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S R E E K A N T IA H  A s s t .  P r o fe s s o r ,  D e p a r t m e n t  o f  C iv i l  E n g g . ,  K a rn a ta k a  R e g io n a l E n g in e e r in g  C o l le g e ,  S u r a t h k a l ,  K a rn a ta k a ,  In d ia

SYNOPSI S For  t he successf ul  desi gn of  a machi ne f oundat i on subj ect ed t o coupl ed modes
of  r ocki ng and sl i di ng vi br at i ons,  ono has t o pr edi ct  pr oper l y t he peak ampl i t udes and r esonant  

f r equenci es i n r ocki ng and sl i di ng mot i on.  Thi s paper  deal s wi t h t he devel opment  of  a new mass-  
spr i ng- dashpot  model  f or  t he pr edi ct i on of  r esponse of  a machi ne f oundat i on r est i ng on soi l  
sur f ace and subj ect ed t o coupl ed modes of  r ocki ng and sl i di ng vi br at i ons.  The i nt er nal  dampi ng 
i n t r ansl at i on and r ot at i on have been r epr esent ed by I ndependent  par amet er s and t he r adi at i on 
dampi ng al one i n t r ansl at i on and r ot at i on by l i near  vi scous dashpot s.  Anal yt i cal  sol ut i ons have 
been obt ai ned f or  t he pr oposed model  and t hey ar e pr esent ed i n t he f or m of  cur ves f or  var i ous 
val ues of  i nt er nal  dampi ng f act or .  Car ef ul l y cont r ol l ed f i el d vi br at i on t est s have been 
car r i ed out  at  I . I . T. , Madr as,  I ndi a,  t o check t he val i di t y of  t he anal yt i cal  sol ut i ons.  I t  has 
been f ound t hat ,  t he new mass- spr i ng- dashpot  model  devel oped i s qui t e sat i sf act or y f or  t he 
pr edi ct i on of  r esponse of  a machi ne f oundat i on r est i ng on soi l  sur f ace and subj ect ed t o coupl ed
modes of  r ocki ng and sl i di ng vi br at i ons.

I NTRODUCTI ON

To pr edi ct  t he r esponse of  a machi ne f ounda-  
t i on- soi l  syst em,  t wo i mpor t ant  par amet er s,  
namel y,  t he spr i ng const ant  and t he dampi ng 
r at i o ar e t o be eval uat ed.  The dampi ng r at i o 
r epr esent ed by a vi scous dashpot  i n t he mass-  
spr i ng- dashpot  model  r epr esent s t ot al  dampi ng 
whi ch i s a combi nat i on of  r adi at i on dampi ng 
and i nt er nal  dampi ng.  The r adi at i on dampi ng 
i s a f unct i on of  mass and si ze of  machi ne and 
f oundat i on bl ock and eccent r i c moment  wher eas 
t he i nt er nal  dampi ng i s a mat er i al  ( soi l )  
pr oper t y.  Ther ef or e a vi acous dashpot  cannot  
r epr esent  t r ul y t he behavi our  of  i nt er nal  
dampi ng whi ch i s t aken as a mat er i al  ( soi l )  
pr oper t y.  I n t hi s i nvest i gat i on,  a mass-  
spr i ng- dashpot  model  r epr esent i ng t he t wo 
degr ees of  f r eedom i n coupl ed r ocki ng and 
sl i di ng mot i on has been pr oposed i n whi ch,  
t he i nt er nal  dampi ng i n bot h t r ansl at i on and 
r ot at i on i s t aken car e of  by i ndependent  
par amet er s and t he r adi at i on dampi ng i n 
t r ansl at i on and r ot at i on by l i near  vi scous 
dashpot s.

THE PROPOSED MODEL

The pr oposed model  wi t h t wo degr ees of  
f r eedom f or  a f oot i ng wi t h a ci r cul ar  base,  
r est i ng on soi l  sur f ace and subj ect ed t o 
hor i zont al  vi br at i ons ( whi ch gener at e coupl ed 
modes of  r ocki ng and sl i di ng vi br at i ons) ,  i s 
shown i n Fi g. l .  wher e,
b = coef f i ci ent  of  i nt er ned dampi ng i n 

x t r ansl at i on,  
b = coef f i ci ent  of  i nt er nal  dampi ng i n 

^ r ot at i on.
c = coef f i ci ent  of  vi scous dampi ng i n 
x t r ansl at i on.

c = coef f i ci ent  of  vi scous dampi ng i n 
'P r ot at i on.

