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SYNOPSI S Th i s  p a p e r  d i s c u s s e s  t he  r e s u l t s  o f  ex per i men t a l  and t heo r e t i c a l  i n v e s t i ga t i ons  
o f  t he f o u n d a t i o n s  r e s t i ng  on  s oi l s .  The ex per i men t a l  wor k  des c r i b e s  t he d y n a mi c  b e h a v i o u r  
o f  mode l  f o u n d a t i o n s  c ons i s t i ng  o f  b l o c k s  and p i l e  f o u n d a t i ons  and enumer a t es  t he  p a r a ­
me t e r s  wh i c h  i n f l uenc e  t he na t u r a l  f r equenc y  and amp l i t ude  of  mot i on.

Th e  t h e o r e t i c a l  i nv es t i g a t i o n s  ar e  b a s e d  on  t he ma t h e ma t i c a l  mode l s  o f  s o i l - s u p p o r t e d  
f o u n d a t i o n s  gener a t ed  i n t he  c omput er .  Ver t i c a l ,  h o r i z on t a l  and r o c k i n g  mod e s  o f  v i b r a t i o n  
o f  t h e s e  f ounda t i ons  hav e b e e n  an a l y s e d  and s i mp l e  t o us e  De s i g n  Cha r t s  hav e  b e e n  p r e p a r e d  
f o r  b l o c k s  h a v i n g  d i f f e r e n t  p o s s i b l e  s hapes  o f  b a s e s  and p l i n t hs .

1.  I NTRODUCTI ON

The  p r o b l e m o f  d y nami c  b e h a v i o u r  o f  f oun ­
d a t i o n s  s uppor t ed  on s o i l s  i s  o f  i n t er es t  
i n  t he d e s i g n  of  ma c h i n e  f o u n d a t i o n s  and 
r e s i s t a n c e  o f  b u i l d i n g s  t o e a r t h q u a k e s  or  
b l as t s .  The  ne e d  t o dev e l op  e f f e c t i v e  and 
ec onomi c a l  d e s i g n  f o r  f o u n d a t i ons  s u b j ec ­
t ed t o o u t - o f - b a l a n c e  f o r c es  has  b e e n  on 
t he  i nc r eas e  i n r ec en t  y ear s .  The  d e s i gn  
c o n s i d e r a t i o n s  i nc l ude  t he d y nami c  b e ­
h a v i o u r  of  t he f o u n d a t i o n  s oi l  s y s t em,  
p a r t i c u l a r l y  i t s  na t u r a l  f r eq u e n c y  and 
t he  amp l i t ude  of  mot i on.

Ex t e n s i v e  wor k  has  b e e n  done  on d e t e r mi n ­
i n g  t he b e h a v i o u r  of  b l o c k  f ounda t i ons  
r e s t i n g  o n  soi l .  Of  p a r t i c u l a r  me n t i o n  
ar e Ri c h a r t  ( 1962)  and Wh i t ma n  & Ri c ha r t  
( 1967)  who hav e a n a l y z ed  d i f f e r e n t  modes  
o f  v i b r a t i o n  of  a s o i l - s u p p o r t e d  b l oc k ,  
t he i r  a p p r o a c h  be i ng,  mai n l y ,  t o t ak e  a 
l u mp e d  ma s s - s p r i n g - d a s h p o t  s y s t em.  Thus  
t h e  mas s  o f  t he f oundat i on ,  s t i f f n e s s  o f  
t he  s uppor t  and t h e  d a mp i n g  of  t he  s y s t e m 
e s s e n t i a l l y  d e f i ne  t he p a r a me t e r s  r eq u i ­
r ed  f or  dy n a mi c  a n a l y s i s  of  f oundat i ons .

I n  t h i s  paper ,  an  a t t empt  has  b e e n  ma d e  t o 
s upp l emen t  s ome o f  t he  wo r k  done  a l r eady  
b y  e x p e r i men t a l  obs er v a t i ons .  Be h a v i o u r  of  
p i l e  f o u n d a t i o n s  u n d e r  d y nami c  l o a d i n g  has  
b e e n  s t u d i e d  by  mode l  f ounda t i ons .  Mode l  
s o l i d  b l oc k s  wi t h  p l i n t h s  hav e  a l s o b e e n  
v i b r a t e d  and t he ef f ec t  of  embedmen t  of  
t he  b a s e  i nv es t i ga t ed .

