig a t io n .  F ig u re  14.10(b) 

shows th e  freq u en cy  re sp o n se  of an 8306 a cc e le ro m e te r  when th e  

mounting b lo c k  was r i g i d l y  a t ta c h e d  to  th e  r e fe re n c e  a c c e le ro m e te r . 

For th e  AQ I4O a c c e le ro m e te rs , mounted n a tu r a l  f r e q u e n c ie s ,  b e in g  

o f th e  o rd e r of 6 kHz, were w e ll above th e  h ig h e s t  freq u en cy  o f 

e x c i ta t io n  co n s id e re d  fo r  th e  f i e l d  t e s t s .

The t r a n s v e r s e  s e n s i t i v i t y  of each acc e le ro m e te r  was m easured 

by a t ta c h in g  th e  a c c e le ro m e te r  t o  th e  mounting b lock  w ith  th e  

p r in c ip a l  a x is  o f  th e  a c c e le ro m e te r  p e rp e n d ic u la r  to  th e  main a x is  

o f th e  c a l ib r a t io n  e x c i t e r .  I t  was found t h a t  th e  t r a n s v e r s e  

s e n s i t i v i t i e s  o f bo th  ty p e s  of acc e le ro m e te rs  were n e g l ig ib le  

compared to  th e  co rresp o n d in g  p r in c ip a l  a x is  s e n s i t i v i t y .  The 

maximum tr a n s v e r s e  s e n s i t i v i t y  m easured fo r  an 8306 a c c e le ro m e te r
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was le s s  th a n  s ix  p e r  c e n t o f  i t s  p r in c ip a l  a x is  s e n s i t i v i t y  

and th e  maximum tr a n s v e r s e  s e n s i t i v i t y  fo r  an AQ ’4O a c c e le ro m e te r  

was l e s s  th a n  e ig h t  p e r  cen t of i t s  p r in c ip a l  a x is  s e n s i t i v i t y .

(b) C a l ib ra t io n  of Charge A m p lif ie rs .

As m entioned in  S e c tio n  14. 3 . 2 ( b ) ,  th e  QM s e r i e s  charge 

a m p lif ie r  system  had a b u i l t  in  o s c i l l a t o r  fo r  th e  c a l ib r a t io n  

o f each charge a m p lif ie r  m odule. Mhenever th e  v a r ia b le  g a in  of 

a charge a m p lif ie r  was a l t e r e d  to  r e g u la te  th e  am plitude of th e  

o u tp u t s ig n a l ,  th e  g a in  s e t t i n g  was c a l ib r a te d  by in j e c t i n g  a 

standard . 70 Hz s ig n a l  in to  t h a t  module from  th e  c a l ib r a t io n  

o s c i l l a t o r  and m easuring  th e  o u tp u t o f th e  module. The ‘ty p e  

26351 charge a m p lif ie r s  had f ix e d  g a in  s e t t in g s  which were 

c a l ib r a t e d  a g a in s t  a QM charge a m p lif ie r  u s in g  a s ig n a l  from 

th e  re fe re n c e  a c c e le ro m e te r  as th e  common in p u t .  The o u tp u t o f 

th e  push b u tto n  a c t iv a te d  t e s t  o s c i l l a t o r  b u i l t  in  t h e ‘ty p e  263^ ’ 

charge a m p lif ie r s  was used  as a re fe re n c e  s ig n a l  to  c a l ib r a t e  th e  

in p u t g a in  o f  th e  ta p e  r e c o rd e r .

(c )  C a l ib r a t io n  o f th e  In s tru m e n ta tio n  C hain.

The e n t i r e  chain  of equipment (F ig .' I4 . 9 ) was c a l ib ra te d  by
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s u b je c t in g  each tr a n s d u c e r  t o  a known a c c e le r a t io n .  Once a g a in , 

th e  re fe re n c e  a c c e le ro m e te r  was u sed  to  m easure th e  in p u t 

a c c e le r a t io n .  The o u tp u t g iven  by th e  ta p e  re c o rd e r  was 

m easured by a v o l t  m e te r, and th e  charge  s e n s i t i v i t y  o f th e  

acc e le ro m e te r  was c a lc u la te d  by acco u n tin g  f o r  th e  in p u t 

a t te n u a t io n  o f th e  ta p e  re c o rd e r  and th e  a m p lif ic a t io n  o f th e  

charge a m p li f ie r .  This e x e rc is e  was re p e a te d  in  th e  f i e l d  w ith  

th e  use  o f a p o r ta b le  e lec tro d y n am ic  e x c i te r .  In  th e  f i e l d  

c a l ib r a t io n s ,  on ly  th e  fundam ental charge s e n s i t i v i t y  o f each 

acc e le ro m e te r  was m easured.

I t  was found t h a t ,  f o r  th e  AQ kO a c c e le ro m e te r , th e  

fundam ental charge  s e n s i t i v i t y  was independen t of th e  ty p e  of 

p re a m p lif ie r  u sed . For th e  8306 a c c e le ro m e te rs , s l i g h t  v a r ia t io n s  

( < 1* o f nom inal charge  s e n s i t i v i t y )  o f charge s e n s i t i v i t y  were 

o b ta in e d  when th e y  were u sed  in  c o n ju n c tio n  w ith  d i f f e r e n t  modules 

o f  th e  QM charge a m p lif ie r  system .



COMMENTS

The in s tru m e n ta t io n  used  fo r  m easuring  v ib r a t io n s  

proved t o  be s a t i s f a c t o r y .  The method of m ounting a c c e le ro 

m eters fo r  fo u n d a tio n  v ib r a t io n s  measurement in  th e  freq u en cy  

range 2 Hz to  60 Hz d id  no t appear to  be c r i t i c a l .  A c c e le ro 

m ete rs  on m ounting b lo c k s  a t ta c h e d  to  th e  su r fa c e  o f a 

fo u n d a tio n  pad e i t h e r  by p l a s t i c  s t e e l  o r by fo u n d a tio n  b o l t s  

gave th e  same r e s u l t s  as th e  a c c e le ro m e te rs  on m ounting b lo c k s  

c a s t  as i n t e g r a l  p a r t s  o f th e  fo u n d a tio n  pad . For f i e l d  

v ib r a t io n  m easurem ent, i t  appeared  th a t  low pass  f i l t e r s  a re  

a n e c e ss ity  as sp u rio u s  s ig n a ls  developed  f r e q u e n t ly .  The 

a c c e le ro m e te rs  p roved  to  be f a i r l y  ro b u s t and d u ra b le . In  

g e n e ra l,  th e  charge s e n s i t i v i t i e s  o f th e  a c c e le ro m e te rs  

d e c re a se d  by about s ix  p e r  c e n t over a p e r io d  o f tw elv e  m onths. 

Im proper grounding o f  in s tru m e n ta t io n  cha in  and sh o r t  c i r c u i t i n g  

o f th e  m in ia tu re  c o a x ia l .c a b le s  c a r ry in g  th e  a c c e le ro m e te r  o u tp u t 

caused  c o n s id e ra b le  d i f f i c u l t i e s  d u rin g  th e  e a r ly  s ta g e s  o f th e  

in v e s t ig a t io n ,  when due t o  in c le m e n t„w eath e r, c o n s id e ra b le  s u r fa c e  

w ater covered  th e  s i t e .  These problem s were overcome by th e  u se  

o f e l e c t r i c a l l y  i s o la te d  s tu d s  f o r  m ounting th e  a c c e le ro m e te rs
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and by p r o v id in g  a w a te rp ro o f  s e a l  a t  th e  a c c e le ro m e te r  o u tp u t

socke ts .
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CHAPTER V

TESTING PROGRAMME AND TEST PREPARATIONS

TESTING PROGRAI1ME

The main o b je c t iv e  of th e  ex p e rim en ta l in v e s t ig a t io n  

i s  to  s tu d y  th e  dynamic resp o n se  o f a  fo u n d a tio n  lo c a te d  

some d is ta n c e  from  a so u rce  o f v ib r a t io n .  I t  was p roposed  

th a t  th e  so u rce  o f v ib r a t io n  would be a  fo u n d a tio n  pad 

s u b je c te d  to  s te a d y  s t a t e ,  tim e dependen t, s in u s o id a l  

fo rc e  e x c i ta t io n  d e r iv e d  from th e  v ib r a to r  d e s c r ib e d  in  

C hap ter IV. The fo u n d a tio n s  would be f u l l y  embedded, 

c a s t  i n  s i t u  and t h e i r  bases  would be e i t h e r  r e c ta n g u la r  * 

o r sq u are  s e c t io n s .  The mass r a t i o s  of th e  fo u n d a tio n s  

would be com parable to  th o se  of machine o r  s t r u c t u r a l  

fo u n d a tio n  p ad s .

F ig u re  5*1 shows th e  dim ensions and lo c a t io n s  of 

th e  th re e  fo u n d a tio n s  t e s t e d .  For th e  sake o f c l a r i t y ,  a  

fo u n d a tio n  i s  h e r e a f t e r  d e sc r ib e d  as  'a c t i v e  fo u n d a tio n  ' 

when i t  i s  s u b je c te d  to  e x c i ta t io n  by th e  v ib r a t o r  and 

’p a s s iv e  fo u n d a tio n ' when i t  i s  e x c i te d  by v ib r a t io n s  

t r a n s m it te d  th ro u g h  th e  s o i l  from a n o th e r  a c t iv e  fo u n d a tio n .

The t e s t  programme was d esig n ed  to  o b ta in  th e  fo llo w in g  
-  118 -
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F IG .  5.1 DETA ILS  OF TEST FOUNDATIONS
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in fo rm atio n :

( i )  Frequency response of a c tiv e  foundation  A before  

c a s tin g  e i th e r  fou n d a tio n  B or foundation  C;

( i i )  Frequency response  of ground su rface  a t  f iv e  d i f f e r e n t  

p o s i t io n s ;

( i i i )  Frequency response o f a c tiv e  foundation  A w ith  foundation  

B in  p o s i t io n ;

(iv ) Frequency response of p a ss iv e  foundation  B when i t  was 

f u l l y  embedded;

(v) Frequency response  of both  a c tiv e  foundation  A and p a ss iv e

foundation  B fo r  th re e  d i f f e r e n t  mass r a t io s  o f foundation  A; 

(v i)  Frequency response of p a ss iv e  foundation  B a f te r  removing th e  

s o i l  surrounding  th e  s id e s  of th e  fo o tin g  in  s te p s ;

( v i i )  Frequency response of p a ss iv e  foundation  C;

( v i i i )  Frequency response  of p a ss iv e  foundation  B a f t e r  in s t a l l in g

foundation  G;

(ix ) Frequency response  of a c tiv e  foundation  B;

(x) Frequency response  of p a ss iv e  foundation  A;

(x i) Frequency response of a c tiv e  foundation  B w ith  th e  v ib ra to r

- s e t  a t  fou r d i f f e r e n t  le v e ls  o f e x c i ta t io n ;
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( x i i )  D isp lacem ents o f a c t iv e  fo u n d a tio n  A a t  th r e e  d i f f e r e n t  

f re q u e n c ie s  o f e x c i ta t io n  w ith  th e  v ib r a to r  s e t  a t  seven 

d i f f e r e n t  l e v e l s  o f e x c i t a t io n ,

A b r i e f  d e s c r ip t io n  o f th e  d i f f e r e n t  t e s t s  t h a t  were perform ed 

t o  c o l le c t  th e  r e q u ire d  d a ta  a re  g iven  in  C hapter V w ith  th e  t e s t  

r e s u l t s .

pKl
; ,n



TEST PREPARATIONS

£.2*1 C o n s tru c tio n  of T est F o u n d a tio n s .

The s i t e  o f th e  t e s t s  was an undeveloped open

f i e l d  ap p ro x im ate ly  10 km so u th -w est of N ottingham ,

The f i r s t  t e s t  fo u n d a tio n  c o n s tru c te d  on t h i s  s i t e  was

fo u n d a tio n  A, th e  dim ensions o f which a re  shown in

F ig u re  ( 5 .1 ) .  A f te r  c le a r in g  v e g e ta t io n  and to p  s o i l

over a lim by 3m t e s t i n g  a r e a ,  an ex ca v a tio n  o f s iz e

0 . 56m by 0 . 56m was ta k e n  ou t to  a dep th  o f  0 . 56m in  th e

m iddle o f  th e  t e s t i n g  a re a . The base of th e  ex cav a tio n

and th e  v e r t i c a l  f a c e s  on a l l  fo u r  s id e s  up t o  a h e ig h t

o f 1 50mm were c a r e f u l ly  trimmed w ith  a tro w e l to  b r in g

th e  c ro s s  s e c t io n  a t  th e  base  to  0 . 61m x 0 . 61m and th e

t o t a l  d ep th  o f  th e  h o le  to  0.61 m. The base  was le v e l le d

and s t e e l  arrow s were pushed in to  th e  ground to  mark o f f

an a re a  o f  0 . 146m x  0 . 146m about th e  cen tre- o f th e  b a se .

C oncrete was poured  in  to  form th e  f i r s t  150mm o f

fo u n d a tio n  A. A mould of in t e r n a l  s e c t io n  0 . 146m by 0 , 146m

was th e n  low ered  on to  th e  wet c o n c re te  gu ided  by th e  arrow s,

and an assem bly  o f  fo u r  200mm lo n g , 12mm d iam ete r fo u n d a tio n

b o l t s  t i e d  by a  3mm th i c k  s t e e l  p la t e  a t  50mm from  th e
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th re a d e d  end o f th e  b o l t s  was suspended from  a b ar ru n n in g  a c ro ss  

th e  mould i n  such a way t h a t  th e  c e n tre  of th e  s t e e l  p la te  was 

v e r t i c a l l y  above th e  c e n tre  o f  th e  base  o f th e  e x c a v a tio n .

C oncrete  was th en  poured  in to  th e  mould to  com plete th e  fo u n d a tio n , 

and th e  s u r fa c e  l e v e l le d  f lu s h  w ith  th e  a fo rem en tioned  s t e e l  p l a t e .  

About 5>0mm le n g th  o f each fo u n d a tio n  b o l t  was l e f t  p ro tru d in g  above 

th e  p la te  i n  o rd e r to  a t ta c h  th e  e x c i te r  d e s c r ib e d  in  S e c tio n  ( 4 .2 ) .  

Im m ediately  a f t e r  p o u rin g , 1 30mm lo n g  Ml 2 b o l t s  w ith  a cc e le ro m e te r  

m ounting b lo ck s  screw ed to  t h e i r  th re a d e d  ends were in s e r t e d  in to  

th e  wet c o n c re te  a t  p o s i t io n s  abou t 100mm from  th e  edges on th e  

mould in  such a way th a t  th e  u n d e rs id e  of each a c c e le ro m e te r  m ounting 

b lo ck  was in  c o n ta c t w ith  s u r fa c e  o f th e  c o n c re te .

The b a r  h o ld in g  th e  fo u n d a tio n  b o l t s  and th e  s t e e l  p l a t e  was 

removed about 20 m inu tes a f t e r  pou ring  was com pleted , and th e  l e v e l  

o f th e  s t e e l  p la t e  and th e  m ounting b lo ck s  were checked w ith  a s p i r i t  

l e v e l  and a d ju s te d  a c c o rd in g ly . The mould was removed a f t e r  a llo w in g  

s u f f i c i e n t  tim e f o r  th e  c o n c re te  to  s e t  and th e  gap betw een th e  s id e s  

o f th e  e x c a v a tio n  and c o n c re te  was f i l l e d  w ith  s o i l  ta k e n  ou t o f th e  . 

e x c a v a tio n . The b a c k f i l l  was tamped u n ifo rm ly  around th e  s id e s  of 

th e  fo u n d a tio n  by a s t e e l  d i s c .  The d e n s i ty  o f th e  b a c k f i l l  m easured



a t  th e  end o f th e  t e s t i n g  programme was 8$/Z o f  th e  d e n s i ty  o f th e  

u n d is tu rb e d  s o i l  which was in  c o n ta c t  w ith  th e  bottom  1£Omm of 

fo u n d a tio n  A.