Fi g. l .  Pr oposed Mass- spr i ng- dashpot  model ,  
h = hei ght  of  C. G.  f r om t he base of  f oot i ng,  
k = spr i ng const ant  i n t r ansl at i on.

k = sor i n; :  const ant  i n r ot at i on.
<P

m = mass of  machi ne and f oundat i on bl ock.
i J t

Px = appl i ed hor i zont al  f or ce = Pe 

y = hei ght  of  appl i ed f or ce f r om t he C. G.
^  = f r equency of  exci t at i on at  t i me,  t ,  

i n r adi ans/ uni t  t i me.
Fr om t he equat i ons of  mot i on f or  such a  syst em,  
anal yt i cal  sol ut i ons h a v e  been obt ai ned and 
t hey ar e pr esent ed i n t he f or m of  cur ves f or  
var i ous val ues of  i nt er nal  dampi ng f act or  h^

( Sr eekant i ah,  1978) .  As r epr esent s t he

i nt er nal  dampi ng pr oper t y of  soi l ,  t he set  of  
cur ves f or  a par t i cul ar  val ue of  h^ can

r eadi l y be used f or  pr edi ct i on pur poses.

FI ELD TESTS

Car ef ul l y cont r ol l ed f i el d vi br at i on t est s 
have been car r i ed out  at  I . I . T. , Madr as si t e 
( si l t y sand) ,  on R.  C.  C.  f oot i ngs of  var i ous 
si zes and masses and wi t h di f f er ent  eccent r i c 
moment s.  The f oot i ngs ar e r est i ng on soi l  
sur f ace and subj ect ed t o hor i zont al  vi br at i ons 
( whi ch gener at e coupl ed modes of  r ocki ng and 
sl i di ng vi br at i ons) .  Each t est  r epr esent s a 
si ngl e f i el d vi br at i on t est  and t he r esonant
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f r equenci es i n r ocki ng and sl i di ng and t he 
peak ampl i t udes i n r ocki ng and el i di ng have 
been f ound f or  each t est .

ANALYSI S

The spr i ng const ant s,  kx , k , i n sl i di ng and

r ocki ng r espect i vel y of  a ci r cul ar  f oot i ng 
of  r adi us r Q have been expr essed as f ol l ows:

kx = k sh- r o 
and

8G ..
T2 =H7  r o

8G

( 1)

( 2)k = k . r  3 = , r  »
9 sr  o,  3( l - ( i )

wher e,
k ^  = dynami c soi l  shear  modul us

ksr  = dynami c soi l  r ocki ng modul us

0 = shear  modul us 
(i = Poi sson' s r at i o.
Fr om el ast i c hal f - space t heor y,  i t  has been 
shown t hat  k gr  and k Bh ar e i ndependent  of  t he

si ze and mass of  machi ne and f oundat i on bl ock 
as wel l  as t he eccent r i c moment  and ar e 
essent i al l y const ant s f or  t he gi ven si t e and 
ar e t he pr oper t i es of  soi l  ( Sr eekant i ah,  1978;  
Rama Sast r i ,  1975) .

. Each one of  t he t est s car r i ed out  at  I . I . T.  , 
Madr as,  has been t aken as a si ngl e f i el d 
vi br at i on t est  ( r ef er ence t est ) .  To obt ai n 
Dr x» D i r epr esent i ng r adi at i on dampi ng

r a t i o s  I n  s l i d i n g  a n d  r o c k i n g  r e s p e c t i v e l y

and k v.  k of  a r ef er encet est  f r om t he 
si i  sr

anal yt i cal  sol ut i ons,  t he i nt er nal  dampi ng 
of  t he soi l  at  si t e and t he val ue of  1,  as 
def i ned i n equat i on ( 3)  have t o be eval uat ed.  

(h/ r 0 )e ____
1 =

mh

I  -  I  <k A 0 > '

(3)

whe r e,
I  = mass moment  of  i ner t i a of  t he machi ne

and f oundat i on bl ock about  t he axi s of
r ot at i on.

r  = r adi us of  f oot i ng.
0

The soi l  at  si t e i s si l t y sand and t he val t e 
of  i nt er nal  dampi ng f act or ,  h^ has been chosen

as 0. 05 ( Whi t man and Ri char t ,  1967) .