Some t h e o r e t i c a l  as pec t s  of  t he d e s i g n  of  
f o u n d a t i o n s  s ub j ec t ed  t o  o u t - o f - b a l a n c e  
f o r c es  ar e d i s c us s ed .  Des i g n  Char t s ,  
b a s e d  on  a n u mb e r  of  s t e p p ed - b l oc k

c on f i gu r a t i ons  gener a t ed  i n t he Comput er ,  
a r e p r e s e n t e d  f or  eas i e r  c a l c u l a t i ons  of  
na t u r a l  f r equenc y  i n t h e  v er t i c a l ,  ho r i ­
z ont a l  and r oc k i ng  modes  o f  v i b r a t i on .

2.  EXPERI MENTAL  I NVESTI GATI ONS

Ex pe r i me n t a l  i nv es t i ga t i ons  wer e  b a s e d  on 
t he  b e h a v i o u r  of  model  f oo t i ngs  r e s t i n g  
o n  a s and b e d  and s ub j ec t ed  t o s t eady  
s t a t e  v i b r a t i on .  The r e  we r e  a n u mber  of  
mode l  f o u n d a t i ons  of  v a r i o u s  s i z es ,  
s hapes  and we i gh t s  y i e l d i n g  d i f f e r en t  
t es t  s y s t ems .

2. 1 SAND TANK & L OADI NG FRAME

A s and t ank  was  f ab r i c a t ed  u s i n g  met a l  
s hee t s  wi t h  i ns i de  d i mens i ons  of  
1 . 35 m x  1 . 35 m x  1. 2  m hi gh.  The  wa l l s  
of  t he  t ank  wer e  adequa t e l y  r e i n f o r c e d  t o 
ens u r e  adequa t e  r es i s t anc e  t o  t he  l a t e r a l  
e a r t h  p r es s ur e .

The soi l  u s e d  was  f i ne  t o me d i um R ' . VI  
Sand ( 75 % r e t a i ned  b e t we e n  B. S.  Si ev es  
No . 7 and  No . 100)  and was  c ompac t ed  i n  t he 
t ank  i n  e i ght  l ay e r s  o f  15 c m t h i c k n e s s  
eac h  u s i n g  a v i b r a t o r y  c ompac t or .  De n s i t y  
t es t s  p e r f o r me d  du r i ng  and a f t e r  t he c om­
p a c t i o n  p r o c e s s  i nd i c a t ed  a dens i t y  o f  
105 pc f .  The s hear  s t r eng t h  p a r a me t e r s  of  
t he  s and at  t h i s  d e n s i t y  we r e  c o h e s i o n  = 
90 ps f  and ang l e  o f  i n t er na l  f r i c t i on=32° .
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Th e  l o a d i n g  f r ame  was  d e s i g n e d  so t ha t  i t s  
r es onan t  f r eq u e n c y  di d not  l i e  wi t h i n  t he  
p r ed i c t ed  t «s t i ne  r ange  and t he s t r uc t u r e  
was  made  ay  ' r i gi d as  pos s i b l e .  The  l e a d ­
i ng f r ame c o ns i s t ed  of  v e r t i c a l  c o l umns  
and a c r os s  b e a n  t o wh i c h  t he v i b r a t o r  was  
a t t ac hed.  The he i gh t  of  t he v i b r a t o r  i n  
r e l a t i on  t o t he f o o t i n g  was  ad j us t ab l e  as 
r equ i r ed .

2 . 2 UCD3 L  FOUNDATI ONS

The  mod e l  f o u n d a t i o r s  c ons i s t ed  of  t h r ee  
d i f f e r en t  t y pes  :

i )  St ee l  p l a t e s  of  d i f f e r e n t  s i z es .

i i )  St ee l  p i l e s  o f  d i f f e r e n t  d i ame t e r s  
ar / ;  l eng t hs  wi t h  t he  s t ee l  p l a t es  
i n  ( i )  s e r v i ng  as  p i l e  caps .

i i i )  Conc r e t e  b l o c k s  ( Bas e  and p l i n t h  
Co mb i n a t i o n s ) .

Bl o c k  Di ag r am of  t he ex pe r i men t a l  s et up 
i s  s hown  i n Fi g: 1.

?.  EXFERI KENT AL RESUL TS

Th i s  s ec t i on  d e s c r i b e s  t he  r es u l t s  o b t a i n ­
ed by  p e r f o r mi n g  d y nami c  t es t s  o n  p i l e  
f o u n d a t i o n s  and s t epped b l oc k s .