The second fo u n d a tio n  ( i . e .  fo u n d a tio n  B in  F ig u re  5*1) 

was form ed by p o u rin g  c o n c re te  d i r e c t l y  in to  an ex ca v a tio n  ta k en  

ou t to  th e  re q u ire d  d im ensions. As fo u n d a tio n  B was l a r g e r  and 

th ic k e r  th a n  fo u n d a tio n  A, a w ire  mesh re in fo rc em en t was p ro v id ed  

and i t  was p rop o sed  th a t  f o u r ,  1 2mm d iam ete r screw  ro d s ru n n in g  

th e  e n t i r e  dep th  of th e  fo u n d a tio n  -would be used  to  a t ta c h  th e  

v ib r a t o r .  The screw  ro d s  were t i e d  a t  th e  base  and a t  about 5>0mm 

from  th e  to p  ends by 3mm th ic k  s t e e l  p l a t e s ,  and th e  whole assem bly  

was suspended from  a b a r  su p p o rted  on two pegs which were d r iv e n  

in to  th e  ground a t  eq u a l d is ta n c e  from  th e  cen tre  o f th e  e x c a v a tio n . 

When p o u rin g  c o n c re te  in t o  th e  e x c a v a tio n  was com pleted , th e  b a r 

and th e  upper s t e e l  p la t e  w ere removed and an a c c e le ro m e te r  m ounting 

b lo ck  w ith  M12 b o l t s  a t ta c h e d  t o  i t s  b ase  was p a r t i a l l y  embedded i n  

th e  wet c o n c re te  a t  th e  c e n tre  of th e  b a se . A few a c c e le ro m e te r  

m ounting b lo ck s were p la c e d  a t  d i f f e r e n t  p o in ts  each a t  l e a s t  100mm 

from  th e  n e a re s t  edge o f th e  fo u n d a tio n .

The t h i r d  fo u n d a tio n  ( i . e .  fo u n d a tio n  C in  F ig u re (5*1) was a
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p a r t i a l l y  embedded fo u n d a tio n  which.w as c a s t  a f t e r  com pleting  a 

s e r ie s  of t e s t s  in v o lv in g  th e  f i r s t  two fo u n d a tio n s . The embedded 

p a r t  o f fo u n d a tio n  C was c a s t  d i r e c t l y  in to  an e x c a v a tio n  as  in  

th e  ca se  of fo u n d a tio n  B and th e  exposed p a r t  was c a s t  u s in g  a 

mould. As th e r e  was 110 p la n  to  e x c i te  t h i s  f o o t in g  by th e  v ib r a to r ,  

th e r e  was no n e c e s s i ty  to  lo c a te  and mark th e  c e n tre  o f th e  b ase  011 

th e  to p  s u r f a c e .  In  o rd e r to  en su re  t h a t  th e  dynamic resp o n se  of 

each fo u n d a tio n  would co rresp o n d  to  t h a t  o f a r i g i d  fo o t in g ,  no 

fo u n d a tio n  was su b je c te d  to  dynamic t e s t s  w ith in  28 days a f t e r  c a s t in g .
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S e t t i n g  up o f  V i b r a t o r  on F o u n d a t io n s *

The m echan ical v ib r a to r  (P la te  1) was a t ta c h e d  t o  th e  

fo u n d a tio n s  th ro u g h  th e  p e d e s ta l  shown in  P la te  8 . The p e d e s ta l  

c o n s is te d  o f a 20mm th ic k  b ase  p l a t e  which was o f th e  same 

dim ensions a s  th e  g ,f th i c k  s t e e l  s e a t in g  on th e  s u r fa c e  o f 

fo u n d a tio n  A. The base  p la te  had fo u r  12mm d r i l l e d  h o le s  a l ig n e d  

w ith  th e  h o le s  i n  th e  s t e e l  s e a t in g  on th e  fo u n d a tio n  th ro u g h  

which th e  fo u n d a tio n  b o l t s  p a sse d . In  o rd e r to  en su re  c o r r e c t  

a lignm en t th e  h o le s  had been d r i l l e d  w ith  th e  base  p l a t e  and th e  

s t e e l  s e a t in g  clamped to g e th e r .  The p e d e s ta l  was f i r s t  low ered  

c e n t r a l l y  on to  th e  s e a t in g  gu ided  by th e  p ro tru d in g  fo u n d a tio n  

b o l t s  and lo ck ed  i n  p la c e  by fo u r  p a i r s  o f lo c k  n u ts .  The t e s t  

r i g  w ith  th e  v ib r a to r  suspended on th e  fram e was towed to  th e  

t e s t i n g  a re a  and p o s i t io n e d  such th a t  th e  v ib r a to r  was d i r e c t l y  

over th e  p e d e s ta l .  The w eigh t o f th e  t e s t  r i g  x^as th e n  ta k en  up 

by s ix  s c is s o r  ja c k s  welded t o  th e  u n d e rs id e  of th e  t e s t  r i g  and 

th e  w heels were rem oved. By m a n ip u la tin g  th e  s ix  ja c k s , th e  

v ib r a to r  x-jas lox^ered on to  th e  p e d e s ta l ,  guided by two ang le  

b ra c k e ts ,  th e  h o r iz o n ta l  le g s  o f xdiich were a t ta c h e d  to  th e  to p  

s u r fa c e  o f th e  p e d e s ta l .  'When th e  v ib r a to r  was abou t 20mm above
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th e  p e d e s ta l ,  r o l l e r s  were in tro d u c e d  b en ea th  th e  ja c k s  and th e  

v ib r a to r  was moved u n t i l  th e  th r e e  tap p ed  h o le s  on e i t h e r  s id e  o f 

th e  v ib r a to r  box were a l ig n e d  w ith  th r e e  s im i la r  h o le s  in  th e  

v e r t i c a l  le g s  o f th e  ang le  b r a c k e ts .  The ja c k s  w ere low ered  and 

th e  v ib r a to r  was lo ck ed  in  p la c e  on th e  p e d e s ta l  by th r e e  s tu d s .

The b o l t s  h o ld in g  th e  v ib r a to r  on th e  fram e o f  th e  r i g  were removed 

and th e  r i g  was f u r th e r  low ered  so  t h a t  th e  v ib r a to r  s to o d  c le a r  of 

th e  fram e. The ang le  b r a c k e ts ,  th e  tap p ed  h o le s  on th e  s id e s  o f th e  

v ib r a to r  and th e  p e d e s ta l  had been c a r e f u l ly  machined to  ensu re  t h a t  

th e  geom etric  c e n tre  o f  th e  u n d e rs id e  of th e  v ib r a to r  box was 

v e r t i c a l l y  above th e  c e n tre  o f th e  b ase  p la te  o f th e  p e d e s ta l .  Any 

e c c e n t r i c i t y  o f th e  dynamic lo a d  a p p lie d  to  th e  fo u n d a tio n  was th u s  

l im i te d  to  to le r a n c e s  a llow ed  in  m achining th e  components o f th e  

v ib r a to r  and e r r o r  in  th e  v e r t i c a l  a lignm ent between th e  c e n tre  o f 

th e  to p  s u r fa c e  of th e  fo o t in g  and th e  c e n tre  o f  th e  base  o f th e  

fo o t in g .

A f te r  s e t t i n g  up th e  v ib r a to r  on th e  fo u n d a tio n , v ib r a t io n  

i s o l a t i o n  m ountings were in tro d u c e d  betw een th e  jacl-s su p p o rtin g  th e  

t e s t  r i g  and th e  ground to  m inim ise th e  t r a n s f e r  o f  v ib r a t io n s  

g e n e ra te d  by th e  eng ine  and o th e r  r o ta t in g  p a r t s  o f th e  d r iv e  in to
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th e  ground. The i s o l a t i o n  m ountings (P la te  9) were made o f 

bonded 1sq u are  g r i p 1 pads w hich were d esig n ed  to  g iv e  a 

re so n a n t freq u en cy  o f 11 Hz f o r  th e  t e s t  r i g  su p p o rts  and 

th e re b y  ach iev e  60% v ib r a t io n  i s o l a t i o n  when th e  eng ine was 

o p e ra te d  a t  15>00 r .p .m . The e f f ic ie n c y  o f th e s e  m ountings 

were checked d u rin g  th e  p re lim in a ry  t e s t s  d e s c r ib e d  i n  

S e c t io n



5.2.3 Method of Attachment of Accelerometers.

To measure the acceleration time histories of the test 

.foundations, accelerometers were mounted on aluminium 

blocks attached to the foundation (Plate 10). The aluminium 

blocks which were cubical blocks of side 63mm were either 

cast as integral parts of the foundations or screwed to 

threaded ends of IyI12 bolts buried in the foundation and 

tightened against the concrete surface. Trial measurements 

(Plate 11) showed no difference in the acclerations measu

red using either form of mounting, For approximate measure- 

-rnents at points where foundation bolts were not provided, 

accelerometer mounting blocks were attached to the found- 

-ation by plastic steel or a cynoacrylate adhesive. The 

accelerometers were rigidly attached to the mounting blocks 

by threaded steel sbuds, Drilled and tapped holes were 

provided on each face of the accelerometer mounting blocks 

for multi-directional measurements (Plate 10).

Previous reseachers (Kuhen (1977), Skipp (1977) have

found that for vibration measurements on rigid surfaces

such as concrete, the method of mounting is not critical

provided that the frequency of the signal
measured was less than one fifth of
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the mounted natural frequency of the accelerometer. The 

maximum frequency of excitation considered in this inves- 

-tigation was twelve times greater than the lowest mounted 

charge sensitivity measured during calibrations of differ- 

-ent accelerometers with different types of mountings 

(Section 4.3.3.a)

Unlike foundation Vibration measurements, ground 

vibration measurements were sensitive to the method adopted 

for attaching the accelerometer to the ground surface. The 

effect of ground coupling variations on the response of an 

accelerometer placed on the surface of the ground has been 

noted by several previous researchers (Skipp, 1977; 

Warburton, 1965) and various methods have been suggested 

to obtain rtruef ground motion.

Ideally, the measurement of ground vibrations using 

any type of transducer should fulfil two requirements.

The placement of the transducer should not alter the free 

field motion of the ground and the response of the base 

of the transducer should be the same as the free field 

motions. In practice, both conditions are impossible to 

fulfil, but the distortion of free field motions can 

be kept to a minimum by using a light transducer such as 

an accelerometer with a rigid but not heavy base and the
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base of the transducer or the mounting block, if one is 

used, could be designed such that the natural frequency 

of the'base-soil system will be much higher than the 

frequency of vibration to be measured. Such a transducer 

will limit the differences between the motions of the 

transducer base and the true motions of the ground to 

negligible levels. Apart from satisfying these basic 

requirements, it was proposed that the method selected 

for attaching accelerometers to the ground should enable 

multi-directional measurements at any particular position 

and should be reproduceable without difficulty. Different 

methods of attachment such as burying the accelerometer 

in the soil, mounting accelerometers on small concrete 

benches cast on the ground and mounting the accelerometer 

on a large thin plate with spikes at the four corners 

driven into the ground, were tried and checked for repro- 

duceability. These checks were carried out in the labo- 

-ratory with the accelerometers attached to the surface 

of sand placed in the container shown in Plate 11. An 

electrodynamic vibrator was used to excite the sand.

The'tmethod that was eventually selected to attach

the accelerometers to the soil made use of an aluminium

cube of side dimensions 70mm with a 150mm long spike
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attached to the centre of its base (Plate 12). The spike 

was pushed into the groLind until the base of the alumi- 

-nium cube rested firmly on the soil. Accelerometers , 

were attached to the cube in a triaxial configuration 

with threaded steel studs. This method offered a repro- 

duceability of + 6fo (i.e. accleration amplitudes during 

repeated measurements did not vary by more than 6<fo of 

the arithmetic mean). In the field, the reproduceability 

deteriorated to ±8/0 for repeated measurements taken on 

the same day. The mass and dimensions of the block were 

such that the resonant frequency of the mounting block 

soil system, estimated using Lysmer's simplified analogue 

(Section 2.2.1) was 430 Hz which was seven times the 

maximum frequency of excitation employed.



5.2.4 Testing Procedure.

After setting up the vibrator on a foundation 
accelerometers were attached to the mounting blocks

on the foundation and the exciter was set into 
operation. When a test was conducted for the first

time on a foundation, the vibrator was run at a 
constant frequency for about fifteen minutes to 
allow for any settlement of the foundation due to 
compaction. Then a rapid sweep through the available

frequency range was carried out to note the frequen

cies at which fluctuations in the response occurred. 

This was achieved by continuously monitoring the 

accelerometer output while the infinitely variable 

speed control was adjusted from zero to maximum output 

speed. When this process was completed, the engine 

speed was set at 1500 r.p.m., and the operating 

speed of the vibrator was increased in predetermined 

steps, starting from 125 r.p.m At each speed setting, 

the vibrator was allowed to run for about two minutes 

for the speed to*, stabilise, afterwhich, the signals 

given by the accelerometers were conditioned and 

recorded in the tape recorder. In general, data was 

recorded either at 15 in/sec for a period of three

minutes or at 3f- in/sec for a period of five minutes.
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The speed of rotation of the vibrator shafts were measured 

using a revolution counter before and after each recording. 

The gains of the charge amplifiers and the tape recorder 

input channels were adjusted after each speed alteration 

to keep the level of the recorded signals close to 1 V 

peak, and after each gain alteration, appropriate cali- 

-brations were carried out as described in Section 4.3.3.

The processing of the data was carried out in the 

laboratory. The output from each tape recorder channel 

was passed through a narrow band pass filter tuned to the 

frequency of excitation to remove unwanted components of 

the signal. The filtered signal, a sinusoidal waye repre- 

-senting the acceleration-time history, was fed into either 

an a.c. voltmeter or a u.v. recorder to measure the period 

of the signal. As the frequency of excitation computed 

from the period of the recorded signals was more accurate 

than the coarse measurements taken with the revolution 

counter in the field, the former was used in the conversion 

of amplitudes of acceleration to amplitudes of displacement.

.2.5 Comments on the Performance of the Vibrator.

Preliminary tests were carried out in the field with

the excitation equipment set up on the small concrete

footing. The vibrator was attached to the footing as
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described in Section 5.2.2. The footing was set into 

vibration and accelerations of the footing as well as ■ 

the accelerations of the vibrator box were monitored. It 

was found that the acceleration-time history measured on 

the footing was equal in magnitude and phase to accele

ration-time history measured on the top surface of the 

vibrator box. This indicated that the bolted connection 

between the vibrator, the pedestal and the footing were 

rigid. With the tension in the timing belts adjusted to 

the values chosen from trial tests conducted in the 

laboratory (Section 4.2), there was no significant 

horizontal transverse (i.e. perpendicular to the direction 

of the belt drive) motion of the footing. A significant 

horizontal longitudinal component of acceleration was 

pleasured but it was found that this component of motion 

was caused not by the vibrator but by the engine used to 

drive the vibrator.

The major problem encountered was the isolation of 

vibration generated by the engine. Although,the engine 

was a two cylinder engine which, in theory, should hot 

have any unbalanced forces at its operating speed, it 

was found that the engine developed vertical and horizontal 

vibrations at its operating speed which was 1500 r.p.m.
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The vibrations developed by the engine were transmitted 

through the jacks supporting the test rig into the ground. 

The footing which was about twelve feet from the jack 

closer to the engine responded to the vibrations trans- 

-mitted through the ground.

The dynamic response of the footing monitored after

disconnecting the vibrator from the drive showed that the

engine induced vertical and horizontal longitudinal (i.e.

parallel to the main axis of the test rig ) motions of the

foundation. Frequency analysis of the accelerometer signals

revealed that the vibrations transmitted from the engine

consisted of components at the operating frequency of the

engine (i.e. 25 Hz.) and its higher harmonics. Introduction

of the vibration isolation mountings, shown in Plate 9, 
beneath the jacks reduced the level of the higher

harmonics to negligible levels but the principal component,

although reduced by 40$, still remained significant. The

response of the ground surface was also measured at

different distances from the foundation. It was found

that beyond 3m, the ground motions induced by vibrations

from the engine were negligible. Measurements were repeated

with the vibrator connected to the drive but set at zero

dynamic loading. The results obtained for horizontal
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motions of the foundation were very much the same as those 

obtained in the previous test, but it was observed that 

the vertical component of motion induced by engine 

vibrations decreased with increase in the rotating speed 

of the vibrator shafts.

Thus, the output signals given by accelerometers 

attached to the active foundations during the main series 

of tests consisted of two frequency components; the major 

component at the frequency of excitation and a relatively 

small component at the operating frequency of the engine. 

The level of the second component was, in general, negli

gible compared to the level of the major component and the 

wave forms obtained from the accelerometers were sinusoidal 

(Fig.5*2) except at very low frequencies of excitation. 