EVALUATI ON OF Drx> D^

For  t he r ef er ence t est ,  t he val ue of  1 has 
been f ound knowi ng i t s h/ r Q r at i o f r om

equat i on ( 3) .  The di mensi onl ess maxi mum 
ampl i t udes A1( max)  and A2( max)  i n sl i di ng and

r ocki ng r espect i vel y as def i ned i n equat i ons
(4)  and (5)  ar e t hen eval uat ed knowi ng t he 
peak ampl i t udes,  Â  , A obser ved i n sl i di ng

1 ( max)

^2 ( max)

whe r e,
m l  = e e

mA 
x r

me 1 e

mA r  (or o

■ “ X "e e

(4)

(5)

e£cent r i c moment .

t ake car e of  t he mass of  soi l  i n phase wi t h 
vi br at i on.  Usi ng t he comput ed val ues of  1,

Al ( max)  and A2( max) ’ t he val ues of  Dr x ' %  
of  t he r ef er ence t est  have been f ound f r om 
t he cur ves pr esent ed i n Fi g. 2 cor r espondi ng 
t o h^ = 0. 05.  I t  i s possi bl e t o get  t wo set s

of  Dr x , D val ues of  a r ef er ence t est  si nce

t her e ar e t wo di mensi onl ess ampl i t udes,  
pr ovi ded bot h of  t hem f i t  i nt o t he cur ves.

EVALUATI ON OF k . , k
si i  sr

Fr om t he val ues of  D . D and 1 obt ai ned 
r x rep

f or  t he r ef er ence t est ,  t he val ues of

-t — , ar e t hen f ound f r om t he cur ves 
nl  n2

pr esent ed i n Fi g. 3 cor r espondi ng t o h^ = 0. 05.

Si nce ,2 , ar e t he obser ved val ues of  t he 
r x r<p

r esonant  f r equenci es i n sl i di ng and r ocki ng 
mot i on r espect i vel y whi ch ar e al r eady known 
f r om t he t est ,  and ^  ( r epr esent i ng t he

undamped nat ur al  f r equenci es l n I  and I I  mode 
r espect i vel y of  t he syst em)  ar e t hen comput ed 
f r om t he r at i os obt ai ned.  Knowi ng

and 1 of  t he r ef er ence t est ,  , O ( r epr e-
' nx nip e

sent i ng undamped r esonant  f r equenci es i n pur e
sl i di ng and pur e r ocki ng r espect i vel y)  ar e
t hen comput ed f r om t he f r equency equat i on,
def i ned i n equat i on ( 6) ,  whose posi t i ve r eal
r oot s ar e and *^2*

O 4- D  2 ( O 2+ J5 2+i  2 ) + 2 2 = 0 
n n x nx ncp nx ' nx ny

~ -j  . . .  ( 6)  
Fr om t he comput ed val ues of  ~ x , ^  and

appl yi ng cor r ect i on t o m t o t ake car e of  t he 
mass of  soi l  i n phase wi t h vi br at i on,  k al l > kar

of  t he r ef er ence t est  have been eval uat ed f r om 
equat i ons (7)  and (8) .

Ash
and

^ x2. m( l +c)

2m( l  + c) k2
n(p

. . .  ( 7)

... (8 )

and r ocki ng r espect i vel y f or  t he r ef er ence 
t est  af t er  appl yi ng t he cor r ect i on t o m,  t o

wher e,
c = cor r ect i on f act or .
k = r adi us of  gyr at i on def i ned i n equat i on,

I  = mk2.
The t ypi cal  val ues of  ^ gr  ^or  t est s

car r i ed out  at  I . I . T. , Madr as have been 
pr esent ed i n Tabl es I  and I I .  I t  cam be 
obser ved I r om Tabl es I  and I I  t hat  t he val ues 
of  k sh, k gr , obt ai ned by el ast i c hal f - space

t heor y and t hat  by t he pr oposed model  ar e 
essent i al l y t he same and ar e const ant s f or  
t he gi ven si t e and hence kah, k gr  ar e t he

pr oper t i es of  soi l .

PREDI CTI ON OF RESONANT FREQUENCI ES AND PEAK 
AMPLI TUDES

To pr edi ct  t he r esonant  f r equenci es and peak 
ampl i t udes of  mot i on f or  any ot her  machi ne

3 0 4



1 0 /2 8

h, m 0 05,  yyh * 2 00

|
r

I
JZ

i*.