3. 1 FI L E FOUNDATI ONS

The  c hanges  i n n a t u r a l  f r equenc y  and r e ­
s onant  a mp l i t ude  of  a mode l  p l a t e - t y p e  
f o u n d a t i o n  wer e  s t ud i ed  b y  add i ng  d i f f ­
e r en t  p i l e s  t o t he f ounda t i on .  Va r i a t i o n s  
i n  t he d i a me t e r  and l e n g t h  of  t he  p i l es

p r o v i d e d  a n u mb e r  of  t es t  r e s u l t s , a  
s ummar y  of  wh i c h  i s  g i v e n  i n Tab l e  I . Th i s  
t ab l e  s hows  t ha t  f o r  al l  c as es  o f  add i t i on  
of  p i l es ,  an i n c r e a s e  i n t he  n a t u r a l  f r e ­
quenc y  of  t he  f o u n d a t i o n  has  b e e n  o b s e r ­
v ed.  I n  o t h e r  wor ds ,  t he  na t u r a l  f r eq u e n c y  
o f  t h e  s y s t em a p pea r s  t o be  d o mi n a t e d  mo r e  
b y  t he  ' a d d i t i o n a l 1 s t i f f nes s  p r o v i d e d  by  
t he p i l e s  r a t h e r  t h a n  t he add i t i ona l  
• mass '  o f  bo t h  t h e  p i l e s  and t h e  ' par t i ­
c i pat i ng '  s oi l  mas s  a r ound t hem.  Howev er ,  
n o t i c e a b l e  r e d u c t i o n  i n  t h e  amp l i t udes  
o f  r e s onan t  mo t i o n  we r e  ob s e r v e d  f o r  
d i f f e r e n t  cas' >. : i  . . .nd r edu c t i o n  o f  mo r e  
t h a n  SO %  wa s  r ec o r ded  b y  add i ng  f our  
45 c m l ong  p i l e s  of  1 . 25 c m d i a me t e r  t o 
t h e  p l a t e .  Th i s  r edu c t i o n  i s  ma i n l y  due  t o 
t he  f o l l o wi n g  t wo f ac t o r s  :

i )  I n c r e a s e  i n t he  ma s s  r at i o,
i i )  I n c r e a s e  i n t he dampi ng.

I n c r eas e  i n  t he  mas s  r a t i o  o f  t he  s y s t em 
i s  due  t o t h e . i nc r eas e  i n t he ma s s  of  t he 
f o u n d a t i o n  b y  add i t i ona l  ma s s  of  t he  pi l es .  
Sec ond l y ,  t h e , e f f ec t i v e  ma?~ of  t he s y s t em 
i n c r e a s e s  due  t o embedment  ef f ec t  of  t he  
p i l e s  wh i c h  c an b e  ex p l a i ned  b y  c o n s i d e r ­
i ng  t he e f f ec t s  of  s k i n  f r i c t i on  a l ong 
t he  p i l es .  Dur i ng  v i b r a t i o n  t he p a r t i c l e s  
of  s oi l  a r ound and b e n e a t h  t he p i l e s  al s o 
unde r go  p e r i o d i c  mo t i o n  c aus i ng  a g r e a t e r  
e f f ec t i v e  mas s  of  t he  soi l .

Ad d i t i o n  of  p i l e s  a l s o means  t r a n s mi s s i o n  
of  mo r e  ener gy  away  f r om t he f o u n d a t i o n  
b y  t he  p r o p a g a t i o n  o f  s i es mi c  wav es .  Th i s  
p r o d u c e s  g r e a t e r  r a d i a t i o n  dampi ng;  and 
: enc e r e s u l t s  i n l owe r  amp l i t u d e s  of  
mo t i o n  as  has  been,  obs er v ed.

TABL E I  -  EFFECT OF FI L ES ON THE FRE' UENCY & AMPL I TUDE OF TUE VI BRATI NG FOOTI NG AT RESONAN­
CE.

Si z e  of  t he  Fo o t i n g  Pl a t "

Th i c k n e s s

Fr equenc y  at  Re s o n a n c e  of  t he 
Fo o t i n g  wi t h o u t  p i l es

Amp l i t u d e  at  Res o n a n c e

30 x  30 cm

4 . 7 5  mm

85 Hz 

47 . 5  x  10'
- 4

wt . of  t he Fi a t e = 3. 155  k g

Di a.  oï ~ 
Fi l e s  cm.