Nevertheless, all signals recorded were passed through a 

narrow band pass filter to separate the components before 

amplitude of phase difference measurements were taken. By 

this procedure, it was possible to obtain the true response 

of the footings to dynamic loads applied by the vibrator 

as long as the rotating speed of the vibrator shafts were 

kept at least 3$ greater or lower than the operating 

speed of the engine. The engine was operated most of the 

time at its optimum speed of 1500 r.p.m. When response
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measurements were taken at frequencies closer to 25 Hz, 

the engine speed was reduced to 1000 r.p.m.

Although the aforementioned procedure gave satis- 

-factory results, the interference caused by engine 

vibrations made on-line processing of data difficult. 

Furthermore, the necessity to isolate the engine vibrations 

resulted in a lateral drive which made the initial setting 

up procedure difficult and time consuming. For future 

experimentation using this vibrator, a vertical drive 

from an electric motor mounted on top of the vibrator 

box or a hydraulic drive from a pump some distance from 

the testing area is recommended.
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CHAPTER V I

DESCRIPTION OP TESTS AND PRESENTATION OP TEST RESULTS. 

GENERAL

The series of tests described in this chapter 

were performed at a site located 10 km south-west 

of Nottingham. Published information on the geology 

of the area suggests that the test site is -underlain 

by Keuper Marl. The thickness of the Keuper Marl 

deposit in this area is estimated to be between 200m 

and 225m. A brief description of the broad geological 

features of Keuper Marl is given in Section 7.1.

In this chapter the test results, together 

with brief descriptions.of the tests, are presented 

in the same sequence as they were collected in the 

field. A general discussion of the test results is 

given in Chapter VII.

-  1 4 8  -



6.2. MEASUREMENT OP RELEVANT SOIL PROPERTIES 
6.211 Preliminary Sit e Investi gation.

A number of boreholes were put down at the 
test site to investigate the subsoil conditions.

The locations of the boreholes and the boreholes 
data are shown in Figure 6.1. A hand auger was used

to advance the boreholes denoted by HA in Figure 6.1,

and a boring.fig consisting of a derrick and a winch

unit was used to put down, the boreholes denoted by BH.

The boreholes PA^and PA^were advanced by a powered

auger.

As shown in Figure 6.1, the test site was

covered with a black/brown top soil varying in thick—

-ness from 200ranto 400mm. The top soil was followed

by a firm to stiff reddish brown clay interspersed

with thin bands of greyish green silty clay and blue

siltstone fragments. The thickness of the clay layer

varied between 3m hnd 4m, decreasing in a southerly

direction. The clay was underlain by a soft rock

comprising mudstone and pale green sandstone bands.

These soft rocks offered resistance to hand augering

but were penetrated by the powered auger up to a 
depth of 8m below the surface. The depth of the water 
table below the surface varied from season to season
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and the main series of tests were carried out when the 

water table was about 2m below the ground surface.

Figure 6.2(a) shows the variations of index 

properties with depth. Undrained triaxial tests v/ere 

carried out on both 3 8mm and 100mm samples taken from 

the boreholes, and the results are presented in Figure 

6.2(b). Figure 6.2(c) shows the variation with depth 

of the number of blows required to advance a ’Macintosh 

probe1 into the soil at a position 3m from borehole HA 9.



6*2*2 Measurements of Dynamic Soil Properties*

The velocity of shear waves through the soil was 

measured by the * surface wave method! introduced by Jones 

(1959)*- A description of this standard seismic procedure 

is given in Appendix I* The mechanical vibrator described 

in Section 4*2, was used to propagate waves through the 

soil and the force developed by the vibrator was such 

that the dynamic stresses exerted on the soil surface 

were of the same order as those developed for’ the main 

series of tests* As shown in figure 6.3* the velocity 

of shear wave through the soil increased with increase
- C -

in depth. Measurements were repeated on foirr. different

occasions corresponding to different weather conditions*

The variations in the measured values of shear wave

velocity, at any particular depth, during these repeated

measurements were limited to ± 1 2 % and the pexvcentage '

of variation was of the same order irrespective of

whether the depth considered was above or below the

water table. In figure 6.3, average values from the four 
measurements are presented. Also shown in figure 6,3, 
are the values of shear wave velocity, measured at

different depths by the ’cross-hole seismic survey*
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technique developed by Stoke and Wood (1972)* A description 

of the technique is given in Appendix I. Bearing in mind 

that the cross-hole method involved a high degree of ' ' 

personal error in identifying the time of arrival of shear 

waves, the agreement between the values of shear wave 

velocity obtained by the two methods can be considered 

as reasonable,

The velocity of P-waves through the soil was also 

measured using a geophone and a seismograph, The Tdirect- 

arrival-survey* technique (Richart, et al (1970)) was 

employed. From the measured values of P—wave velocity and 

shear wave velocity, the Poissonfs ratio of the soil was 

computed as described in Appendix I. If was found that 

the Poisson^s ratio varied between 0,34- and 0*4-1* As 

noted by Richart (1974)? the accuracy of these values t

tare questionable because the computation involved small

differences of rather large numbers* However, previous

researchers (Punston and Hall(|968), Richart, et al •

(1 9 7 0 ) have shown that for cohesive soils which are

capable of supporting block type foundations, Poisson,s

ratio, in general, varied from 0 , 3 5  to 0 ,4 5 ? and for the

evaluation of dynamic response of foundation, using

available theoretical solutions, any value within this
-  152 -



range can be used without significant loss of accuracy, 

Thus, an average value of 0.37 was taken as the Poisson’s 

ratio of the soil for the computations described in 

Section 7.3* The bulk density of the soil measured from

close to the test foundations resulted in a bulk density

of the bases of the foundations below surface, and this 

value was used to compute the mass ratios of the 

foundations.

The shear modulus (G) of the soil was computed from

measured values of shear wave velocity (V ) and bulks
density (P-) using the following equation:

increased with depth and the variation is shown in 

Figure 6.4. The range of values of G, shown in Figure 

6 .4 ? is of the same order as that measured by Cunny 

and Fry (1973) for firm to stiff clayey soils.

38mm diameter samples varied from 1 7 6 0 kg/m^to 2 0 5 0 kg/m^' . 

Measurement by Sand Replacement method at a position

of 1 8 0 5 ± 85 kg/nr at depths nearly equal to the depth

(5.1)

As both Vsandp increased with depth, G also

-  1 5 3  -



PRELIMINARY TESTS,

Preliminary tests were carried out on a small 

concrete pad having plan dimensions 0 .6m by0 .6m and 

thickness 0.3m. The design of the foundations tested 

in the main series of tests were based on the results 

obtained from these tests.

For the first series of preliminary tests the 

pad was set into vibration by the small electrodynamic 

vibrator shown in Plate 11. The vibrator developed 

constant amplitude periodic sinusoidal forces. The 

maximum force amplitude available from the exciter 

was 44.4 N. The vibrating table of the exciter was 

strengthened by an additional leaf spring and attached 

to the foundation through four bolts. The bolts were 

buried in the concrete when the footing was cast. The 

mass ratio of the pad,with the electrodynamic 

vibrator in place,was 4 .1 .

The pad was set into vibration and the resulting 

motions were monitored at three noncolllnear points 

on the surface of the pad. The amplitude of the dynamic 

load was kept constant throughout the test by main

taining the current supplied to the exciter at a 

constant level of 4 amperes. Accelerations measured

- '  1 5 4  -



at different points on the surface of the pad were in 

phase and equal in magnitude. As the accelerometer outputs 

were sinusoidal, the amplitude of displacement at any 

particular frequency was obtained by dividing the corres- 

-ponding amplitude of acceleration by the square of the 

frequency of excitation.

The variation of displacement amplitude of the pad 

with frequency of excitation is shown in Figure 6.5 by a 

full line. The frequency response of the pad is a steadily 

increasing curve with a fluctuation in the form of a minor 

peak at 23 Hz. Comparison with theoretical response curves 

presented by previous researchers for foundations of mass 

ratio similar to that of the test footing, suggests that 

the frequency response of the footing is similar to the 

theoretical response obtained by Wass and Lysmer (1972) 

for a foundation oscillating on the surface of a deep 

stratum (Fig.2 .1 ).

For the next series of tests, the mechanical vibrator

described in section 4.2 was attached to the footing. The

performance of the vibrator was checked and improvements

were made as described in Section 5.2.5. The phase differ-

-ence between the upper and lower pairs of rotating masses

was set at 160° and the foundation was set into vibration

and the resulting motions were monitored by accelerometers
- 155 -



placed at three non-collinear points on the surface of the 

footing. The maximum frequency that was available from the 

vibrator at that time was 42 Hz.

It was found that the accelerations monitored by all 

three accelerometers were in phase and the differences 

between their magnitudes were negligible. This indicated 

that the pad did not undergo any significant rocking 

motions and any eccentricity of loading inherent in the 

procedure on attaching the vibrator to the foundation pad 

(see Section 5.2.2) was negligible. The displacement- 

frequency curve computed from measured acceleration 

amplitudes is shown in Figure 6.5 as dotted lines. The 

shape of this frequency response curve was steeper than 

that of the frequency response obtained in the previous 

test because the amplitude of the force developed by 

the vibrator was not a constant but increased with the 

square of the frequency of excitation and the mass ratio 

of the pad was increased to 1 0 . 5  by the addition of the 

mechanical vibrator. However, the fluctuation in the 

response at 21 Hz is somewhat similar to the minor peak 

at 23 Hz in the response obtained from the previous test. 

The appearance of minor peaks at nearly equal frequencies 

in the response curves corresponding to two different
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mass ratios of the same pad suggests that the dynamic 

behaviour of the soils beneath the pad may be responsible 

for these fluctuations. Further discussion on the 

implications of this phenomenon is given in Section 7.1.2.
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6.4. MAIN SERIES OF TESTS 

6.4.1 General

Three foundations designated as A, B 

and C were tested in the main series of 

tests. The dimensions and locations of 

these foundations are shown in Figure 5.1. 

The dynamic response of two of these * 

foundations (i.e. foundation A and 

foundation B) were monitored both in 

the*activer state (i.e. excited directly 

by the vibrator) and in the’passive* state 

(i.e. excited by vibrations transmitted 

through the soil from a nearby foundation). 

Foundation C was tested only as a passive 

foundation. As the vibrator was of mass 

5 2 0kg, the mass ratio,and, in consequence, 

some of the dynamic characteristics of a 

foundation depended on whether it was 

tested as an active foundation or a 

passive foundation.
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6.4.2 Frequency Response of Active Foundation A.

Foundation A was a fully embedded foundation of 

plan dimensions 0.61m by 0.61m and thickness 0.61m. The 

dynamic response of active foundation A was measured in 

a series of tests carried out before casting either 

foundation B or foundation 0. A full description of the 

test preparations are given in Section 5.2.

With the vibrator attached, the mass ratio of 

active fouidation A became 12.4. The phase difference 

between the upper and lower pairs of eccentric masses 

inside the vibrator was set at 1 6 5° to give an equivalent 

eccentricity e^ of 0.0058m for each eccentric mass. The 

response of the foundation was monitored by accelero- 

-meters attached to its surface at three noncollinear 

points. From multi-directional measurements, it was 

found that the predominant mode of vibration of the 

foundation was vertical translation. Vibrations generated 

by the diesel engine, which drove the vibrator, and 

transmitted through the ground to the test foundation 

induced a horizontal longitudinal (i.e. parallel to the 

longitudinal axis of the test rig) motion of the found- 

-ation at the operating frequency (i.e. 25 Hz) of the 

engine. The horizontal component was about 15$ of
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the vertical response induced by the vibrator at this 

frequency. No significant horizontal transverse or 

horizontal longitudinal components of motions corres- 

-ponding to other frequencies of excitation were observed. 

Different types of accelerometers were used for simul- 

-taneous measurement of accelerations at different points 

on the surface of the foundation. The output signals 

given by the vertically oriented accelerometers were 

in phase but the amplitudes of accelerations differed 

by about ± 6% from point to point. However, these 

variations were in such a random manner that they did 

not indicate rocking of the foundation. When the same 

accelerometer was shifted from point to point, the 

difference in the outputs given by the accelerometer 

at different points did not exceed ± 2$ of the first 

measurement.

The amplitudes of vertical displacements of active 

foundation A computed from measured acceleration ampli

tudes are presented in Figure 6 .6 , in the form of a 

displacement- vs. frequency of excitation curve. The 

amplitudes of displacements shown in Figure 6 . 6  are 

average values obtained from four measurement sessions
' • f i
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repeated on different days. The reproduceahility of the 

maximum amplitude of the active foundation, in repeated 

tests was,within ± 10 ft, and the reproduceahility of the 

frequency of maximum amplitude was ±-2$. Considering 

average values, the frequency of maximum amplitude of 

active foundation A was 53 Hz and the maximum amplitude 

was 0.062mm. Another noticeable feature in the response 

was the minor peak' at 21 Hz which was similar to the 

fluctuation in -the response of- the pad used in the 

preliminary tests.

The dynamic load developed by the vibrator was 

monitored from time to time by three equally spaced load 

cells attached to the base of the pedestal of the vibrator 

(Plate 8 ). A typical u.v. recorder trace of the load-time 

variation is shown in Figure 4.7. The amplitude of the 

dynamic load measured at relatively low frequencies, for 

which the motions and the inertia force of the vibrator 

are negligible, are shown in Figure 6.7, in comparison 

with the amplitude of dynamic load evaluated by 

equation 4 .1 .

-  161 -



6*4*3 Measurements of Surface Motion of Soil,

Soil surface motion induced by vertical
tvibrations of active foundation A were monitored

at different points along the XX axis (Fig.5.1) of

the foundation. A description of the procedure

adopted for ground motion measurements is given

in section 5 .2 .3 .

Vertical excitation of active foundation A

resulted in ground motions comprising not only

vertical components of displacement but also hori 
~zontal(radial) components. Horizontal transverse

components were negligible compared to the vertical

and horizontal radial components. The reproduce-

-ability of ground displacements at points which

were either too close (i.e. d-<r3m) to or too far

i.e. d > 8m) from the source foundation was poor,

especially, at low frequencies of excitation (f<30Hz).

Measurements taken at the same location on different

days but with the same accelerometer varied by as

much as + 18%. Displacements at points located

within 3m and 8m from the source were reproduced

to an accuracy of ± 10%, which was of the same

order as the reproduceahility of the active
-  1 6 2  -



foundation displacements. However, the reproduceahility 

of the ratio between displacements measured at two 

different points was within + 4% irrespective of the 

distance between the points.

The ground motions monitored simultaneously at five 

different positions are presented in Figure 6 . 8  and 

Figure 6.9 . Figure 6 . 8  shows the variation of the 

vertical components of displacement with distance from 

active foundation A and Figure 6,9 shows the variation 

of the horizontal components of displacements. Both 

components of displacement decreased with increasing 

distance . from the active foundation but the atte

nuation with distance was more severe than that predicted 

for an elastic halfspace. To illustrate this difference, 

the attenuation of displacements in an elastic halfspace, 

calculated using the soil surface displacement measured 

at 50 Hz at a position 3m from the active foundation as 

the datum, is also shown in Figure 6 ,8 .

The relative phase difference between vertical and 

horizontal components of accelerations of the gournd 

surface varied from about 60° at 1.6 5m to 9 0 ° at 4 .8m 

and 1 2 0°at 12m distance from the source.
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The frequency response of the ground monitored at 

four positions along the XX axis is shown in Figure 5.10. 

The shapes of the vertical response curves were not similar 

to that of the active foundation response. The ground 

response consisted of several minor peaks, some of which 

did not appear consistently in repeated measurements, 

whereas, the corresponding response (Fig.6 .6 ) of the 

active foundation consisted of only one fluctuation at 

21 Hz. It can be, observed from Figure 6.10, that the 

frequency response of the ground, surface tends to reach 

a plateau as the frequency of excitation is increased 

beyond 45 Hz. This effect becomes more pronounced with 

increase in the distance from the active foundation.



6.4.4. DYNAMIC RESPONSE OF PASSIVE FOUNDATION B

6.4.4(a) Frequency Response with Full Embedment.

The first passive foundation tested (i.e

in Fig.5.1) was cast in situ at a distance of

7.31m from the centre of active foundationA.

It was of rectangular base of dimensions o.91m 
by 0.68m and height 0.8m. The mass ratio of

passive foundation B was 7.94. It was fully 

embedded and was formed by pouring concrete 

directly into a hole excavated to the req_uired 

dimensions. Further details of test prepara

tions are given in Section 5.2,1.

