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COMPUTER AIDED DESIGN OF VIBRATION 

* * *  * * * *  
S .  SERAG AND H .  GAFFER 

The main o b j e c t i v e  of t h i s  paper  i s  t o  h e l p  d e s i g n e r s  of 

v i b r a t i o n  i s o l a t o r s  f o r  a  more e x a c t  s o l u t i o n  of i s o l a t i o n  

problem t a k i n g  i n t o  account  s o i l  i n t e r a c t i o n .  A computer a ided  

des iyn  t echn ique  u s i n g  t h e  machinery and s o i l  i n fo rma t ion  is 

in t roduced .  
, 

Vibrat i .cn,  i s o l . a t i o n ,  t r a n s m i s s i b i l i t y ,  response ,  spectrum. 

1 NPRD3UCTIO?! 

I n  t h e  c l a s s i c a l  d e s j g n  procedure  of v i b r a t i o n  i s o l a t o r s  

s o i l  e f . f ec t s  a r e  n e g l e c t e d ,  assuming a  p e r f e c t l y  s t i f f  s o i l [ l , 2 ] .  

I n  f a c t ,  s o i l  s t i f f n e s s  changes f r o ~ n  one p l a c e  t o  ano the r .  So,  

s o i l  i n t e r a c t i o n  i s  expec ted  t o  have v a r y i n g  e f f e c t s  on t h e  

i s o l a t i o n  procedure .  Both machine and founda t ion  r e sponses ,  

change by t h i s  i n t e r a c t i o n  a t  v a r i o u s  d e g r e e s  acco rd ing  t o  t h e  

s o i l  parar re te rs .  

For t h i s  r ea son ,  a more e x a c t  s o l u t i o n  f o r  machinery i s o l a t i o n  

was i n t roduced .  
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THE SUGGESTED MATHEMATICAL MODEL : 

Fig. ( 1 )  show the suggested mathematical model, for more 

realistic approach to machinery isolation problem. 

Development of Equations of Motion : 

The equations of motion which describe the behavior of 

the mathematical model Fig. (1 )  "natural frequencies, mode 

shapes, transmissibility, and vibration response" are developed 

using the method of dynamic equilibrium equations [ 31  taking 

into consideration the following assumptions : 

Isolator stiffness is linear, soil stiffness is linear, rigid 

inertia block; infinite stiffness of concrete block, the 

excitation is due to a known unbalance weight, the motion of 

the machine and foundation is restricted to the vertical and 

horizontal directions only, and no vibration transmitted to 

the foundation from the neighborhood. 

The condition of equilibrium of a mass at any instant of 

time under the influence of forces and reactions is considered. 

In order to account for dynamic equiblibrium, the mass inertia 

force is included. 

For the vertical excitation of the system (the machlne, inertia 

block, and soil mechanism), the dynamic equilibrium equations 

are derived as follows : 

Rearranging the terms of equations (1 )  and ( 2 )  and dividing all 

through by eiwt, the equations of motion become 

, The damping ratio term is ignored while calculating the 
natural frequencies and modes of the system. However, the 
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nfluence of damping is considered in response calculations. 

The phase angles between the exciting force and the 

response z z2 are given by : 

- 1 
I 02, = tan Iw (Kvl .As - Cvl .A7) /A1 0l (6) 

The undamped natural frequencies of the system are 

f = Q 1  1 v (7) 

'nlv = w /2n 
1 v (8) 

w2v = ~f 
and n2v = w / 2a  2 v 

where : 

- 2 4 Q2 - [BY - (By - 4 A, .Cz) I/2 All (12) 

The steady state response of the system can be given as : 

The response of both base/bed system are 

vz2 = wZ2 (16) 

and the absolute transmissibility is T = (v~~/vZ~)100 (17) 

The characteristics of this model in the horizontal direction 

are similar to the above model except that all the parameters 

are related to the horizontal axis. 

Method of A n a l y s i s  : 

The application of computer programs in obtaining the 

performance of vibration isolators. in terms of transmissibility 

spectra, and also the response of both base/bed system at 

different frequencies are calculated for both vertical and 



h o r i z o n t a l  mode. I n  a d d i t i o n ,  t h e s e  programs have s u f f i c i e n t  

b u i l t - i n  f l e x i b i l i t y  i n  i n p u t / o u t p u t  o p e r a t i o n  s o  t h a t  de s ign  

and performance of i s o l a t o r s  can b e  performed i n  s i n g l e  ,run. 

A f low chart of a  t y p i c a l  a p p l i c a t i o n  i s  shown i n  P ig .  ( 2 ) .  

Table  ( 1 )  r e p r e s e n t s  a specimen of  t h e  r e s u l t s  ob t a ined  

from t h i s  program. 