¡ Lengt h or  ¡ No.  0 

¡ Pi l es  cm.  ¡ Pi l es
■ 1 
1 <
1 1 
' 1t I t t 
1 f 1 t

î _ ’] T,ô tEsLl - mâ i s - ô î  
. ¡ t he f ounda ­

t i o n  s y s t em k g  
1 
1 1 1 
1

J . . . . . .

! Fr e q u e n c y  at  Re s o n a n c e  h 7. ¡ Ampl i t ude at  Re  
! Fi l e s  at  ¡ Fi l es  at  t he  ¡ onanc e mm x  10“  
! c or ner s .  ¡ Cent r e of  s i des  ¡ Pi l es  at  ¡ Fi l es  
! J ¡ Cor ner s ,  ¡ t he Ce

! ¡ t r e of  
J J ¡ s i des.

1. 25 15 4 3. 836 89 89 42. 5 45. 0
1 . 25 30 4 4 . 4 0 8 90 90 32. 5 33. 75
1. 25 45 4 5. 000 92 9 2 20. 0 22. 5
1 . 785 30 4 5. 909 94 9 2 22. 5 25. 0
2. 5 30 4 8 . 182 97 9 7 15. 0 16 . 25
3 . 75 30 4 13 . 182 108 108 11. 25 15. 0
1. 25 15 8 4 . 460 90 22. 5
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Fi g.  1 Bl o c k  Di a g r a m Showi ng  I n s t r u me n t a t i o n

St a t i c  p i l e  l oad i ng  t es t s  wer e  c a r r i ed  out  
o n  t he  t h r e e  1. 25 c m d i a  p i l e s  ( 15,  30 and  
4-5 c m l ong)  and t he  s t i f f n e s s e s  of  t hes e  
p i l e s  we r e  4 . 0  x  10 ^,  5* 5 x  102  and  
6 . 7 5  x  102  k g/ c m,  r es pec t i v e l y .  Na t u r a l  
f r e q u e n c i e s  we r e  c a l c u l a t e d  t a k i n g  i nt o 
ac c ount  • t he p i l e  s t i f f nes s es  wi t h  and 
wi t hou t  t he  ma s s e s  o f  t he p i l es .  Co mp a r i ­
s on  o f  t he s e  r e s u l t s  ar e g i v en  i n  
Tab l e  I I .  I t  i s  c l e a r  f r om t h i s  t ab l e  
t ha t  t he c o n s i d e r a t i o n  of  j us t  t h e  p i l e  
s t i f f n e s s e s  ( as  g i v e n  b y  f o r mu l a e  i n 
I r i s h  & Wa l k e r  ( 1969) )  y i e l d s  h i g h e r  v a l ues  
o f  na t u r a l  f r e q u enc i es  and i t  s eems  adv i ­
s ab l e  t o  i n c o r p o r a t e  t he  mas s  of  t he  p i l es  
as  wel l .

TABL 9 I I
- i ---------------

Pi l e  
L e n g t h  
cm.

15
30
4 5

Na t u r al  Fr e q u e n c y  H?
Ex p e r i - ! Th eo r e t i cal
me n t a l . I Wi t hou t  p i l e  J Wi t h  Pi l e

mas s .  J mas s .

89 110. 0 99 . 5
90 127. 0 108. 0
92 144. 0 114. 5

3. 2 ST' - I PPED BLOCK FOUNDATI ONS

Thr ee  b l o c k - t y p e  mode l  f oundat i ons ,  ma d e  
o f  c onc r et e,  wer e  s ub j ec t ed  t o v e r t i c a l  
mo t i o n  t o d e t e r mi n e  t he  e f f ec t  of  pa r t i a l  
and f ul l  embedment .  Si z es  and s hapes  of  
t he s e  f ounda t i ons  ar e as  u n d e r  :

Bl o c k  Foun^  
dat i on.

3 a s e

s i z e
Pl i n t h

Si z e

No. 1 22. 5  x 22. 5 X
—

7. 5  c m

No. 2 22. 5  x 22. 5 X 12. 5  x 12. 5  x
7 . 5  c m 7. 5 c m

No. 3 22. 5  x 22. 5 X 12. 5  x 12 . 5  x
15 cm 7.  5 c m

The  p l i n t h s  i n Bl oc k s  2 and  3 wer e  l o c a ­
t ed  at  t h e  Cen t r e  of  t he  bas e.