Vertical excitation of the active 

foundation resulted in vertical as well as 

horizontal radial motions of the passive 

foundation. The motions of the passive 

foundation were measured by two 8 3 0 6  

accelerometers (Plate 13) connected to QM 

series charge amplifiers and a B & K 4345 

accelerometer connected to a type 2 6 3 5

charge amplifier set at a high gain. 
Measurements taken by different accelero-

-meters at the centre of the foundation varied 
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by about ± 5$ and measurements recorded by the same 

accelerometer in repeated tests varied by + 10$.

Figure 6.11 shows the variation of vertical 

displacement amplitudes of the passive foundation 

with frequency of excitation. The three frequency 

response curves shown in Figure 6.11 were measured 

at three noncollinear points on the surface of the 

foundation at the same time. The outputs of the 

accelerometers were in phase and the differences 

between the displacements measured at different points 

were negligible. The frequency response curves reached 

a plateau at 23 Hz and a well defined peak at 40 Hz. 

Horizontal radial components of the displacements of 

the passive foundation measured at the aforementioned 

noncolinear points are plotted against frequency of 

excitation in Figure 6.12. No evidence of twisting 

motion of the foundation was detected.

The dynamic response of the active foundation was 

also monitored during these tests to study the influ

ence of the presence of the passive foundation on the 

response of the active foundation. Accelerometers 

attached to the active foundation in a triaxial 

configuration showed that the influence of the passive
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foundation on the response of the active foundation was 

insignificant except for a fluctuation in the vertical 

response at 40Hz frequency. The vertical frequency 

response of active foundation A is shown in Figure 

6 .2 4 , together with its primary response measured 

before constructing passive foundation B.



6.4.4(b) Transmission Ratio.

In order to describe, quantitatively, the 

transmission of vibrations from the active founda

tion to the passive foundation, the transmission 

ratio, defined as the ratio of vertical displace- 

-ment of the passive foundation to the corres- 

-ponding vertical displacement of the active 

foundation, was computed for different frequen

cies of excitation. The variation of transmission 

ratio with frequency of excitation is presented 

in Figure 6.13- The transmission ratio vs. 

frequency curve shows two well defined peaks, the 

first of which occurs at 23 Hz. It appears that 

this peak is related to the fluctuations in the 

response of both the active foundation and the 

passive foundation at frequencies closer to 23 Hz. 

The second peak in the transmission ratio vs. 

frequency curve appears at 40 Hz, which, as shown 

in Figure 6.11, is the frequency of maximum ampli-

-tude of the passive foundation. At the frequency 
of maximum amplitude of the active foundation (i.e.

53 Hz.) no discontinuity in the variation of

transmission ratio could be observed.
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A series of tests were carried out to study the 
influence of the mass ratio of the active foundation

on the transmission ratios of the two foundations

system. The mass ratio of the active foundation was

increased by attaching additional weights to the top

plate of the vibrator, and the frequency response of

both foundations were monitored for three different

mass ratios of the active foundation. The results are

presented in Figure 6.14. The external force applied

to the active foundation at any particular frequency

was kept the same in all three tests. From Figure 6 .14,

it can be observed that" the transmissio ratios for the

system are substantially independent of the mass ratio

of the active foundation.
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6.4.5. EFFECT OF SOIL ADHESION ON RESPONSE OF PASSIVE

FOUNDATION

The influence of soil adhesion along the vertical

faces of the passive foundation on its dynamic response

was investigated in a series of tests. The depth of

soil adhesion on the sides of the foundation was

reduced by removing the soil surrounding the found-

-ation in several steps. The mass ratio of the active

foundation and the relative phase difference between 
the two pairs of rotating masses inside the vibrator

were kept at the same level as those for the tests in

which the response of the fully embedded foundation

was measured. This series of tests were completed

within a week when there was no appreciable change in

the weather conditions. During each test, accelerations

of the passive foundation were measured at three or

more noncollinear points on the surface of the

foundation, and,wherever possible, the same accelero-

-meters were kept at the same points,

(a) First Test.

The first test in this series was conducted after 

removing the top 1 7 0mm of soil surrounding the passive 

foundation. Thus 630 mm of the sides of the foundation
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was in contact with the soil. The vertical response of 

the foundation is shown in Figure 6.15. The positions 

where the accelerometers were attached to the foundation 

are marked in the sketch shown in Figure 6.15, with the 

same symbols as those used to mark the co-ordinates of 

the respective frequency response curves. The vertical 

response curves shown in Figure6.15 are similar to the 

vertical response curves obtained for the fully embedded 

passive foundation (Fig.6 .11). The displacement amplitudes 

measured by the accelerometer at Position’a* (see Fig.6 .15) 

were slightly greater than the amplitudes measured at 

the other two positions, but the relative phase difference 

between the outputs of all three accelerometers were zero, 

as was in the case of the fully embedded passive foundation.

The horizontal radial motion of the foundation is 

shown in Figure 6.21. Only the measurements taken at the 

centre of the foundation are presented because there was 

no significant twisting motion of the foundation in any 

of the tests in this series, and, in each test, the 

horizontal radial components measured at different points 

on the surface of the foundation were almost equal in 

magnitude and were in phase. Horizontal transverse motions

-  171 -



were negligible compared to the vertical and the 

horizontal (radial) motions of the foundation.

(b) Second Test

The second test in this series was carried out 

after removing another 2 0 0 mm of soil from the sides of 

foundation B,so that 430mm of the sides of the foundation 

was in contact with soil. The frequency response measured 

by vertically oriented accelerometers (Plate 14) is 

shown in Figure 6.16. Vertical displacements measured 

at the centre of the foundation and at position ,b» were 

equal in magnitude and phase but relatively larger 

displacements were recorded by the accelerometer at 

positionfaf. A fourth accelerometer was placed at the 

middle point of the edge of the passive foundation 

furthest from the active foundation (i.e. positionfd f) 

and the test was repeated. The displacements measured at 

position*df were much less than the displacements measured 

at the centre of the foundation. Since vertically oriented 

accelerometers measure both vertical translation motion 

and rocking motion , it appears that , in this 

test, the passive foundation developed significant rocking 

motions in addition to vertical translation. The
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combined vertical translation and rocking motions reached 

a peak at 40Hz at position’a* and at 43 Hz at the centre 

of the foundation. The displacement of the top surface 

of the foundation determined from measurements taken at 

the four positions is shown in Figure 6.17 for two 

different frequencies of excitation. Figure 6.17 shows 

that the rocking motion is significant at 40 Hz but, at 

43Hz, the predominant motion of the passive foundation 

is vertical translation.

The horizontal radial components of the displacements 

of the passive foundation are shown in Figure 6.21.

(c) Third Test.

The third test in this series was carried out after 

removing the surrounding soil to the full depth of the 

foundation so that the sides of the foundation were 

completely free of soil adhesion. As rocking motions 

were anticipated, vertical vibrations of the passive 

foundation were monitored by at least four accelero- 

-meters at any instant during this test. The location 

of the accelerometers and the frequency response 

curves given by these accelerometers are shown in 

Figure 6.18. Vertical displacements measured at centre*cf
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and at Position •b* were almost equal in magnitude and 

were in phase, and the frequency response curves reached 

a peak of 45 Hz. However, the frequency response measured 

at Position,a* (Figure 6.18) started to deviate at 27 Hz 

from the frequency response measured at the centre and 

reached a peak at 3 6 Hz. The displacements measured at 

Position *df were smaller than the displacements measured 

at other positions up to a frequency of 45 Hz. For 

frequencies of excitation greater than 45 Hz, displace- 

-ments measured at all four points were nearly equal in 

magxiitude and were in phase.

From Figure 6.18, it appears that the passive

foundation underwent considerable rocking motions when

the frequency of excitation was between 25 Hz and 45 Hz.

Beyond 45 Hz frequency, the predominant motion of the

foundation appears to be vertical translation. In order

to define the response of the passive foundation more

clearly, displacements were measured at three more

positions on its surface, and the results are presented

in Figure 6.19 as peak displacements of the top surface

of the passive foundation at the instant of maximum

motion. The results are given for three different

frequencies of excitation representing the three- 1 7 4 -



different types of response developed during a frequency 

sweep. The arrows shown in Figure 6,19 indicate the posi- 

-tions on the surface of the foundation where the measure- 

-ments were taken. The height of an arrow represents the • 

amplitude of displacement and the direction represents the 

phase of the displacement-time history.

The angle made by the top surface of the passive 

foundation with the horizontal plane can be considered 

as a measure of the rocking motions of the foundation. 

Figure 6.20 shows the variation of the angle of rocking 

with frequency of excitation. It can be observed that 

when the frequency of excitation increases beyond 25 Hz, 

the angle of rocking increases sharply to a peak value of 

13*3 X 10^radians at 32.5 Hz and then falls rapidly to 

a tenth of this value at 45 Hz.

Horizontal radial motions of the passive foundation,

measured at its centre are shown in Figure 6.21. The

horizontal response curve shows two peaks, the first of

which appears at 32.5 Hz and the second peak at 50 Hz.

It is interesting to note that the frequency of the first

peak coincides with the peak frequency of rocking motion

shown in Figure 6.20. This suggests that the horizontal

radial motions were coupled with the rocking motions of
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the passive foundation.

In order to illustrate the effect of soil adhesion 

on the response of the foundation, the frequency response 

measured by vertically oriented accelerometer at positions 

*af and 1c f for different depths of soil adhesion are 

presented in Figure 6.22 and 6.23, respectively. These 

figures show that the total displacement of the foundation 

at any particular frequency, decreases with increase in 

depth of soil adhesion. The comparison up to 45 Hz 

frequency does not lead to any definite conclusions 

because different modes of vibrations are involved, but 

at frequencies of excitation greater than 45 Hz, the 

predominant mode of vibration of the foundation was 

vertical translation and it can be observed that for the 

same external excitation, an increase in the depth of 

soil adhesion on the sides of the passive foundation 

results in a reduction of the displacements. o.f the 

foundation in vertical translation.

The displacements of the active foundation were 

also monitored throughout this series of tests and the 

results are presented in Figure 6.24* together with the 

primary response measured before casting foundation B.
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6.5 SUPPLEMENTARY TESTS

6.5.1 Frequency Response of Passive Foundation C.

A third foundation (i.e. foundation C in

Fig 5.1) was introduced in between foundation A

and foundation B at a position 5.3m from the centre

of foundation A. Foundation C was of square base of

side 0.56m and height 0.71m. It was a partially

embedded foundation and was cast in situ as . ,

described in Section 5.2.1. A series of tests

' were carried out to investigate whether vertical

excitation of active foundation A induced any

rocking motions in the partially embedded passive

foundation C. The frequency response measured by

vertically oriented accelerometers are presented

in Figure 5.2.3. The force applied to the active

foundation was kept the same as that during the

previous series of tests. From Figure 6 . 2 5 ,  it c a n

be observed that the partially embedded passive

foundation undergoes vertical translation as well

as rocking motions when the active foundation was

excited vertically. The rocking motions evaluated

from measurements taken at position f and position

g (see Fig.6 .25) are presented in Figure 6.26 as a

plot of angle of rocking vs.frequency of excitation.
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In order to measure horizontal radial motions. m
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accelerometers were attached to the foundation at the 

positions shown in Figure 6.27. As shown in Figure 6.27, 

the horizontal displacements measured at Position fk f, |

which was 25 cm below the top surface of foundation C, 

were smaller than the horizontal displacements measured 

on the surface of the foundation. This suggests that 

the horizontal motion of the foundation is coupled with 

its rocking motion.

The response of passive foundation B was also

measured in the vertical and horizontal radial
directions after placing foundation G in position.

The frequency response of the passive foundation B 

in the vertical direction is given in Figure 6.28 and 

the response in the horizontal radial direction is

shown in Figure 6.29.
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6.5.2. Frequency response of Active Foundation B

In order to study the dynamic response of 

foundation B in the active state, and that of 

foundation A in the passive state, the mechanical 

vibrator was removed from foundation A and 

attached to foundation B. The vibrator was set up 

so that the longitudinal axis of the machine was 

perpendicular to the line joining the centres of 

foundations A qnd B (Plate 15). The vertical faces 

of foundation B at this stage were completely free 

of soil adhesion. The mass ratio of active found- 

-ation B was 11,47. For these tests, the phase 

difference between the upper and lower pairs of 

rotating masses inside the vibrator was set at 

1 5 5° to give an equivalent eccentricity of 0.0096m.

The response of the foundation was measured 

at different points on its surface, as shown in 

Plate 8 and Plate 14. As in the case of active 

foundation A, the outputs given by the accelero- 

-meters placed with their axes perpendicular to 

the longitudinal axis of the vibrator were 

negligible and the outputs of accelerometers
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placed parallel to the longitudinal axis of the vibrator 

were limited to about 8fo of the corresponding outputs 

of vertically oriented accelerometers. Vertical 

displacements measured at different points on the 

surface of the foundation are shown in Figure 6 . 3 0 .  The 

frequency of maximum amplitude of active foundation B 

was 40 Hz and the vertical response reached a minor 

peak at 1 8 .5  H z.
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6.5.3* Frequency Response of Passive Foundation A.

The motions of passive foundation A, induced 

by vertical excitation of active foundation B were 

monitored in the vertical, horizontal radial (i.e. 

parallel to line joining the centres of both foundations) 

and horizontal transverse directions. The passive 

foundation was fully embedded and its mass ratio 

was 5.04•

Figure 6.31 shows the vertical components of 

displacement of passive foundation A and Figure 6.32 

shows the response in the horizontal radial direction. 

Horizontal transverse motions were negligible. Vertical 

displacements measured at different points on the surface 

of the pad were in phase and were nearly equal in 

magnitude suggesting that no significant rocking motions 

were developed. Also, no evidence of any significant 

twisting motion was detected. Thus, the dynamic response 

of passive foundation A was similar to the dynamic 

response of passive foundation B when it was fully 

embedded.

The vertical response of passive foundation A 

reached a peak at the same frequency as the frequency of

maximum amplitude (i.e.40 Hz) of active foundation B.
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However, the variation of the transmission ratio of 

this system with frequency of excitation, which is shown 

in Figure 6.33, does not show a peak at 40 Hz. This 

suggests that the peak at 40 Hz in the response of the 

passive foundation is simply a reflection of the peak 

in the vertical response of active foundation B. Further 

evidence in support of this conclusion is available in 

Figure 6.34 and Figure 6.35, which show a set of vertical 

response curves for active foundation B and the 

corresponding response curves of passive foundation A.
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6.5.4. Tests on Non-linear Response.ii i — in I..............    i.... ....

(a) Non-linear Response of Active Foundation B-Soil System.

Theoretical studies of vibrations of foundations 
assume linear elastic behaviour of the supporting soil 
but previous researchers who have carried out experimental

investigations into dynamic response active foundations

(Novah and Beredugo, 1972 , Ehrler, 1968) have consistently

found wide scatter in the experimental results and have

attributed the scatter in the results to non-linear

behaviour of the supporting soil. A series of tests were

included in the current study to investigate the 
significance of this non-linearity.

The frequency response of active foundation B was 

monitored in four tests, each conducted with a different 

setting of the phase difference between the upper and - 

lower pairs of eccentric masses inside the vibrator. Thus, 

the external force applied to the foundation at any parti- 

-cular frequency was changed in each test. The vertical 

response curves obtained from the four tests are shown 

in figure 6.34. It can be observed that the frequency 

of maximum amplitude decreases with increase in the 

intensity of excitation. This behaviour is similar to 

that of a mass-spring-dashpot system with a
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non-linear strain softening type spring. The maximum

amplitude of displacement increased disproportionately

with increase in the applied load. Considering peak 
values, a 42$ increase in the amplitude of dynamic

load (from 3.3 kN to 4.7M) resulted in 77$ increase

in the peak amplitude of displacement, and 5$ reduction

in the peak frequency.

The vertical response of passive foundation A was

also monitored during these tests, and the response curves

are presented in Figure 6.35. Figure 6.36 shows the

variation of transmission ratio of the two foundations

system with frequency of excitation in each of the four

tests.

(b)Non-linear Response of Active Foundation A-Soil System.