1
c

I
i

i
•>«

i

I

F IG .  2  R e la t i o n s h ip  b e tw e e n  f=r - ^  a n d  I 
m e ' c

1 -1  C W 0 .0 5  eo 0 . * )  , O r*  c 0.015 to  0.090 

2 * 2 0 m *0 -3 5  ♦*> 0.45 , O r* ■ 0.105 to  aO S 

J - 3  0 rx *0 .5 0  Dr *  ■ 0.150

Relationship between ~ ^ t ff°gnd I 
met e

1 - 1  0 rs  s  0 .0 5  to  0 . 7 0  , 0 ^  e 0 . 0 1 5  to  0 .0 C 0

2  D „  :  0 .2 5  O r*  < 0 .0 7 5

3  O r*  r  0 .3 0  to  0  35  ,  D r*  e  0 . 0 * 0  to  0 1 0 9

4  O n  e  0 .4 0  I  O r*  «  0 1 2 0

5  O n  «  0 4 5  > O r*  r  0 .135

6  O n  = 0 .5 0  D r *  <  0  150

PIG 3 Relationship between and I 
*>n1

f oundat i on r est i ng on t he sane si t e f r om a 
r ef er ence t est ,  t he spr i ng const ant s kx , k^

and t he r adi at i on dampi ng r at i os Dr x, I  have

t o be eval uat ed.  The pr ocedur e f or  pr edi ct i on 
has been summar i sed i n t he f ol l owi ng st eps.
1)  Pr om t he val ues of  k gr  obt ai ned f r om

t he r ef er ence t est ,  t he spr i ng const ant s 
kx . k^,  f or  any f oot i ng of  r adi us r Q ar e

eval uat ed usi ng equat i ons (1)  and ( 2) .
2)  The r adi at i on dampi ng r at i os D f or  

any ot her  machi ne f oundat i dn can be obt ai ned 
f r om t he val ues of  Dr x , D obt ai ned f r om t he

si ngl e f i el d vi br at i on t es? ( r ef er ence t est )  
t aki ng i nt o account  r el evant  f act or s i nf l uenc­
i ng Dr x , D ( Sr eekant i ah,  1978;  Rama Sast r i ,

1975) .
3)  Knowi ng 1,  Dr x , f or  t he t est  condi t i ons

Relationship between a n d  [
«° n2

f or  whi ch t he pr edi ct i on i s t o be made ( f i el d 
condi t i ons) ,  and A2( ] nax)  have been

obt ai ned f r om t he cur ves pr esent ed i n Pi g. 2.
4)  Pr oa t he comput ed val ues of  1,  Dr x , D

obt ai ned f r om t he f i el d condi t i ons,
O  <i>

and have been obt ai ned f r om t he cur ves 
nl  n2

pr esent ed i n Fi g.  3.
5) «2> , <2 a r e  t h e n  c o mp u t e d  f o r  t h e  f i e l d

nx no r

condi t i ons f r om equat i ons (7)  and ( 8) ,  t aki ng 
i nt o account  t he mass of  soi l  i n phase wi t h 
vi br at i on.  * nl  and kave been t hen 

comput ed f r om t he f r eqvenqy equat i on def i ned 
i n equat i on ( 6) .
6)  Fi nal l y,  t he val ues of  Ax r , A^r  r epr esent ­

i ng t he peak ampl i t udes of  mot i on i n sl i di ng 
and r ocki ng r espect i vel y f or  t he f i el d

20- 017129 3 05



f r equenci es i n r ocki ng and el i di ng mot i on 
has been made f or  t he ot her  t est e.  Typi cal  
t est  r esul t s 6howi ng t he er r or s i n t he 
pr edi ct i on of  r esonant  f r equenci es and peak 
ampl i t udes,  pr edi ct ed f r om t he r ef er ence t est s,  
f or  ot her  t est s have ceen pr esent ed i n 
Tabl es I  and I I .  I t  can be obser ved f r om 
t he Tabl es I  and I I ,  t hat  t he er r or s ar e 
smal l  and accept abl e.  Ther ef or e,  i t  has been 
concl uded t hat  t he newl y devel oped mass-  
spr i ng- dashpot  model  i s qui t e sat i sf act or y 
t o pr edi ct  t he r esponse of  a machi ne f ounda­
t i on r est i ng on soi l  sur f ace and subj ect ed t o 
coupl ed modes of  r ocki ng and sl i di ng vi br at i ons.

TABLE -  I

TEST DATA,  VALUES OF k AND ERRORS I N PERCENTAGE I N THE PREDI CTI ON OF RESONANT FREQUENCY AND
PJi ' An AMPLI TUDE -  RCCi CT-TC- MOTI ON

Te s t

No .