Re s u l t s  of  t he dy nami c  t es t s  o f  t he s e  
b l o c k s  ar e g i v en  i n  Tab l e  I I I .
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T ABL E I I I

—  —

Bl o c k
Fo u n ­

Na t u r a l  
Fr e q u e n c y  H^

Re s o n a n t  
t u d e  mm

Ampl i -  
x  10- 4 m m m y

d a t i o n
No.

S u r - ¡ Hai n FÜTT"
f ac e  ¡ Basel  Ba s e

¡ Emb- I  Smb-
l ed-  i ed-
l ' ment !  men t  
1 1

Sur -  ' .Tlal ' i '
f ac e  ¡ Base

¡ Emb-
! ed-
I ment
1

Ful l
Ba s e
Emb e d ­
ment .

1 96 9 8  100 35. 0 30. 0 17. 5
b

2 95 100 32. 5 - - 22. 5

3 95 9 7  102 32. 5 30.0 15. 0

Fi g.  2

I  I  I I I , I L _ L i

Two o b s e r v a t i o n s  c an  b e  ma d e  f r o m t he t es t  
r e s u l t s  i nd i c a t ed  i n  Tab l e  abov e.

Fi r s t l y ,  t he e f f ec t  of  ambedment  of  bas e,  
b e  i t  e mbedded  p a r t i a l l y  or  f ul l y ,  r es u l t s  
i n a s l i gh t  i nc r eas e  i n t h e  na t u r a l  f r e ­
quenc y  of  t he s y s t em.  Sec ond l y ,  t h e r e  i s  a 
r e d u c t i o n  i n t he a mp l i t ude  of  mo t i o n  at  
r es onanc e.  Th i s  b e h a v i o u r  c an  p o s s i b l y  be 
ex p l a i n e d  b y  t he f ac t  t ha t  t he ef f ec t  of  
embedment  i s  es s en t i a l l y  t o i n c r e a s e  t he 
r e s i s t a n c e  t o mo t i o n  o f  t he f oundat i on .
Thus  t he  e f f ec t i v e  s p r i ng  c ons t an t  i s 
i nc r eas ed.  Th i s  i s  s ubs t a n t i a t e d  by  
FAL DJ I AN' s  wor k  ( 1969)  who s howed  t hat  t he  
s pr i ng  c ons t an t  i nc r eas es  wi t h  an  i nc r eas e  
i n t he d e p t h  of  embedment .  At  t he  s ame t i me 
e mbedmen t  of  a f ounda t i on  b l o c k  p r oduc es  
s i de f r i c t i o n  b e t we e n  t he wa l l s  of  t he 
f o u n d a t i o n  and t he s oi l  c aus i ng  an i nc r ea ­
se i n t he e f f ec t i v e  c ons t an t  a r ea  of  t he 
f o u n d a t i o n  t h e r e b y  i nc r eas i ng  t he d i s s i p ­
a t i o n  of  ener gy  i n t he f o r m of  i n t e r f ac i a l  
s l i p.  I n c r e a s e  i n t he c ont ac t  a r e a  al so 
means  an i nc r eas e  i n t he p a r t i c i p a t i n g  
s oi l  ma s s  and so t hes e  f ac t o r s  he l p  t o 
l o we r  t he amp l i t ude  of  mot i on.  Thes e  
o b s e r v a t i o n s  ar e s uppor t ed  b y  Ba r k a n  
( 1962)  and  Wh i t ma n  and Ri c ha r t  ( 1967) .

Thus ,  t he abov e  l eads  t o t he c o n c l u s i o n  
t hat  t he f r i c t i o n a l  f o r c e  due  t o t he em­
b e d me n t  i n f l uenc es  b o t h  t he s pr i ng  s t i f f ­
n e s s  and t he d a mp i ng  of  t h e  s y s t em.

4. THEORETI CAL  I NVÎ 3TI  5 AT I ONS

Thi s  s e c t i o n  d e s c r i b e s  s ome t h e o r e t i c a l  
wo r k  done  o n  t he s ub j ec t  of  f o u n d a t i o n  
v i b r a t i o n s  and ma y  p r o v e  h e l p f u l  t o  t he 
eng i nee r s  engaged  i n t he d e s i g n  of  f o u n d a ­
t i o n s  s ub j ec t ed  t o d y n a mi c  l oads .