DISCUSSIONS OF RESULTS : 

F i g s . ( 3 )  and ( 4 )  r e p r e s e n t  t h e  r e sponse  of  bo th  base/bed 

system f o r  two c a s e s  of  s o i l s ,  a  s t i f f  s o i l  F ig .  ( 3 )  and an  

e l a s t i c  s o i l  F ig .  ( 4 ) .  From t h e s e  f i g u r e s  it i s  c l e a r l y  n o t i c e d  

t h a t  i n  c a s e  of r i g i d  founda t ion  t h e  base  r e sponse  h a s  a  h i g h e r  

v a l u e  of  v i b r a t i o n  d isp lacement ,  wi th  on ly  one mode of v i b r a t i o n ,  

wh i l e  t h e  e las t ic  founda t ion  r e f l e c t s  lower v a l u e s  f o r  ba se  

v i b r a t i o n  ampl i tude  w i t h  more modes. A c o n t r a d i c t o r y  e f f e c t  

i s  n o t i c e d  f o r  t h e  bed, w i th  lower v a l u e s  of v i b r a t i o n  ampl i t -  

udes a t  a l l  modes i n  c a s e  of  s t i f f  s o i l .  

T h i s  means t h a t  e r e c t i n g  a  machine founda t ion  on an e l a s t i c  

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

t r a n s m i s s i o n  t o  o t h e r  machinery. Th i s  f a c t  should  be  t aken  i n t o  

c o n s i d e r a t i o n  f o r  d e s i g n i n g  a  good i s o l a t o r .  

Th i s  conc lus ion  can be  c l e a r l y  demonstrated from t h e  r e s u l t s  

t aken  from V I D  program r e p r e s e n t i n g  t r a n s m i s s i b i l i t y  s p e c t r a  

and shown i n  F i g . ( 5 )  f o r  t h e  v e r t i c a l  d i r e c t i o n  and F i g . ( 6 )  

i n  t h e  h o r i z o n t a l  d i r e c t i o n .  

SUGGESTED DESIGN PROCEDURE F O R  ISOLATORS : 

For more a c c u r a t e  des ign  of  i s o l a t o r s  t h a t  t a k e s  i n t o  

c o n s i d e r a t i o n  t h e  s o i l  i n t e r a c t i o n s ,  t h e  fo l l owing  procedure  

i s  sugges ted  : 

a ]  Data r e q u i r e d  : 

Shear  modulus of  s o i l  C3. 

P o i s s o n ' s  r a t i o  of s o i l  V .  

S o i l  u n i t  weight  y .  
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F o u n d a t i o n  i n f o r m a t i o n  : 

11 Concrete u n i t  weight yc .  

21 Area of foundat ion  Af. 

31 Foundation h i g h t  H f .  

~ h e s e - s h o u l d  be s t a t e d  using t h e  recommendation given below 

and used f o r  c a l c u l a t i n g  t h e  foundation mass. 

Machine i n f o r m a t i o n  : 

I ]  Machine weight W,. 

21 Machine dimensions. 

3 1  Forcing f requenc ies  of machine f .  

4 1  Machine c e n t e r  of g r a v i t y  co-ordinates .  

HECOiV~VENDATIONS REGARDING THE FOUNDATION DIMENSIOAS & MASS : 

The fol lowing i tems apply t o  block-type foundation r e s t i n g  

s o i l  [4 ,51  : 

A r i g i d  block-type foundation r e s t i n g  on s o i l  should have 

a mass of two t o  t h r e e  t imes t h e  mass of t h e  supported 

machine f o r  c e n t r i f u g a l  machines. However, when t h e  machine; 

i s  rec ip roca t ing ,  t h e  mass of t h e  foundation should be 

t h r e e  t o  f i v e  t imes t h e  mass of t h e  machine. 

The top  of t h e  block i s  usua l ly  kep t  30 cm above t h e  f i n i s h e d  

f l o o r  o r  pavement e l e v a t i o n  t o  prevent  damage from s u r f a c e  

water  runoff .  

The v e r t i c a l  t h i c k n e s s  of t h e  block should n o t  be l e s s  than 

6 0  cm., o r  a s  d i c t a t e d  by t h e  l e n g t h  of anchor b o l t s  used. 

The v e r t i c a l  th i ckness  may a l s o  be  governed by t h e  o t h e r  

dimensions of t h e  block i n  o r d e r  t h a t  t h e  foundation be 

considered r i g i d .  The th ickness  i s  seldom l e s s  than one 

f i f t h  of t h e  l e a s t  dimension o r  one t e n t h  t h e  l a r g e s t  

dimension. 

The foundation should be wide t o  i n c r e a s e  damping i n  t h e  

rocking mode. The width should be a t  l e a s t  1 t o  1 .5  t imes 

t h e  v e r t i c a l  d i s t a n c e  from t h e  base  t o  t h e  machine c e n t e r l i n e .  

Once t h e  th ickness  and width have been s e l e c t e d ,  t h e  l eng th  

i s  determined according t o  (1) above, provided t h a t  s u f f i c i e n t  

p lan  a r e a  is  ava iba lbe  t o  suppor t  t h e  machine p l u s  30 c m  



c l e a r a n c e  from t h e  edge of t h e  machine b a s e  t o  t h e  edge 

of t h e  b lock  f o r  maintenance purposes .  