The vibrator was shifted to foundation A and the 

vertical displacements of active foundation A were 

measured at 30, 31 and 32 Hz frequencies for seven 

different settings of the phase difference between the 

two pairs of eccentric masses inside the vibrator. The 

variations of the amplitude of displacement at 32 Hz 

frequency with the amplitude of applied load and that 

with the amplitude of dynamic stress, calculated

assuming uniform stress distribution beneath the
foundation, are shown in Figure 6.37. It can be observed
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that, in a strict sense, the assumption of linear 

behaviour for this system is valid only for small 

displacements of the order of 0.03nim. The corresponding 

amplitude of dynamic stress is 4.1kN/m , and the

amplitude of acceleration is 0.12g* Above this limit, 

a 50tfo increase in the amplitude of dynamic load 

resulted in 73# increase in the amplitude of displacement 

at 32 Hz, although the amplitudes^acceleration are less tha 

than 0.5g, an acceleration level which is recommended 

in some publications as the safe limit below which the 

effect of non-linearity can be safely ignored.
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CHAPTER VII 

DISCUSSION OF TEST RESULTS

CEOTECHNICAL PROPERTIES AND DYNAMIC CHARACTERISTICS
OF SOIL

7.1.1 Description of Subsoil Conditions

The location of the test site and the

subsoil conditions disclosed by borings at the

test site are described in Section 6.2. G-eolo-

Igical map and published information on the

geology of the area (Elliot,1961) indicate

that the outcrop at the test site is Keuper

Marl, The broad geological features of the

Keuper Marl are well known, and a consider-

-able amount of information on the extent,

nature and engineering properties of the

Keuper Marl can be found in Chandler(1967),

Chandler and Davis(1973) and Meigh(1976). Only

a brief summary need be given here.

The Keuper Marl is a triassic deposit. It

comprises mainly reddish brown mudstones and

silty mudstones with subordinate bands of

sandstone and siltstone, formed from the wind

and water borne products of desert weathering 
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and laid down in a low lying basin of shallow water lagoons

and mud flats. The blocky and relatively homogeneous

mudstones on exposure to weathering acquire a profile

grading downwards from rock completely weathered to clay

near the surface to unaltered rock at depth. Chandler and

Davis (1973) studied the effect of weathering on the

strength and index properties of Keuper Marl and found that

the rock mass may be conveniently classified into four

zones according to the degree of weathering. They reported

that,in general, the liquid limit and natural water content

increase while the strength decreases from zone I (i.e.

unweathered Marl) through to Zone IV (i.e.fully weathered

Marl). Ivleigh( 1976) studied the deformation characteristics
of

of Keuper Marl in terms the variation of drained modulus of 

elasticity with depth,and found that the modulus often 

increasing linearly with depth. The rate of increase was 

found to be significantly influenced by the depositional 

environment.

At- the test site, the Keuper Marl occurs immediately 

beneath the black/brown topsoil. The fully weathered 

zone near the surface is a reddish brown silty clay with 

a general change in consistency from firm to stiff with



depth. At isolated locations, the reddish brown clay was 

interspersed with thin bandsof grey green silty clay(Figure 

6.1) . The thickness of the clay layer varied between 

3m and 4m. The index properties and natural water content 

of the soil varied with depth,and from position to 

position, but the measured values of these properties fall 

within the range of values presented by Chandler and 

Davis(1973) for zone IV Marl. The results of undrained ■ 

triaxial tests carried out on both 38mm and 100mm diameter 

♦undisturbed’ samples of the clay showed considerable . 

scatter (Fig,6.2) but the variations within sucessive sets 

of strength data from increasing depths indicated that,in 

general, the undrained strength increased with depth.

The clay layer was underlain by partially 

weathered Keuper Marl comprising of brown mudstone and 

grey sandstone bands. The exact details of these soft 

rocks are of minor importance to this investigation as they 

lie at depths several times greater than the halfwidth 

of the largest foundation tested.

-  2 2 5  -



7 . 1 . 2 .  VARIATION OP SHEAR MODULUS WITH DEPTH I

I

The fundamental soil parameter for the design of 

of foundations subjected to dynamic loads is the ||

rigidity of the subsoil,expressed usually in terms 

of the shear modulus of the soil. As described in 

Section 6.2, the shear modulus of the soil was |

measured by a standard seismic procedure which gave 4

average values of the shear modulus of the soil 

over a wide area. The shear modulus measured in the

field was not a constant but varied with depth, as
|shown in Figure 6.4. This variation appears to be
I

compatible with the changes in soil conditions with I
idepth disclosed by the borings. Up to a depth of ;f

about 3.5m below the surface, the shear modulusof 

the soil increases monotonically with depth ,and 

the absence of any significant discontinuity in the 

variation suggests that the firm to stiff reddish brown '■ 

brown silty clay within the top 3.5 m can be treated 1

as a single non~homogeneous layer,in which,: the non~ 

homogeneity is characterised by a linear variation of 

shear moduls with depth.

The discontinuity in the shear modulus-depth J

depth profile at a depth of 3.5m indicates the change
—226—
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of strata from clay to mudstone and suggests that the 

average thickness of the clay layer can he taken as 3*5m.

As the increase in the shear modulus at the discontinuity 

is only about 60$ and the measured values of the shear 

modulus are finite at depths greater than 3*5m, it is 

evident that the mudstone cannot be considered as infinitely 

rigid compared to the overlying clay. Thus, the variation 

of shear modulus with depth indicates that the soil deposit 

at the test site is a multi-layered continuum consisting
  |

of a non-homogeneous stratum overlying a compliant rock.
J

-58 
* HExisting theories for the design of foundations subjected
3to dynamic loads ,however, are based on the assumption that A M ' S3

the underlying soil can be represented by relatively simple
1ft3soil models,in which,the elastic properties remain constant 

with depth. In the past, two such models representing
r

extreme categories of actually encountered soil profiles |
have been studied extensively. They are the elastic half-

‘h
58gi'J'Jspace model and the elastic stratum overlying an infintely rigid

I •-hi
w

(i.e. non-compliant) rock model , Analytical procedures have
1almost exclusively investigated the first soil model,whereas,

* Awojobi(1972) and Gazetas,et.al,(1979) have formulated 
theories applicable to foundations vibrating on more 
complex media such as ’elastic layer overlying a compliant 
rock and AGioson S.oil9, but even these rigorous solutions 
.are of approximate-nature, and not applicable to the more 
general case-of non—homogeneous layer overlying a compliant 
rock. • -.227- J



finite element solutions assume generally an infinitely 

rigid boundary placed at some depth(see Section 2.2.1), As 

the soil deposit at the test site does not fulfil all the 

requirrnents of either model, the preliminary tests described

in Section 6.3 were carried out to assess the dynamic beha-

-viour of the soil deposit.

7•1•3• Dynamic Behaviour of the Soil Deposit

The value of simple field vibration tests in 

assessing the dynamic behaviour of a natural soil deposit 

was described by Warburton(1965). He outlined an experi- 

-mental procedure, which involved in situ vibration tests 

on a foundation of small mass ratio, to determine whether, 

with a mass on the ground, the letter behaves as a semi

infinite medium or as a shallow stratum of finite depth.

The characteristic that differentiates between the two models 

is the shape of the response curve for a low value of mass 

ratio, as the response contains no sharp peaks for a semi

infinite medium but attains a marked resonance for a 

stratum (see Section 2.3).

The preliminary tests carried out at the test site 

are described in Section 6.3 and the results are presented 

in Figure 6.5. The full line in Figure 6.5 shows the
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vertical frequency response of a small foundation of mass 

ratio 4 subjected to periodic, constantforce amplitude 

excitation. Except for the minor peak reached at 23 Hz, 

the response is similar to that of a foundation of similar 

mass ratio vibrating on an elastic halfspace. However, the 

response of the same foundation but with an increased mass 

ratio of 10.4 also reached (dotted line in Figure6.5) a » 

minor peak at a frequency closer to 23 Hz. As there was no 

significant rocking motion of the foundation and no 

fluctuation in the applied load at or near 23 Hz frequency 

in both tests, it appears that the minor peak in the 

response of the foundation must be attributed to some pheno- 

-menon associated with the dynamic behaviour of the 

underlying soil. Further evidence in support of this 

suggestion is availablefrom the response curves obtained 

for the active and passive foundations during the main 

series of tests. A fluctuation in the form of either a 

minor peak or a plateau appeared in the vertical response 

of all of the foundations at frequencies close to 23 Hz, 

but the frequency at which the; irregularity appeared in 

the response of a passive foundation was not the same as 

the frequency of the minor peak for the corresponding 

active foundation.
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It has been noted by several researchers (Whitman, 

1969, Warburton, 1957) that the frequency response of 

a foundation on a deep elastic stratum (i.e. thickness 

of stratum grater than four times the halfwidth 

of the foundation ) overlying a rigid base is similar 

to the frequency response of the same foundation on a 

uniform halfspace except at frequencies closer to the 

natural frequency of the stratum. At these frequencies, 

the resonance of the stratum, caused by total reflection 

of waves at the boundary leads to very large amplitudes 

of motion of the foundation when the stratum is per - 

fectly elastic and the boundary is infinitely rigid. 

However, it has been shown by Wass and Lysmer (1972)  

and Gazetas, et al, (1979) that the introduction of 

material damping or flexibility of the underlying base 

resulted in a minor peak, similar to the minor peak in 

the response curves shown in Figure 6.5,  with finite 

amplitude displacement at a frequency close to the 

natural frequency of the stratum. Wass and Lysmer (1972)  

showed that the relationship between the natural 

frequency of the stratum, the thickness of the stratum 

and its dynamic properties is given by equation 2.3 

(see Section 2. 3) .
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From equation 2.3, the thickness of a stratum which 

has a natural frequency at 23 Hz varies between 2.44m 

and 3.83m depending on the representative value of 

shear wave velocity chosen from Figure 6 .-3 . Thus, it 

appears that the dynamic behaviour of the soil mass at 

the test site can be approximated to the dynamic 

behaviour of an elastic stratum, the thickness of which 

may vary between 2.44m and 3 .8 3m. The actual thickness 

of clay varied between 3m and 4m but it is of interest to 

note thab the average depth of the boundary between the 

clay and the mudstone, indicated by the discontinuity 

in the shear modulus-depth profile (Figure 6 . 4 ) ,  falls 

within the range of values given by equation 2.3 for 

the thickness of the equivalent stratum.

As described in Section 2.3, when the dynamic 

behaviour of a soil deposit is similar to that of an 

elastic stratum, the dynamic response of foundations 

constructed on the soil depend on the ratio of the 

thickness of the stratum (H) to the radius or halfwidth
TTof the foundation ( r ). For — greater than 4, the 

’stratum effect ’ (i.e. amplification due to resonance 

of the stratum) is significant only at frequencies 

close- to the natural frequency of the stratum and the
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dynamic soil-foundation interaction is similar to that
Hin the case of a uniform half space. For ~<4, the 

stratum effect and the dynamic soil-foundation inter

action cannot be separated. Although the variation 

of shear wave velocity precluded the accurate deter

mination of the thickness of the equivalent stratum, 

it is reasonable to assume that for a foundation of 

halfwidth less than one fourth of the lower limit of H 

given by equation 2 . 3  (i.e. 2 .4 4m), the stratum effect 

will be confined to a narrow band of frequencies close 

to 23 Hz. Hence, in the design of the test foundations 

attempts were made to ensure that the resonance of the 

foundation due to dynamic soil-foundation interaction 

was at frequencies greater than 2 3 Hz.

- 232 -



7.2 DYNAMIC RESPONSE OF ACTIVE FOUNDATIONS

(Measured Response.)

Two active foundations were tested in this 

investigation. Active foundation A ,the frequency 

response of which in translational mode is bhown 

in Figure 6 ,6 , was a fully embedded foundation 

of mass ratio 1 2 . 4  and plan dimensions 0 .6 1m 

by 0.61m. The frequency response of active 

foundation B, which was of mass ratio 11.47 and 

base area 0.91m X 0.68m is shown in Figure 6.30. 

The base of foundation B was 0.80m below the 

ground surface but the vertical faces were not 

in contact with the soil.

The general shape of the response curves of 

•both foundations are similar to the theoretical 

response curves (Fig.2.1) presented by Wass and 

Lysmer (1972) for foundations resting on the 

surface of a deep stratum overlying a rigid base. 

The frequency of maximum amplitude of foundation 

B in vertical translation is 40Hz which when 

expressed in terms of the dimensionless 

frequency factor aQ (see equation 2 .1a) falls
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between 0.685 and 1.07 depending on the representative 

value of shear wave velocity (V ) selected from Figure 

6.3. This range is of the same order as the natural 

frequencies predicted by elastic halfspace solutions 

for foundations of mass ratio approaching 12. The 

frequency of maximum amplitude of active foundation A 

in vertical translation is 53 Hz which falls between 

0.716 and 1.12 when expressed in terms of frequency, 

factor aQ. Although the mass ratio of foundation A is 

higher than the mass ratio of foundation B, the dimen- 

sionless frequency of maximum amplitude of foundation A 

is greater than that of foundation B because the former 

was fully embedded and the effect of embedment, as shown 

by Novak and Beredugo (1972), is to increase the natural 

frequency of a foundation.

A feature common to both response curves is the 

appearance of a minor peak near 20 Hz which can be 

attributed to the stratum effect discussed in Section6.1. 

It is interesting to note that the dimensionless frequency 

of the minor peak decreases with increase in mass ratio, 

somewhat similar to the trend predicted by Warburton 

(1 9 5 7 ) for a foundation resting on a shallow elastic 

stratum.
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7.3 COMPARISON OF MEASURED AND PREDICTED RESPONSE OF

ACTIVE FOUNDATIONS.

7.3*1. General.

Considerable attention has already-

been given to the development of theoretical

solutions for evaluating the dynamic 
response of active foundations but relative-

-ly few researchers have reported comparison 

between theoretical response and experi

mental results. Even in these few cases, 

the purpose of the comparison has been to 

check the methods used to arrive at the 

theoretical solutions and hence, the 

experimental conditions were deliberately 

chosen to suit, as much as possible, the 

ideal conditions required by the theory.

The footings used were of circular base 

and rested on the surface of soil. The soil 

media considered were either homogeneous 

layers prepared in laboratories or uniform 

soil deposits with no significant variation 

of shear modulus with depth. In contrast, the 

the active foundations considered in the 
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current investigation were of rectangular or square 

bases and were placed below the surface of a natural 

soil deposit. Thus, the soil and the footings are 

similar to those encountered in engineering practice 

and the comparison between frequency response measured 

in the field and frequency response calculated from 

theoretical solutions, which is shown in Figure 7.1, 

can be expected to give useful information on the 

application of available solutions to practical 

problems.



7.3*2 Evaluation of Active Foundation Response.

The equations of motion of the active 

foundations were extracted, as described in 

Section 3.2, from the classical theory for a 

rigid disc oscillating on an elastic halfspace 

and the extensions to this theory to include 

elastic strata (Warburton, 1957, Whitman, 1969) 

and embedded footings (Novak and Beredugo, 1972). 

Equation 3.3 was used to calculate the vertical 

displacements of the embedded active foundation. A . 

As the vertical faces of active foundation B 

were not in contact with soil, it was treated as 

a ^surface foundation1 and the displacements were 

calculated using equation 2.1. The radius fr f 

used in the computations was the radius of a 

circular area equal to the base area of the 

foundation considered. As described in Section 

2.2.1, Elorduy, et at, (1967) and Richart, et al, 

(1970) have shown that this assumption involves 

little loss of accuracy for rectangular bases of 

length to width ratio less than two.

The soil at the test site consisted of a
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non-homogeneous stratum overlying a compliant rock. As 

discussed in Section 7.1, the dynamic behaviour of the 

soil mass can be approximated to that of an elastic 

stratum overlying a rigid base but the thickness of 

the stratum cannot be determined exactly. The dimen

sions of both active foundation, however, are such that 

the ratio of the lowest possible value that can be 

attributed to the thickness of the equivalent stratum 

to equivalent radius of either foundation was greater 

than six. Hence, the displacement functions f^and f2 

necessary to compute the stiffness and damping para

meters of the soil medium can be taken directly from 

available elastic halfspace solutions. An alternative 

approach is to assume an average value of the thickness 

of the stratum and evaluate f^and using the finite 

element method outlined by Wass and Lysmer (1972). Both 

methods would lead to inaccurate displacements at 

frequencies closer to 23 Hz, the natural frequency of 

the stratum but at frequencies greater than 23 Hz, the q 

difference between the values of displacement functions 

evaluated by the two methods are negligible. The dis- 

-placement functions f^and f^ used in the computations

were taken from the elastic halfspace solutions given
-  238  -



by Robertson (1966). An added difficulty in the comparison

between theory and test results was the variation of shear 
modulus with depth, shown in Figure 6.4. Any value between

the upper limit 5 2 . 5  X 1 0  ̂kN/m^ and the lower limit
O19.5 X lO^kN/m can be used in the calculations, and 

each value would yield a different response curve. Awojobi 

(1 9 7 2 ) suggested that for translational mode of vibrations, 

a heterogeneous medium with linear variation of shear 

modulus with depth is equivalent..to homogeneous -halfspace 

of shear modulus same as the shear modulus of the hetero- 

-geneous medium at a depth equal to the foundation half-

-width, whereas, Richart, et al, (1970) and Whitman (1972) 

recommended that the shear modulus' at a depth equal to

1 . 5  times the halfwidth .of the foundation can be taken as 

the representative value. No experimental evidence has 

been presented in support of these suggestions.