4. 1 SPRI NG CONSTANT

Mi r z a  ( 1971)  d e mo n s t r a t e d  t hat  an i n c r eas ­
i ng  v a l u e  of  s p r i ng  s t i f f nes s  i nc r eas es  
t h e  n a t u r a l  f r eq u e n c y  of  a f o u n d a t i o n  bu t  
t h i s  e f f ec t  i s  d i f f e r en t  o n  d i f f e r en t  
modes  of  v i b r a t i on .  The na t u r a l  f r equenc y  
r eg i s t e r s  a ma x i mu m i nc r eas e  i n t he

f  A h* ' » q

i ^

Ver t i c a l  Di s p l a c e me n t  due  t o 
u n f o r ml y  l o a d e d  Re c t a n g u l a r  
a r e a  o n  i s o t r o p i c  ha l f  s pac e

f u n d a me n t a l  mo d e  of  v i b r a t i o n  bu t  t he r e  i s  
a p r o g r e s s i v e  r e d u c t i o n  of  t h i s  e f f ec t  
s uc h  t hat  t he  h i g h e r  mo d e s  ( 5 t h  and abov e)  
a r e  h a r d l y  i n f l uenc ed  b y  an i nc r eas e  i n 
t h e  s t i f f nes s  of  t he s uppo r t i n g  medi um.  
Henc e,  i n ma c h i n e  f o u n d a t i o n  d e s i g n  wh e r e  
l umped  p a r a me t e r  a p p r oac h  i s  p r e f e r r e d  
qnd whe r e  o n l y  one  or  t wo  d e g r e e s  o f  f r e e ­
dom ar e c o n s i d e r e d  i n a p a r t i c u l a r  p l a n e  
of  mot i on,  t he s p r i ng  c ons t an t  i s a 
c r i t i c a l  f ac t or .

The c ommon l y  adop t ed  f o r mu l a  f or  e v a l u a t ­
i ng  t he  s pr i ng  c ons t an t  of  s o i l s  i s  g i v e n  
i n  Eq u a t i o n  ( 1) .  Th i s  was  s ugges t ed  b y  
Ti mo s c h e n k o  and Go o d i e r  ( 1951)  and i s  a 
c ons t an t  of  p r o p o r t i o n a t e l y  b e t we e n  s t at i c  
l oad and d i s u l a c e me n t  of  a c i r c u l a r  p l a t e  
as  d e t e r mi n e d  f r om t he  t h eo r y  of  
e l as t  i c i t y .

4  G r
K = - - - - - - -  . . .  ( 1)

1 -  IS

Ch e u n g  and Zi e n k i wi c z  ( 1965)  hav e  u s e d  
Eq u a t i o n  ( 2)  i n  ev a l ua t i ng  l o a d - d e f l e c t i o n  
b e h a v i o u r  of  s oi l  wh i l e  c a r r y i n g  out  t he  
s t a t i c  ana l y s i s  of  p l a t e s  and t a n k s  on  
e l as t i c  f oundat i ons .  Eq u a t i o n  ( 2)  i s  c a l l e d  
Bo n s s i n e s q  e q u a t i o n  and g i v es  t he  d e f l e c ­
t i o n  at  t he  c en t r e  of  a u n i f o r ml y  l o a d e d  
r e c t a n g u l a r  a r e a  a x  b  ( Fi g.  2) .

M H P i ( i - v 2' d d

Q . = ? I I p - - - - - - - - - -  * J __L . .  ( 2)
a b  H  E / r - j - - - - j

Va l u e s  of  t he  s pr i ng c ons t an t  wer e  c a l c u ­
l a t ed  f o r  v a r i ous  b / a  r a t i os  b y  equa t i ons  
( 1)  and ( 2)  and t h e i r  r e s u l t s  ar e c o mp a r e d  
i n  Fi g.  5-  Bo n s s i n e s q  Eq u a t i o n  has  b e e n  
ma d e  a r e f e r e n c e  and t he  v a l ue  o b t a i n e d  b y  
eq u a t i o n  ( 1)  ar e s hown as  a p e r c e n t a g e  
d i f f e r enc e .  Th i s  f i gu r e  9hows  t h a t  f or  
s ome c as es  of  r e c t a n g u l a r  b a s e  ar eas  of  
f ounda t i ons ,  eq u a t i o n  ( 1)  d i f f e r s  f r om 
e q u a t i o n  ( 2)  b y  mo r e  t h a n  20 %.
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The  au t ho r  s ugges t s  a v e r y  s i mpl e  empi r i c a l  
r e l a t i o n s h i p  f o r  c a l c u l a t i ng  t he  s pr i ng  
s t i f f n e s s  wh i c h  i s  g i v e n  i n e q u a t i o n  ( 3) «