Equ  iva-  

l e n t  

r a d i u s  
i n  cm.

I
i n

kg.  s e c ?  cm.

Ec c e n t r i c
mo me nt

V e ­
i n  k g ,  s e c !

Ob s e r v e d

f  ,
n f

i n  c y c l e s  

p e r  s e c .

Ob s e r v e d

Acp(max)

x  10" 4 
i n

r a d i a n s

Av e r a g e

k
s r

f r o m e l .  

h a l f -  
s p a c e  

kg / c m 2 .

Av e r a g e

k
s r

f r o m
mo d e l

kg / c m 2 .

Er r or s i n 
pr edi ct i on 
of  f

ntp

Er r or s i n 
pr edi ct i on

o f  A<p(max)

Ref . Test  No. Ref .  Test  No.

16 25 34 16 25 34

2 34. 6 1718 0. 01020 13. 3 10. 4 314 366 25 28 25 7 55 56
q 34. 6 2302 0. 00510 11. 7 3. 9 408 342 27 26 26 30 51 52
16 34. 6 1554 0. 03935 13. 3 39. 6 297 407 0 20 10 0 61 60
25 52. 2 2192 0. 00510 23.  6 5. 8 417 341 11 0 12 28 0 70
■A 52. 2 1378 0. 01020 27o 3 12. 7 357 272 22 16 0 20 65 0
46 51. 8 2530 0. 01020 21. 7 13. 7 394 365 9 2 14 35 72 72
52 69 5820 0. 03935 17. 0 14. 5 277 246 25 0 12 39 46 47

TABLE -  I I

- ESI  DATA,  VALUES OF k . AND ERRORS I N PERCENTAGE I N PREDI CTI ON OF RESONANT FREQUENCY AND PEAK
AMPLI TUDE -  SLI DI NG MOTI ON.

condi t i ons ar e obt ai ned f r om t he comput ed 
val ues of  and A2( max) . The val ues of

r x* ‘ rtp* r ePr esent i ng t he r esonant  f r equen­

ci es i n sl i di ng and r ocki ng r espect i vel y f or  
t he f i el d condi t i ons ar e obt ai ned f r om t he 
f r equency r at i os comput ed i n st ep 4 and 

* 2̂ comput ed i n st ep 5.

DI SCUSSI ON AND CONCLUSI ON

Each one of  t he t est s car r i ed out  at  I . I . T. ,  
Madr as has been t aken as a r ef er ence t est  and 
t he pr edi ct i on of  peak ampl i t udes and r esonant

i ' e s t

No#

Eq u i v a ­

l e n t  
r a d i u s  

i n  cr c.

Ma s s  

m , i n

k g . s e  c . 
/ c m .

Ec c e n t r i c

mo me nt
m 1 , i n  

e  e  ’

k g . s e  c 2 .

Ob s e r v e d

f nx-  i n  
c • p • s •

Ob s e r v e d

Ax (m a x )

x  10"  4 
i n  cm.

Av e r a g e

k  , f r o m 
s h

e l a s t i c  

h a l f ­
s p a c e  
k g / c m 2 .

Av e r a g e

k  , f r o m 
s h

mo d e l  

k g / c m ‘ .

Er r or s i n 
pr edi ct i on 
of  f nx

Er r or s i n 
pr edi ct i on

of  Ax( max)

Ref

16

. Test  No.  

25 34

Ref .

16

Test  No.

25 34

2 33. 8 0. 70 0. 01020 20.3 194. 0 _ 251 25 0 12 125 21 17
9 33. 8 0. 86 0. 00510 17. 5 89. 5 - 214 28 4 8 117 23 18
16 33. 8 0. 83 0. 03935 19. 3 635. 0 - 214 0 9 19 0 17 14
25 50. 8 1. 23 0. 00510 20. 0 89. 0 343 227 11 0 12 1 0 64
34 50. 8 0. 89 0. 01020 20. 7 192. 0 265 209 22 17 0 13 58 0
46 50. 8 1. 19 0. 01020 22. 5 190. 2 413 363 9 3 15 8 66 68

52 67. 7 2. 28 0. 03935 16. 0 127. 5 - 240 24 28 27 58 32 36

No t e ;-  -  r e p r e s e n t s  cases wher e k r,v coul d not  be det er mi ned f r om el ast i c hal f - space t heor y*
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