A convenient method to check whether the uncertainty

in estimating a representative value for the shear modulus

or other factors are responsible for any difference between

theoretical and experimental results is to evaluate both the 
the upper bound of the response, using the lower limit of

the shear modulus values measured in the field, and the

lower bound of the response, using the upper limit of

shear modulus, and compare them with the response measured

in the field. _ 9 0a



7.3.3 Comparison of Theory and Test Results.

Figure 7.1 shows the comparison between calculated 

and measured vertical displacements of active foundation A. 

At lower frequencies of excitation , the experimental 

response fall within the upper and lower bounds predicted 

but at frequencies closer to the measured frequency of 

maximum amplitude, the actual response lies outside the 

estimated limits. Similar differences between calculated 

and measured response can be observed in Figure 7.2 which 

shows the comparison between theory and test results for 

foundation B. It is of interest to note that for both 

foundations, the theoretical maximum amplitudes are lower 

than the actual maximum amplitudes which justifies the 

omission of any attempt to account for material damping 

in adapting the elastic halfspace theory to the problem 

considered in this investigation.

Although the theory underestimates the maximum 

amplitudes of displacements of the foundations, the 

frequencies of maximum amplitude measured in the field 

fall within the limits predicted by the theory.

Previous experimental investigations (Richart and 

Whitman,1967, Novak and Beredugo,1972, MacCalden et.al, 

1 9 7 3 ) conducted with circular foundations constructed

- 240 -



<o
f -
oh
UJ
>
OH
o
u _

U J
>
OH 
ID
o
U J
CO2: >- 
P OC Q- O
CO 1 2  
UJ I E
cl 1-

> -  > -  
CD

U J Q  
ID  UJ
O' I— UJ HD 
OH CL 
u. s: o  o  o
UJ
OH UJ 13 >• 
CO OH <  3  g  o

U J
Li_ CO O
0  CO 
CO U J 
— CL 
CL
<
01 X . 
S I  I—o  — O S

( 01 X uiiu) !N 3 i33  O V ldS  10 1V 0I ld 3 A  30  3 0 0 1  H dW V

- 241 -



r - »  y D  l t i  ^  h o  c \ )

( 2-01 x  WUJ > 1N3W3 O V ldS  I a 1 V 3 I _Ld3 A 30 s a n n id w v

-  2 4 2  -



on the surface of silty clay deposits which were described 

as uniform and boundless, and, hence, more closely approxi

mated to the ideal elastic halfspace than the soil deposit 

considered in the current investigation, have consistently 

resulted in maximum amplitudes of displacement two to 

three times greater than those predicted by the elastic 

halfspace theory. In the current investigation the differ- 

-ence between the measured maximum amplitude and the lower 

limit of the calculated maximum amplitude is 85$ for 

active foundation A and 60$ for foundation B. It appears 

that the simplifing assumptions -.made to account -forit he 

variation of soil properties with depth; the effect of

embedment and the shape of the bases of the foundation - 
have not contributed significantly to the discrepancy

between theory and test results.

The discrepancy between theory and 

test results has been attributed by previous researchers 

to factors such as : presence of fissures and other dis

continuities in the soil; inaccurate measurement of 

dynamic properties of the soil; non-linear behaviour of 

the soil; deviation of actual stress distribution 

beneath the foundation from the rigid base stress 

distribution assumed by the theory
- 243 -



and rocking motions caused by undetected eccentricity of 

the applied dynamic load. For the current investigation, 

attempts were made in the setting up of the tests 

(Section 5.2.2) to ensure that the eccentricity of the 

dynamic load applied to the foundations was negligible 

and no significant rocking motions of the active found

ations were developed. For the calculation of the 

displacements of the foundations, displacement functions 

f̂  and f2 were taken from the exact solutions given by 

Robertson(1966). This solution did not assume a parti- 

•cular form of stress distribution beneath the foundation 

but adhered to the physical requirments of uniform 

displacement of the rigid base.

As shown in Figures 7.1 and 7.2, the

differences between theory and test results are more

pronounced at high frequencies than at lower frequencies

of excitation. Two factors which may have contributed to

the large differences between theory and test results

are: (i) non-linearity of the soil and(ii)‘over-estimation

of damping of the soil—foundation system by the theory.

(i) Non-linearity of the soil

The theory assumes a linear elastic

behaviour of the supporting soil. This assumption may
- .244 -



give negligible errors at relatively low frequencies 

when the excitation force and the response of the soil 

are small enough to expect reasonably linear elastic 

behaviour of the soil. However, for the rotating mass 

type exe'itation, the dynamic force increases with 

increase in frequency, and, in consequence, the errors 

in the theory also increase as the combined dynamic and 

static load becomes large enough to induce non-linear 

behaviour of the supporting soil.

The non-linear behaviour of both soil-foundation 

systems was investigated in a series of tests and the 

results are presented in Figures 6 . 3 4  and 6,37 and 

discussed in Section 6.5.4. In Figure 7.1, the measured 

response curve crosses the upper limit of the , ' 

theoretical response at 43 Hz. The amplitude of dynamic 

load at 43 Hz is 2.3 kN which, assuming uniform stress 

distribution, gives an amplitude of dynamic stres equal
oto 6.2 kN/m . From Figure 6 . 3 6  , it is evident that, at 

this stress level, the behaviour of the soil-foundation

system is non-linear. As the non-linearity of the soil

is of the strain softening type, displacements of the

foundation calculated by assuming linear behaviour would

be less than the actual displacements.
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(ii) Over-estimation of Damping,
It is well known that the damping possessed

by a vibrating system has the greatest effect on 
the amplitudes of motion of the system when the

frequency of vibration is in the neighbourhood vof

of the resonant frequency* As, for both soil-

foundation systems, large differences between

predicted and measured displacements were at

frequencies closer to the frequency of maximum

amplitude of the systems, it is probable that the

damping considered by the theory is greater than

the actual damping in the soil. Although the theory

assumes perfectly elastic behaviour of the soil,

the effect of damping is introduced through the

loss of wave energy radiated from the foundation

thoroughout the medium. Since the medium is

considered uniform and infinite in extent, there

can be no reflection of waves; thus they must

continue to propagate outward while carrying off

the input energy. However, the loss of wave energy

in the Keuper Marl deposit at the test site may be

less than that in an ideal elastic halfspace

because of the reflection of elastic waves from
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discontinuities in the soil mass, such as, fissures 

and layer interfaces*

7.3.4. Representative Value of Shear Modulus.

In order to determine a representative value 

of the shear modulus that can he used in the calculation 

of the displacements of the passive foundation (Section 

7.4.2) the response of each active foundation was 

calculated for different values of the shear modulus 

and compared with the corresponding measured response , 

in Figures 7.3 and 7.4. The different values of shear 

modulus used in the computations are: the shear modulus 

measured at a depth equal to 1.5 times the halfwidth of 

the foundation; the shear modulus at a depth equal to 

the halfwidth of the foundation and the arithmetic mean 

of the upper and lower limits of shear modulus shown in 

Figure 6.4. Examination of Figures 7 , 3  and 7*4 reveals 

that, in both cases, the shear modulus measured at a 

depth equal to 1.5 times the halfwidth of the foundation 

gives the best agreement with the response measured 

in the field.
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7.3.5 Summary.

The comparison between theoretical and 

experimental results, discussed in this section 

shows . that it is possible to adapt the classical 

theory for the oscillation of a rigid disc on the 

surface of an elastic halfspace to determine the 

response of a foundation embedded in a natural 

soil deposit and obtain reasonable estimates of 

the frequency of maximum amplitude (i.e. freasonantf 

frequency). The amplitudes of displacement at 

frequencies lower than the frequency of maximum 

amplitude can also be estimated with reasonable 

accuracy but the maximum amplitude predicted by 

this method can be as low as half the actual 

resonant amplitude.
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7 . 4  DYNAMIC RESPONSE OF PA S S IV E  FOUNDATIONS

7.4.1 Dynamic Response of Fully Embedded Passive 
Foundations

The motions of two fully embedded passive 

foundations, resulting from vertical excitation of 

the corresponding active foundation, were monitored. 

The dimensions and mass ratios of the two passive 

foundations and those of the corresponding active 

foundations are shown in Figure 5.1.

(a) Response of Passive Foundation B

The first set of tests on an active founda- 

tion-soil-passive foundation system consisted of 

foundation *Af as the active foundation and found- 

-ation B as the passive foundation. Both foundations 

were fully embedded. Vertical excitation of the 

active foundation induced vertical and horizontal 

radial motions of the ground which,in turn, set the 

passive foundation into vertical and horizontal 

radial motions. Vertical displacements measured at 

three noncollinear points on the surface of the 

passive foundations were in phase and of nearly 

equal magnitude (see Figure 6.11) suggesting 

that no significant rocking motion
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was developed. Thus, the displacements measured by 

vertically oriented accelerometers on the passive 

foundation can be directly attributed to vertical trans

lation of the foundation. As both active and passive 

foundation undergo uncoupled vertical translation, a 

comparison of the vertical displacements of the active 

foundation with corresponding displacements of the passive 

foundation should give some information about the factors 

influencing the transmission of vibrations from the active 

foundation to the passive foundation.

As shown in Figure 6.11, the vertical displacements

of the passive foundation increases with increase in

frequency and reaches a minor peak at 23 Hz and a second

well defined peak at 40 Hz. The corresponding active 
foundation response (Fig.6 .24) shows a minor peak at 21Hz,

a fluctuation at 40 Hz, the implications of which are

discussed in Section 7 .4 .4 , and a maximum at 53 Hz. The

first minor peak in the response of each foundation can

be attributed to the Tstratum effectf discussed in Section

(7.1.3)* ‘the frequency at which the peak appears is 1

the natural frequency of the stratum modified by the

presence of the foundation. The transmission ratio
vertical displacement of. the .passive pad Vs. frequency 

' vertical displaceme'irb of 'the active pad 1
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of excitation curve (Pig* 6*13) also show's two peaks, 

the first one at 23 Hz, and the second peak at 40Hz 

which appears to be the frequency of maximum amplitude 

of foundation B in damped free vibration. When the 

freqiAency of excitation increases beyond 40 Hz, the 

passive foundation response enters anti-resonance phase 

while displacements of the active foundation increases 

as it approaches resonance* Consequently, the trans- 

-mission ratio then decreases with increase in 

frequency. The same trend was found to continue at 

frequencies greater than 53 Hz when the active pad*s 

response decreases with increase in frequency of 

excitation,

(b ) Response of Passive Foundation A,

The second active foundation-soil-passive
1

foundation system consisted of foundation B as the 

active foundation and foundation A as the passive 

foundation. Passive foundation A was fully embedded 

but active foundation B had no contact with soil on 

its sides. The mass ratio of foundation A without 

vibrator mass was 5,04? and back calepilations from the 

respits.obtained for the same footing when it was 

tested as an active foundation showed that the



damped natural frequency of passive foundation A is 96 Hz 

which is well outside the range of operating frequencies 

available from the vibrator. Under these conditions, the 

passive foundation response can be expected to follow 

the response of the active foundation, and any deviation 

from this trend can be attributed to the influence of 

the transmission characteristics of the soil medium.

Figures 6.30 and 6.31 show the vertical frequency

response curves of active foundation B and passive

foundation A respectively. From Figure 6.31? it is evident

that passive foundation A did not undergo any significant

rocking motions. The frequency at which the first minor

peak appears in Figure 5.28 is not exactly the same as

that in Figure 5.29 because the mass ratios of the

active and passive foundations are not equal,and, hence,

the modification of the natural frequency of the stratum

will not be the same for both foundations (Whitman,1969).

As the frequency increases beyond 25 Hz, the response of

the passive foundation increases with increase in the

response of the active foundation and reaches the

maximum response at the same frequency as the active

foundation. Thus, it appears that, at frequencies

greater than 23 Hz, the response of the passive
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foundation follows the response of the active foundation 

However, the transmission ratio vs, frequency curve 

shown in Figure 6,33 indicates that the transmission 

characteristics of the soil also has some influence on 

the response of the passive foundation at frequencies 

greater than 43 Hz.

As shown in Figure 6.33, the transmission ratio for 

the two-foundations system reaches a sharp peak at 23 Hz 

and falls to a value which remains almost constant from 

30 Hz to 43 Hz. Above 43 Hz, the transmission ratio 

decreases with increase in frequency of excitation. As 

mentioned earlier, the resonant frequency of passive 

foundation A in damped free vibration is estimated as 

96 Hz. Hence, it is expected that the transmission ratio 

of this system should attain a further increase at the 

natural frequency of the passive foundation, as in the 

case of the first two-foundations,system discussed in 

Section 7.4.1(i). However, the transmission ratio measured 

decreases between 43 Hz and 55 Hz. This indicates that 

the soil medium between the two foundations act like a 

low pass filter transmitting less energy as the

frequency of vibration increases above 43 Hz. The
amplitudes of displacement of the soil surface measured
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at different points along a radial line from active 

foundation A (Fig.6,8) lend support to this suggestion 

since the attenuation of vertical displacement with 

.distance is more severe at frequencies above 43 Hz 
than at lower frequencies*

Considering the results of both two-foundations 

systems, it can be noted that the maximum value of 

transmission ratio for each system was at a-frequency very 

close to 23 Hz, which, as discussed in Section 7.1, is 

considered as the natural frequency of the clay layer.

At first sight, it appears that the layered soil deposit 

transmits maximum dynamic energy when the frequency of 

excitation is close to the natural frequency of the top 

layer. However, the transmission ratios at these fre

quencies are greatly influenced by the difference 

between the mass ratios of the active foundation and the 

passive foundation. In both systems, the mass ratio of 

the active foundation was greater than that of the 

passive foundation. In consequence, the natural frequency 

of the stratum modified by the passive foundation is 

slightly higher than that in the case o'f the active foun

dation. Thus,the response of the passive pad reaches the

- 256 -



minor peak (Fig, 6.11) when the response of the active 
foundation has passed its minor peak, resulting in a high 

value of transmission ratio. Such high value is unlikeLy 

to develop if the mass ratio of the passive foundation 

is either equal to or greater than that of the active 

foundation.

(c) Influence of Mass ratio of Active Foundation and 

Applied load on Transmission Ratio.

The influence of the mass ratio of the active

foundation on the transmission ratios for ’active

foundation A-so Hi-passive foundation B* system is shown

in Figure 6.14* Figure 6 .14 indicates that the trans-

-mission ratio is substantially independent of the mass

ratio of the active foundation at all frequencies of

excitation except those close to the fundamental natural

frequency of the stratum. Because of the practical

limitations in increasing the mass ratio of the active

foundation, only three different mass ratios were

considered in this series of tests, but the results

obtained are in agreemmt with the predictions of

Warburton et al (1971) who found that the transmission

ratio for two cylindrical masses attached to the surface

of an elastic halfspace is independent of the mass ratio
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of the excited mass.

Figure 6 . 3 6  shows the transmission ratios for the 

second active foundation-soil-passive foundation system 

for different levels of excitation. As discussed in 

Section 6.5.4 and Section 7.3, the active foundation 

displayed non-linear response at frequencies greater 

than 40 Hz and,hence, the variation of transmission 

ratio with the amplitude of external load applied to 

the system at these frequencies is complicated. But, 

for frequencies of excitation less than 40 Hz, the 

transmission ratio for any particular frequency appears 

to be largely independent of the amplitude of dynamic 

load applied to the active foundation at that frequency.

Further ̂ experimentation involving different sets 

of active and passive foundations would be worthwhile 

because the independence of transmission ratio on the 

mass ratio of the active foundation or the dynamic load 

applied to the system is of considerable practical value. 