K = E /

/ ( 3)

Th i s  r e l a t i o n s h i p  i s  eas y  t o u s e  and  . f or  a 
n u mb e r  o f  ge o me t r i c a l  b a s e  c o n f i g u r a t i o n s  
ag r e e s  t o wi t h i n  10 % of  e q u a t i o n  ( 2) .  I t  
i s  s u gges t ed  t ha t  i n i t i a l  g u i d a n c e  t o  t he 
v a l u e s  of  s p r i ng  s t i f f nes s  ma y  be  o b t a i n ­

ed b y  e q u a t i o n  ( 3)  and  a mor e  d e t a i l e d  
and r i g o r o u s  a p p r o a c h  be  f o l l o we d  t o 
f i n a l i z e  t he  v a l ue  of  t he s p r i ng  c on ­
s t ant  f o r  a p a r t i c u l a r  f ou n d a t i o n - s o i l  
s y s t em.

4 . 2  DESI GN CHARTS

The d e s i g n  of  f ounda t i o n s  s ub j ec t ed  t o 
o u t - o f - b a l a n c e  f o r c es  i s  a t r i a l  and 
er r or  p r oc edur e .  I n i t i a l  d i me n s i o n s  ar e 
g o v e r n e d  b y  s uc h  f ac t o r s  as  t he d i me n ­
s i ons  of  t h e  ma c h i n e r y  o r  t he s t r uc t u r e  
t o  be  s uppor t ed,  t he  s pac e  av a i l a b l e  f o r  
t he  f o u n d a t i o n  and t he  n o r ma l  l o a d - c a r r y ­
i ng c apac i t y  of  t h e  s u p p o r t i n g  medi um.

I n  o r d e r  t o f ac i l i t a t e  t he t r i a l  d e s i gns  
and t o av o i d  e x c es s i v e  n u mb e r  of  t r i a l s ,  
d e s i g n  c har t s  f o r  t he  v er t i c a l ,  h o r i z o n ­
t a l  and r o c k i n g  mo t i o n  f o r  a s t epped  
b l o c k  ( Fi g.  4)  hav e  b e e n  p r epar ed .  Thes e  
c har t s  ar e s hown i n Fi gs .  5* 1 t o 5» 3 and 
g i v e  f r e q u e n c y  p a r a me t e r s  wh i c h  c an  t h e n  
be  u s e d  t o c a l c u l a t e  t he na t u r a l  f r e q u e n ­
c y  b y  t he f o l l o wi n g  equat i ons .

r

nz

nx

1 /  

2 t t /

K ,

K  L

2  T T

/  Kx

<f n0>:

( f n 0 ^ y z

2 TT/

Y L

/  0

X

X.

\

A „

TL

/ -
2  T T / V L

0 y

( 4 )

( 5)

( 6 )

( 7)

Th u s  f o r  a g i v e n  o p e r a t i n g  f r eq u e n c y  o f  t he 
mac h i ne ,  f or  t he k n o wn  s oi l  and f o u n d a t i o n  
b l o c k  ma t e r i a l  p r o p e r t i e s  and b y  f i x i ng  
t he l e n g t h  o f  t he f ounda t i on ,  a s u i t ab l e  
f r e q u e n c y  p a r a me t e r  c an b e  c a l c u l a t ed  f r om 
t he  e qua t i ons  g i v e n  abov e.  ( The na t u r a l  
f r e q u e n c y  of  t he b l o c k  s hou l d  p r e f e r a b l y  
b e  30 t o 50 %  abov e or  b e l o w t he  o p e r a t i n g  
f r equenc y ) .  The d e s i gn  c ha r t s  i n  F i g s . 5. 1 
t o  5* 3 c an  t h e n  b e  u s e d  t o get  t he o t h e r  
d i men s i o n s  of  t he f o u n d a t i o n  b l o c k  b y  
s e l ec t i ng  s u i t ab l e  l e n g t h - b r e a d t h  and 
b r e a d t h - d e p t h  r at i os .