The phenomenon can be used to estimate, prior to 

installation, the damage that a potential source of 

vibration may cause to existing foundations in the 

vicinity.
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COMPARISON OF MEASURED AND PREDICTED RESPONSES OF

PASSIVE FOUNDATION B

An exact theoretical solution for the disp- 

—lacements of a fully embedded passive foundation, 

in terms of the external force applied to the active 

foundation - soil - passive foundation system is not 

available and isdifficult to formulate. However, an 

approximate solution can be obtained, as shown in 

Chapter III, by introducing the approximate analy- 

-tical approch, proposed by Barnov(1967) to • 

account for the effect of embedment on’'the response 

of a single active foundation, into the theoretical 

solutions, given by Richardson. (1969) and MacCalden 

et al(1973) for forced vibrations of two■cylindri— 

-cal masses attached to the surface of an elastic 

halfspace. The solutions consider the displacement 

of the passive foundation to be the vectorial sura 

of the free field displacements at the location of 

the passive foundation and the displacements caused 

by the forces developed at the interface between 

the passive foundation and soil..

The errors involved in representing the 

soil at the test site by an elastic halfspace for



the evaluation of active foundation motions are discussed 

in Sec ti on 7 » 3 for the' ac t ive f ouudat i ons, cons id er at i on o f 

soil conditions could be limited to a zone of depth equal 

to four times the halfwidth of the foundation. The passive 

foundation motions, however, are caused by surface waves 

propagated from the active foundation,and,hence, variations 

in ■'••subsoil conditions within the zone through which the 

surface waves travel must be taken into consideration.

From field investigations, it has been found (Heukelom 

and Foster, i960, Fry, 196 3 ? ^965) that the bulk of the 

surface waves travel through a zone of about one-wave

length deep.As described in Appendix I, the wave length of 

the surface waves propagated through the soil at the test 

site varied from 6.7m for 27Hz frequency to 2.5m for 56Hz 

frequency of excitation. Thus, the zone of soil which 

influences the motions of the passive foundation includes 

not only the clay layer (Fig.6.1) but also a part of the 

mudstone and sandstone bands underlying the clay. Hence, 

it is expected that the error involved in replacing the

soil deposit by an elastic halfspace model for the cal— 
-culation of the response of the passive foundation will

be greater than that in the case of the active foundation.

Fig,7 «5 shows a comparison of the vertical displacements
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of the embedded, passive foundation B measured in the field 

with the vertical displacements calculated using 

equation (3.35) in Chapter III. For the calculation of 

displacements, the shear modulus of the soil is taken
O Qas 25.9 1 lOJkN/m , the value of shear modulus which

gave the closest agreement between the theory and.test

results in the case of active foundation A (Section 7.3.4).

The displacement function f^and f^used to compute the

stiffness and damping parameters and were taken from

Robertson (1966). Vertical trnaslation mode was chosen for

the comparison because it is widely regarded as the

fundamental mode of vibrations for checking a theory. Also,

the test results showed (Figure 6.11) that the vertical

response of the fully embedded passive foundation was not

coupled with any other mode of vibration.

From Figure 7.5, it can be observed that the amplitudes

of displacement predicted by the theory are about two times 
the measured amplitudes of displacement. The estimated

frequency of maximum amplitude is about 20fo greater than

the measured frequency of maximum amplitude. Also shown in

Figure 7.5 is the vertical frequency response of the passive

foundation calculated using the simple mass-spring-

dashpot model described in Section 3*3.3 with the
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free field displacements measured at the location of the 

passive foundation as the support motions of the model. 

Since the displacements computed by this approach agreed 

closely with the measured displacements of the passive 

foundation, it appears that the large differences bet- 

-ween the response predicted by the more exact theory 

(i.e. equation 3*35) and the measured response are mainly 

due to over-estimation of the free field displacements 

induced by active foundation A at the location of passive 

foundation B. The comparison between measured and pre

dicted responses of active foundation A indicated (Section 

7.3*3) that the input energy carried away from the active 

foundation by elastic waves propagated into the soil medium 

is less than that estimated for waves propagated into an 

elastic halfspace. Furthermorer the variation of trans

mission ratio for the second two-foundations system 

(see Section 7.4.1.b) with frequency of excitation showed 

that the transmission characteristics of the soil at the 

test site, unlike those of an ideal elastic halfspace,

are frequency dependent. These differences between the 
transmission characteristics of the soil and the trans-

amission .characteristics of an ideal elastic halfspace

may have contributed to the discrepancy between computed-

and measured free field displacements-,



7.4.3* Fffect of Soil Adhesion on Response of Passive
Foundations.

A series of tests were carried out on passive found

ation B to study the influence of soil adhesion along its 

vertical faces on its dynamic response. The tests are 

described in Section 6.4.4 (b) and. the frequency response 

curves for passive foundation B corresponding to different 

depths of soil adhesion along its sides are presented in 

Figures 6.11, 6.15, 6.16, 6.18 and 6.21.

The dynamic response of passive foundation B with 

full embedment is described in Section 7.1.1(a). It was 

found that vertical excitation of active foundation A 

induced vertical and horizontal (radial) motions of the 

fully embedded passive foundation but no significant 

rocking motions were developed. Removal of soil from the 

sides of the foundation, however, resulted in a change in 

the modes of vibration of the passive foundation, although 

the dynamic loads applied to the active foundation, were not 

altered.

The dynamic response of the passive foundation with

the top 170mm of its sides free of soil adhesion (Fig.6.15)

was similar to the foundation’s response when it was fully

embedded except that the vertical displacementsmonitored

at the edge nearer to the active foundation were slightly
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higher than the displacements recorded at the centre of the 

foundation. With further removal of soil from the sides of 

the passive foundation, rocking motions of the foundation 

became significant (Figure 6.16) and the difference 

between vertical motions measured at the near edge and 

vertical motion measured at the centre increased. When the 

sides of the foundations were completely free of soil 

adhesion, well defined rocking motion was developed as 

shown in Figure 6.18. The rocking motion expressed in 

terms of the angle of rotation of the top surface of the 

foundation at the instant of maximum motion(Figure 6.20) 

reached a peak at 32 Hz frequency and became negligible at 

frequencies exceeding 43 Hz.

The displacements of the top surface of the passive

foundation at the instant of maximum motion corresponding

to three different frequencies of excitation are shown in

Figure 6.19* As described in Section 6.4.4, vertical motions

monitored at six positions on the surface of the foundation

were used to obtain the displacement of the whole surface.

Figure 6.19(a) shows that the projection of the axis of

rotation on the top surface intersects the line joining

the centres of the passive and the active foundations

(i.e. XX axis in Fig.6.19) at a position about 150mm
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from the centre of the passive foundation. The axis of 

rotation was not exactly normal to the vertical plane 

passing through the centres of the two foundations. The 

passive foundation was not perfectly symmetrical about the 

XX axis and this antisymmetry may have resulted in a 

skewed axis of rotation..

As stated in Section 6.4.4(h), horizontal radial

motion monitored at three noncollinear positions on the

passive foundation showed that the foundation did not •

develop any significant twisting motions. However, the

amplitude of horizontal radial displacement at any

particular frequency of excitation increased with

decrease in depth of soil adhesion (Fig.6.21), and the

frequency of maximum horizontal amplitude measured when

the foundation had no soil adhesion along its sides was

less than the frequency of maximum amplitude for full

embedment. However, the former coincides with the

frequency of maximum angle of rotation shown in Figure

6.20. This suggests that the horizontal translation and

the rocking motions are coupled. A similar conclusion

was reached by Warburton ( 1973) and Richardson,et al( 1972)

who analysed a two-mass system attached to the surface

of an elastic halfspace and found that vertical
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excitation of one of the masses resulted in vertical as 

well as coupled horizontal translation and rocking motions 

of the second mass.

Considering the measured responses of passive 

foundation C (Fig.6.25) and passive foundation A (Fig6 .3 l), 

it appears that the effects of soil adhesion along the 

sides of these foundations on their responses are similar 

to those discussed earlier for' the case of passive 

foundation B . For vertical excitation of the corresponding 

active foundation, passive foundation C, which was 

partially embedded, developed vertical translation, 

horizontal (radial) translation and rocking motions, as in 

the case of passive foundation B when it was partially 

embedded, whereas, passive foundation A, which was fully 

embedded, did not develop rocking motions. Thus, the test 

results indicate that feoil adhesion along the sides of a 

passive foundation has a beneficial effect in that the 

relatively large peripheral displacements that may be 

developed during rocking of a surface foundation are 

effectively damped when the same foundation is fully 

embedded.

- 267 -



7.4.4. Interaction of Active and Passive Foundation.

Vertical displacements of active foundation A, 

monitored before and after placing passive foundation B in 

position are shown in Figure 6.24. The "primary response” 

(i.e. response measured before placing the passive 

foundation) is shown in full line. Any departure of the 

other response curves from this primary response can be 

attributed to the influence of the passive foundation on 

the response of the active foundation because the 

variation of force applied to the system with frequency of 

excitation was kept the same for all of .the- tests considered 

in Figure 6.24.

When the passive foundation was fully embedded

the only significant deviation in the response of the

active foundation from its primary response appeared at

40 Hz, the frequency of maximum amplitude of the vertical

response of passive foundation B (Fig.6 .11). Similarly,

a comparison of each frequency response curve shown in

Figure 6.24 with the corresponding frequency response

curve for passive foundation B revealed that the frequency

at which the perturbation appeared in the response of the

active foundation was very close to the frequency of 
maximum amplitude of vertical displacement of passive
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foundation B. The perturbations in the frequency response 

curves are minor fluctuations compared to the primary 

response but the coincidence of the frequencies at which 

they occur with the corresponding frequencies of maximum 

amplitude of the passive foundation indicate that there 

was interaction between the two foundation, although the 

distance separating them was about 2 0 times the halfwidth 

of the active foundation.

The introduction of passive foundation C between

active foundation A and passive foundation B (see Section

6 .5 .1 ) offered an opportunity to study the interaction of

two passive foundations. The dimensions and locations of

both foundations are shown in Figure 5.1. The displacement

of passive foundation B measured by vertically oriented

accelerometers on its surface, before and after placing

passive foundation C in position, are shown in Figure 6.18

and Figure 6.28 respectively. The presence of passive

foundation C resulted in slightly (/about 10$) increased

displacements of passive foundation B but the frequency

of maximum amplitude remained unaltered. From Figure 6.29,

which show the horizontal radial motions of passive

foundation B, it appears that the horizontal radial motions

of foundation B were affected,considerably,by the presence
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of foundation C. The frequency of maximum amplitude 

remained unaffected but the amplitude of displacements are 

heavily damped by the presence of foundation G. The damping 

effect created by the interaction of closely spaced 

foundations subjected to seismic forces has been 

recognised by Lee and Wesley (1973).Lee and Wesleyfs 

extensive theoretical study showed that the beneficial 

effect of interaction could reverse into an amplifying 

effect depending on the distance separating the structures, 

the natural frequencies of the structures and the 

velocity of shear waves through the soil* Only one set of 
closely spaced passive foundationswas considered in the 

current investigation, and further investigations with 

different sets of foundations and different spacings are 

necessary to define the effect of interaction on the 

dynamic response of closely spaced passive foundations* .
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CHAPTER VIII

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 

8.1, CONCLUSIONS

The following conclusions may be drawn from 

the experimental study on active foundation-soil- 

passive foundation systems described in the foregoing 

chapters .

(1) The dynamic behaviour of a passive foundation is 
greatly influenced by soil adhesion along its

sides.

For vertical excitation of the corresponding 
active foundation, fully embedded passive found-

-ationsundergo vertical and horizontal radial

motions.

Partial embedment or removal of soil from the 

vertical faces resulted in the development of 

substantial rocking motions of the passive j 

foundation in addition to vertical and hori— 

-zontal radial motions, '

The rocking motions appear to be coupled to the 

horizontal radial motions.

(2) The total displacements of the passive found- 

-ation in both vertical and horizontal direction 

increase with decrease in depth of soil adhesion,-
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(3 ) The presence of the passive foundation affects the 

response of the active foundation and this effect 

is displayed as perturbations in the frequency 

response of the active foundation at frequencies 

closer to the frequency of maximum amplitude of the 

passive foundation,

(4) Large values of transmission ratio for an active 

foundation-layered soil-embedded passive foundation 

system occur at frequencies associated with the 

frequency of maximum amplitude of the passive 

foundation and the natural frequency of the 

layered soil medium. Transmission ratios are 

substantially independent of the mass ratio of 

the active foundation and the force applied to the 

active foundation,

(5) The dynamic response of the foundation-soil 

systems considered in this investigation were 

non-linear and of the strain softening type.

This non-linearity was not significant when the 

amplitudes of accelerations were less than 1 .5ms .
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(6 ) The application of theories, developed for the 
oscillation of rigid circular disc on an- elastic

halfspace, to evaluate the dynamic response of

active foundations considered in this investi- 
-gation resulted in reasonable estimates of the 
frequency of maximum amplitude and the amplitudes

of displacement at relatively low frequencies of

excitation. However, maximum amplitudes predicted

by the theory are 60$ to 8 0$ lower than the

measured maximum amplitudes.

(7) The extension of elastic halfspace theory to 

evaluate the response of the passive foundation 

resulted in displacements 8 0$ to 1 0 0$ greater than 

the measured displacements mainly because, the 

ground motions at distances from the active 

foundations were much less than those predicted

by the theory.
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8 . 2  SUGGESTIONS FOR FURTHER RESEARCH

The practical difficulties involved in

conducting field tests imposed limitations on both

the size and the number of foundations used in the

present investigation. Furthermore,all of the tests

were performed at one particular site. Thus, it is

both desirable and necessary to conduct further

experimentation involving different types of soils

and different sizes of foundations,especially,

large foundations, the dynamic response of which 
may be greatly influenced by the fstratum effectT

described in Section 6,1,

The effect of passive foundation on the primary 

response of the corresponding active foundation and 

the significance of interaction between two passive 

foundations have been demonstrated but further 

experimentation with more closely spaced founda~ 

-tions is’necessary to study these phenomena in 

detail.

Although valLiable information on the

beneficial effect of soil adhesion along the sides

of a passive foundation was obtained from this

investigation, the study of this important topic
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is far from complete. Further investigation on this 

subject should consider partially embedded footings 

similar to passive foundation C, which represents a 

fully embedded foundation supporting a rigidly 

attached mass. The relationship between the mass and 

dimensions of the embedded part, the mass and 

dimensions of the exposed part, the shear resistance 

of soil and the rocking motions of the foundation 

will be useful in the design of foundations for 

vibration sensitive equipment.

From Figures6.14 and 6.37, it appears that the 

trnsmission ratios of an active foundation-soil- 

passive foundation system are independent of the mass 

ratio of the active foundation and the Intensity of 

excitation. Confirmation of this finding by further 

experimental study involving wide range of force 

amplitudes and size of active foundations as variables 

will provide a practical method for estimating the 

response of existing foundations before installing a 

potential source of vibration in the vicinity.

The current investigation has not given any 

information on the response of the passive foundation
when the corresponding active foundation is set into
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either rooking or horizontal translation. Further 

investigation involving horizontal or rotational 

excitation can be carried out with minor modifications 

to the vibrator. Horizontal excitation of the active 

foundation can be achieved by tilting the vibrator box 

through 90°and rotational motions can be developed 

either by introducing a known eccentricity to the 

applied vertical load with respect to the centre of 

gravity of the footing or by rearranging the four- 

shafts -layout inside the vibrator. It is recommended 

that any further experimental study with the vibrator 

should consider the use of vertical drive from a 

prime mover, preferably an electric motor, mounted on 

top of the vibrator.

Theoretical solutions available for the evaluation
iof the response of both active and passive foundations 

are not satisfactory. In the case of active foundations, 

further theoretical development should account for non- 

linearity of the supporting soil and valuation of soil 

conditions with depth. In the case of passive foundation 

further analytical work should recognise and account for 

the differences, between the. dissipation of wave energy 

in real media and that in an ideal elastic halfspace.



REFERENCES

ARNOLD, R.N., BYCROFT, G.N. and WARBURTON, G.B.(1955)s"Forced Vibrations of a Body on an Infinite Elastic 
Solid", Journal of Applied Mechanics, Vol.22,
No.3, pp.391 - 400.

AWOJOBI, A.O. and GROTENHUIS, P.(1965):
"Vibration of Rigid Bodies on Semi-infinite Elastic 
Media." Proceed. Royal Society, London 
A 287, PP 27-63

AWOJOBI, A.O. (1972): "Vertical Vibration of a Rigid 
Circular Foundation on Gibson Soil."
Geotechnique, 22 No.2, pp 333-343

BARKAN, D.D. (1962) Dynamics of Bases and Foundations,
Me Graw-Hill Book Co., Ney York.