I t  i s  t o be  no t ed  t hat  t h e s e  c ha r t s  c an  
al s o b e  u s e d  t o f i nd out  t he  f r e q u e n c y  
p a r a me t e r s  of  f ounda t i o n  b l o c k s  who s e  
d i me n s i o n s  ar e  a l r e a d y  f i x e d  ( p r ov i d i ng  
t ^ es e  d ^ n e n s i o n s  f al l  wi t h i n  t he  r a nges  of  
0(. and ^ g i v en)  and t h e n  t he  n a t u r a l  f r e-
?ue n c y  c an  be  c a l c u l a t ed  f r om equa t i ons  

4)  t o ( 7) .

CONCL USI ONS

The ex per i men t a l  wor k  d e s c r i b e d  i n t he 
p a p e r  r e l a t es  t o  p i l e  f o u n d a t i o n s  and  
b l o c k s  wi t h  p l i n t hs .  I t  i s  s hown t hat  
a d d i t i on  of  p i l e s  t o p l a t e  t y pe  f o u n d a t i o n  
r e s u l t s  i n an  i nc r eas e  i n t he na t u r a l  f r e ­
quenc y  o f  t he s y s t em and a r e d u c t i o n  i n 
t he  amp l i t ude  of  mot i on.  I n c l u s i o n  of  mas s  
of  t he pi l e- s t o t he mas s  of  t he f o u n d a ­
t i o n  p r o d u c e s  b e t t e r  agr eement  b e t we e n  t h e  
t heor y  and t he  ex per i ment .  The e f f ec t  of  
embedment  of  a b l o c k  f o u n d a t i o n  r e s u l t s  i n  
a  s l i gh t  i n c r eas e  i n t he na t u r a l  f r eq u e n c y  
o f  t he s y s t em and a r e d u c t i o n  i n  t he 
amp l i t u d e  of  mot i on .  Th u s  t he  embedment  o f  
a b l o c k  i nc r eas es  t he s p r i ng  s t i f f nes s  as 
we l l  as  t he d i s s i p a t i o n  o f  ener gy .

I n  t he  t h e o r e t i c a l  wor k  d i s c u s s e d  i n  t he  
paper ,  t he  c ho i c e  of  a s u i t ab l e  s pr i ng 
c ons t an t  i s  d i s c u s s e d  and a s i mpl e  emp i r i ­
c al  r e l a t i ons h i p  i s  s ugges t ed.  Des i gn,  
Char t s ,  f or  v a r i o u s  s hapes  and s i z es  of  
’ s t e p p e d ’ b l o c k  f o u n d a t i ons  ar e p r e s e n t e d  
t o f ac i l i t a t e  t he c a l c u l a t i o n  o. f  na t u r a l  
f r e q u e n c y  f or  v er t i c a l ,  h o r i z on t a l  and 
r oc k i ng  modes  of  v i b r a t i on .

NOTATI ON

G

f i

~u

A
E

r

She a r  modu l us
Equ i v a l en t  Rad i us
K z , F.0 Sp r i ng  s t i f f nes s es

De f l e c t i o n  at  t he Cen t r e

l e n g t h  and b r e a d t h  of  t he  l oaded  
a r ea
Po i s s o n ’ s r a t i o  
Ba s e  a r ea
Mo d u l u s  of  e l as t i c i t y
Un i t  we i gh t  f o u n d a t i o n  b l o c k
ma t e r i a l
L e n g t h  of  t he  b l o c k
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D2= £D,

Fi g.  4  St e p p e d  b l o c k  c o n f i g u r a ­
t i on  f o r  Na t u r a l  Fr e q u e n c y  
Ca l c a l a t i ons .

0-1 0 2 0-3 04

Fi g.  5«1 Fr e q u e n c y  Pa r a me t e r  f o r  
Vé r t i c a l  and  Ho r i z o n t a l  
not i on .

0 2 0-3 0£

------------ o C

Fr e q u e n c y  Pa r a me t e r  f or  
r o c k i n g  mo t i o n  i n  YZ 
Pl ane. ------------- - o c

Fi g.  5 . 3 Fr e q u e n c y  Pa r a me t e r  f or
r oc k i ng  mo t i o n  i n  XZ Pl ane .

302



4/ 23

f  Na t u r a l  f r equenc y

\ x , \ z , \ 0  Fr e q u e n c y  Pa r a me t e r s
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