BARNOV, V.A. (1967): "On the Calculation of Excited
Vibration of an Embedded Foundation." (in Russian) 
Voprosy Dynamiki Prochnoti No14, Polytechnical 
Institute of Riga, 1967, PP. 195 - 209

BEREDUGO, Y.O. and NOVAK, M. (1972): "Coupled Horizontal 
Rocking Vibration of Embedded Footings", Canadian 
Geotechnical Journal, Vol.9, No.4, Nov.1972,pp.477 
to 497.

BROCH, J.T. (1973): "Mechanical Vibration and Shock Measurements", Bruel and Kjaer, Denmark.

BYCROFT, G.N. (1956); "Forced Vibrations of a Rigid 
Plate on a Semi-infinite Elastic Space and on 
an Elastic Stratum." Philosophical Transactions, 
Royal Society, London, Series A, Vol.2 4 8 ,
PP. 327 - 368.

CHANDLER, R.J. (1967): "The Strength of a Stiff Silty 
Clay", Proceedings of the Geotechnical Conference 
Oslo, 1967, PP. 103 - 108.

CHANDLER R.J. and DAVIS, A.G. (1973): "Further Work on 
the Engineering Properties of Keuper Marl",
OIRIA (London), Report No,47, October 1973

CLEMMET, J.F. (1974): "Dynamic Response of Structures 
on Elastic Media", Ph.d. Thesis, University of Nottingham.

- 277 -



CROCKETT, J.N.A. and HAMMOND, R.E.R. (1949): "The Dnamic 
Principles of Machine Foundations on Ground", Proc. 
Inst. Mech. Eng., London, Vol.160, No.4, pp.521-523

CUNNY, P.W. and PRY, .Z.B. (1973): "Vibratory In-situ 
and Laboratory Soil Moduli Compared", J.Soil Mech. 
Pound. DN., Proc.ASCE, Vol.99,SM 12

DRENVICH, V.P. and HALL, J.R.Jnr., (1966): "Transient 
Loading Tests on a Circular Footing", Journal of 
the Soil Mech. and Pound. Div., Proc.ASCE, Vol.92 
No.SM 6 , Nov.1966,-pp153~167

EHRLER, O.M.C. (1968): "Nonlinear Parameters of
Vibrating Foundations", Journal of the Soil Mech. 
and Pound. Viv., Proc. ASCE, Vol.94, SM 6 ,Nov. 1968

ELLIOT, R.E. (1961): "The Stratigraphy of Keuper Series 
in South Nottinghamshire", Proc. Yorks. Geol. Soc., 
Vol.33, PP.197-234

ELORDUY, J., NIETO J.A. and SZSKELY, E.M. (1967): "Dynamic Response of Bases of Arbitary Shape Subjected to 
Period Vertical Loading", Proc. Int. Symp. on Wave 
Propagation and Dynamic Properties of Earth Materials, 
Albuquerque, New Mexico, 1967.

PUNSTON, N.E. and HALL, W.J. (1967): "Footing Vibration 
with Non-linear Subgrade Support", Journal of the 
Soil Mech. and Pound. Div. Proc. ASCE, Vol.93 ,No. SM 5, pp.191-211

PRY, Z.B. (1963): "Development and Evaluation of Soil
Bearing Capacity, Foundations of Structures",
WES, Tech. Rep. No.B-632, Ewpoer No.1 and 
Miscellaneous Paper No. 4-577

PRY, Z.B. (1965): "Dynamic Soil Investigations Project 
Buggy, Buckboard Mesa Nevada Test Site, Mercury, Nevada", WES, Misc. Paper No. 4-666

GAZETAS, G. and ROESSET, J.M. (1979): "Vertical Vibration 
of Machine Foundations", Journal of the Geotechnical 
Engineering Division, Vol. GT.12, Dec.1979

GLADWELL, G.M.C. (1968): "The Calculation of Mechanical 
Impedances Relating to an Indenter Vibration on the 
Surface of a Semi-infinite Elastic Body", Journal 
of Sound and Vibration, Vol.8 , pp.215, 1968

-  2 7 8  -



HALL, J.R. Jr. (1967): "Coupled Rocking and Sliding "• 
Oscillations of Rigid Circular Footings", Proc. 
International Symposium on Wave Propagation and 
Dynamic Properties of Earth Materials", 
Alberquerque, New Mexico.

HEUKELOM, W. and FOSTER, C.R. (1960): "Dynamic Testing 
of Pavements", Journal of the Soil Mech. and Found. 
Division, Proc. ASCE, Vol.8 6 , SM 1, pp,1-28

HSIEH, T.K. (1962): "Foundation Vibrations", Proc Inst,
of Civil Engineers, Vol. 22,pp,211-226

JONES, R. (1959): "In situ Measurement of the Dynamic
Properties of Soil by Vibration Methods", 
Geotechnique, Vol.8 , No.1, Mar.pp.1-21

KALDJIAN, M.J. (1969): Discussion of "Design Procedures
for Dynamically Loaded Foundations" by R.V.Whitman 
and F.E.Richart, Jr., Paper No. 5569, J.Soil Mech 
and Found. Div., Proc. ASCE, Vol.95, No. SM1 
Jan. pp.364 - 366

KAUSEL, E., ROESSET, J.M., and WAAS, G. (1975): "Dynamic 
Analysis of Footings on Layered Media", Journal of 
the Eng. Mech. Div., Proc, ASCE, Vol.101,
No.EMS, Oct. 1975

KOBORI, T. and THOMSON, W.T. (1963): "Dynamical Complianceof Rectangular Foundations on an Elastic Halfspace", 
Journal of Applied Mechanics, Transactions ASME,
Dec. 1963, PP. 579 - 584

KUHEN, J.H. (1977): "Ground Borne Vibration-Instrumentation
and Methods for Data Acquisition", Instrumentation For Ground Vibration and Earthquakes, Inst, of 
Civil Engineers, London.

LEE, T.H. and WESLEY, D.A. (1973): "Soil-structure 
Interaction of Nuclear Reactor Structures ...",
Nuclear Engineering and Design, Vol.24, pp.374-387

Lorenz, h. (1934): "Neue Ergebnisse der dynamische 
Baugrunduntersuchung", Z VDI, Vol. 78, No.12

LYSMER, R.J. and KUHLEMEYER, R.L. (1969): "Finite Dynamic 
Model for Infinite Media", J.Eng. Mech. Div., Proc. 
ASCE, Vol.95, No. EM 4, pp.859 -877



LYSMER, J. and RICHART, F.E. Jr., (1966): "Dynamic
Response of Footings to Vertical Loading", Journal 
of the Soil Mech, and Found. Division, Proc.ASCE,
Vol.92, No.SM 1, Jan.1966, pp. 65-91

MACCALDEN, P.B. and MATTHIESEN, R.B. (T973): "Coupled Response of Two Foundations", Proceedings 5th 
World Conference on Earthquake Engineering,
Rome, 1973, pp. 1913-1922

MEIGH, A.C. (1976): "The Triassic Rocks, with Particular
Reference to ...", 16th Rankine Lecture, Ge.otechnique, 
Vol. 26, No. 3, PP. 391-452

MORE, P.J. (1971): "Calculated and Observed Vibration 
Amplitudes", Journal of the Soil Mech. and Found. 
Division, Proc. ASCE, Vol.97, SM 1, pp. 141-158

MORGAN, sJ.G.D. (1974): "The Influence of Vibration on 
the Load Bearing Stability of Railway Ballast",
PH.D. Thesis, University of Wales (Cardiff).

NOVAK, M. and BEREDUGO, Y.O. (1972): "Vertical Vibration 
of Embedded Footings", Journal of the Soil Mech. 
and Found. Division, Vol.98, SM 12, Dec. 1972

PAUW, A. (1953): "A Dynamic Analogy for Foundation-Soil Systems", Special TEchnical Publication 
No. 156, ASM, July 1953

RAO, H.A.B. and NAGARAJ, C.N. (1960) "A New Method for
Predicting the Natural Frequency of Foundation-Soil 
Systems", Structural Engineer, October 1960,p.310

REISSNER, E. (1936): "Stationare, axialsymmetrische
durch eine schuttelnde Masse erregte Schwingungen 
eines homogenen elastischen Halbraumes", 
Ingenieur-Arehiv, Vol.7, Part 6 , Dec.1 9 3 6, pp.381-396

RICHARDSON, J.D. (1969): "Forced Vibrations of Rigid
Bodies on Semi-Infinite Elastic Medium", Ph.D.
Thesis, University of Nottingham, Nottingham 1969.

RICHARDON, J.D., WEBSTER, J.J. and WARBUHTON, G.B. v
(1971): " The Response on the Surface of an Elastic 
Half-space near to a Harmonically Excited Mass", 
Journal of Sound and Vibration, 14, pp.307-316

-  2 8 0  -



RICHART, F.E. Jr., (1962): ’'’’Foundation Vibrations”
Transactions ASCE,vol. 127,Part 1, pp 8 6 3-8 9 8 .

RICHART,F.E.,Jr. and WHITMAN, R.V. (1967): ” Comparison 
of Footings Vibration Tests with Theory”, Journal 
of the Soil Mechanics ans foundations Division,
Proc. ASCE, Volume.93 , SM6 ,pp 143-168

RICHART,F.E.Jr. and WOODS,R.D. and Hall,J.R.,(1970): 
"Vibrations of Soils and Foundations”, Prentice-Hill,
New Jersy.

RICHART,F.E.Jr.,(1974) "Some effects of Dynamic Soil 
Properties on Soil-Structure Interaction”, 10th 
Terzaghi Lecture, 1974, Published inJournal of 
the Geotech.Div.,Proc. ASCE, Vol.101,GT12,Dec.1975.

ROBERTSON,I.A.(1966): "Forced Vertical Vibration of a
Rigid Circular Disc on a Semi-Infinite Elastic Solid”, 
Proc. Cambridge Phil.Soc. Maths. Phys. Sci.,Vol.62, 
p. 547

SKIPP,B.O.(1977): "Ground Vibration Instrumentation-a
general review”, Instrumentation for Ground Vibration 
and Earthquakes, Proc. Oonf.The Society for Earthquake 
and Civil Eng.Dynamics, I.C.E.,London, pp 11-34.

STOKE,K.H. and WOODS,R.D. (1972): "In Situ .Shear Wave
Velocity by Cross-hole Method”, Journal of the Soil 
Mechanics and Foundations Division, Proc.ASCE,
Vol.98, SM 5, May 1972,pp.443-460.

STOKE,K.H. and RICHART,F.E.Jr.,(1974): "Dynamic Response 
of Embedded Machine Foundations”, Jounal of the 
Geotech. Eng. Division ,Vol.100,No.GT 4, April 1974, 
pp. 427-447.

281 -



SUNG,T.Y. (1953): "Vibrations in Semi-Infinite Solids due 
to Periodic Surface Loadings" , Symposium on Dynamic 
Testing of Soils, ASTM ,S.T.P. No. 156,pp35-64.

WARBURTON, G.B. (1957): "Forced Vibration of a Body Upon 
an Elastic Stratum", Journal of Applied Mechanics, 
Transactions ASME, Vol.24, pp.55-58.

WARBURTON, G.B. (1965): Transmission of Vibrations",
Vibrations in Civil Engineering, ButterWorth,London,

WARBURTON,G.B.,RICHARDSON,J.D. and WEBSTER, J.J. (1971):
" Forced Vibration of Two Masses on an Elastic
Halfspace", Journal of Applied Mechanics,Vol.3 8 ,p.14 8 .

WARBURTON,G.B.,RICHARDSON,J.D. and WEBSTER,J.J. ('1972):
"Harmonic Response of Masses on an Elastic Halfspacce" 
Journal of Engineering for Industry, Trans. ASME, 
Series B, Vol. 94,pp.193-200.

WARBURTON,G.B. and CLEMMET, J.F.(1973): "Some Recent
Developments in the Dynamics of Machine Foundations", 
44th. Euromech. Clloquim on Dynamics of Machine 
Foundations ,Polytechnic Institute Bucharest,Oct.1973.

WASS,G. and LYSMER,J. (1972): "Vibration-of Footings Em 
Embedded in Layered Media" , Applications of the 
Finite Element Method in Geotechnical Engineering,
U.S.Army Waterways Experiment Station,Vicksburg,
Miss.,U.S.A. Sept. 1972,,pp. 581-604.

WHITMAN,R •V• (1965): "Analysis of Foundation Vibrations",
Vibration in Civil Engineering, Butterworth,London.

WHITMAN,R.V. (1969):"Equivalent Lumped System for Strutures 
Founded upon Stratum of Soil" , Proc. 4th World Conf.on 
Eartquake Engineering, Chile, Vol.Ill,pp.133-142.

WHITMAN,R.V.(1972):"Analysis of Soil-Structure Interaction: 
A state -of-the-Art Review", Soil Publication N0 .3OO,
M.I.T.,Cambridge, Mass,U.S#A.

-  2 8 2  -



APPENDIX I

FIELD MEASUREMENTS OP DYNAMIC SOIL PROPERTIES.

(i) Velocity of Shear Waves.
The velocity of shear waves through the soil was

measured by two seismic methods.The first method employed 

was the fSurface-wave* method which was first introduced 

by dones (1959), and later developed by Fry (1963). The 

basis of the method is to measure the length of surface 

waves (i.e. Raleigh waves), generated by steady state 

harmonic excitation of the soil surface, for different 

frequencies of excitation. The length of surface waves 

(Lg) is given by the distance between two successive 

points on the surface which vibrate in phase. The 

velocity of surface waves (VR ) at each frequency (f) 

is, calculated from the measured values of L^, using 

the equation:

Since the difference between velocities of

shear waves and surface waves in an elastic medium

is negligible, the velocity of surface waves measured 
for a particular frequency is considered as equal to

the velocity of shear waves (V_) at that frequency.S 4

R f.L'R (a. 1)

As the bulk of the surface waves in an halfspace
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travels through a zone of depth equal to the wave length 

and the average properties of this zone approximate to the 

properties of the zone at a depth of one-half the wave 

length, VR computed from (a.1 ), and, hence, Vsis considered 

as the velocity of shear waves through the medium at a 

depthequal to half the measured wave length. The results 

are usually presented in the form of a shear wave velocity 

-depth profile. Further details of the method can he found 

in Richart, et al, (1970).

For the current investigation, the vibrator described

in Section 4.2 was used as the source of vibration. Two

accelerometers, one stationary and the other moved along

a radial line from the vibrator, were used to locate

successive points vibrating in phase on the soil surface.

The variation of length of surface waves with frequency 
of excitation is shown in Figure (a.1), and the shear

wave velocity-depth profile is shown in Figure 6.3.

The second method used to measure velocity of shear

waves was the tCross-hole* method developed by Stoke and

Wood (1972). Two boreholes spaced 7.3 m were advanced

into the ground to the same depth. An impulse rod with

a small base plate carrying an AQ 40 accelerometer was

placed in one of the boreholes and a 2 0 mm diameter pipe

with a base plate carrying an 8 3 0 6 accelerometer was
- A 2 -



placed in the other borehole. The outputs of the accelero

meters were connected to a tape recorder through signal 

conditioning amplifiers. The tape recorder was switched 

on to record the outputs and the impulse rod was struck 

with a hammer blow. This procedure was repeated after 

advancing the boreholes in steps of 0.5m.

Accelerometer outputs, recorded at each depth, were 

fed into a.u.v. recorder to obtain a trace of the two wave 

forms on a common time base. From the trace, the time o 

taken by the shear waves (indicated by the second group 

of fluctuation in the wave form) to travel from the first 

borehole to the second borehole was evaluated. The velo- 

-city of shear waves propagated at any particular depth 

was obtained by dividing the distance between the bore- 

-holes by the time of arrival of shear waves measured on 

the u.v. trace corresponding to that depth. The accuracy 

of this method depended on identifying the second arrival 

in the trace.

( )Poissonys Ratio.

The Poisson’s ratio of the soil was computed from 

measured values of velocities of P-waves and shear waves 

The P-wave velocities were measured by the standard 

seismic refraction survey method using a geophone and a
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seismograph. Velocity of shear waves measured by the 

♦cross-hole* method were used in the computation of o 

Poisson*s ratio, The following relationship between 

poisson*s ratio ( ) ,  P-wave velocity (Vp) and shear 

wave velocity (V ) was used to compute the Poisson*s
O  V '  -  ,  D  I

ratio of the soil:
0.5 Vp2 - Vs2

The Poisson’s ratio of the soil given by equation 

(a.2) varied between 0.34 and 0.4.
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