The l e n g t h  and width of  t h e  founda t ion  a r e  a d j u s t e d  s g  

t h a t  t h e  c e n t e r  of  g r a v i t y  of t h e  machine p l u s  equipment 

c o i n c i d e s  w i th  c e n t e r  of g r a v i t y  of t h e  founda t ion .  The 

combined c e n t e r  of  g r a v i t y  should  c o i n c i d e  w i t h  t h e  c e n t e r  

of r e s i s t a n c e s  of  t h e  s o i l .  

For l a r g e  r e c i p r o c a t i n g  machines,  it may b e  d e s i r a b l e  t o  

i n c r e a s e  t h e  embedded depth  i n  s o i l  such t h a t  50% t o  80% 

of t h e  depth  i s  embedded. T h i s  w i l l  i n c r e a s e  t h e  l a t e r a l  

r e s t r a i n t  and t h e  damping r a t i o s  fox  a l l  modes of  v i b r a t i o n .  

Should t h e  aynamic a n a l y s i s  p r e d i c t  resonance  wi th  t h e  

a c t i n g  f requency ,  t h e  mass of  + h e  founda t ion  i s  i n c r e a s e d  

o r  dec reased  s o  t h a t ,  g e n e r a l l y ,  t h e  modi f ied  s t r u c t u r e  i s  

over tuned  o r  under tuned  f o r  r e c i p r o c a t i n g  and c e n t r i f u g a l  

machines,  r e s p e c t i v e l y .  

Design s t e p s  : 

With  t h i s  program t o g e t h e r  wi th  t h e  above des ign  d a t a  i n  

hand, t h e  fo l l owing  s t e p s  a r e  r eques t ed  t o  be  fo l lowed : 

11 Given t h e  machine mass ( m l )  t o g e t h e r  w i th  t h e  c a l c u l a t e d  ' 

v a l u e s  of ( m 2 )  and K of  t h e  founda t ion ,  t h e  main program v 2 
V I D  w i l l  c a l c u l a t e  t h e  t r a n s m i s s i b i l i t y  s p e c t r a  f o r  d i f f e r e n t  

i s o l a t o r  t o  s o i l  s t i f f n e s s  r a t i o  K V 1 / K V 2 .  

21 T races  of f ami ly  of  KV1/KV2 r a t i o ' s  a s  t r a n s m i s s i b i l i t y  

s p e c t r a  can be  o b t a i n e d  from t h e  same prograiv F ig .  ( 7 ) .  

31 With t h e  f o r c i n g  f requency  of  t h e  machine i n  q u e s t i o n  on 

t h e  a b s c i s s a  and t h e  r e q u i r e d  t r a n s m i s s i b i l i t y  on t h e  

o r d i n a t e  of t h e  above t r a c e s ,  t h e i r  i n t e r s e c t i o n  w i l l  

de te rmine  t h e  r e q u i r e d  v a l u e  of  t h e  s t i f f n e s s  r a t i o  KV1/KV2 

a s  shown i n  F ig .  ( 7 )  . 
4 1  S ince  t h e  v a l u e  of K " s o i l  s t i f f n e s s "  i s  a l r e a d y  known, v2 

t h e  r e q u i r e d  s o l a t o r  s t i f f n e s s  t h a t  f u l f i l l s  t h e  proposed 

i s o l a t i o n  e f f i c i e n c y  i s  hence determined.  

51 To check t h e  r e s o n a n t  f r e q u e n c i e s  of t h e  des igned  system 

t h e  t r a c e s  shown i n  F ig .  ( 8 )  can  be  o b t a i n e d  from t h e  same 

program f o r  t h e  s o i l  s t i f f n e s s  i n  q u e s t i o n .  These t r a c e s  



r ep resen t  t h e  n a t u r a l  f r equenc ies  of t h e  major modes a s  

func t ion  of s t i f f n e s s  r a t i o ' s  K V 1 / ~ V 2 .  

Given t h e  va lue  of Kv2 and t h e  designed r a t i o  K v l / K y z ,  t h e  

f requencies  of t h e  major modes can be obta ined.  

A s  f a r  a s  t h e  r e s u l t s  of t h e  t h e o r e t i c a l  work repor ted  

he re  i n ,  a r e  concerned, t h e  fol lowing conclus ions  a r e  drawn : 

I ]  S o i l  i n t e r a c t i o n  p lays  a  g r e a t  r o l e  i n  the v i b r a t i o n  i s o l a t i o n  . 
process ,  and should be taken very s e r i o u s l y  dur ing  t h e  design 

s t age .  

21 A computer a ided  des ign procedure f o r  v i b r a t i o n  i s o l a t i o n  

taking i n t o  c o n s i d e r a t i o n  t h e  s o i l  i n t e r a c t i o n  has  been 

c r e a t e d  a s  a  p a r t  of t h i s  work. 

31 S t i f f  s o i l  i s  much more favourable  i n  v i b r a t i o n  i s o l a t i o n  

than e l a s t i c  s o i l s ,  p i l e s ,  a r e  t h u s  recommended f o r  e l a s t i c  

s o i l s  whenever it is  economically f e a s i b l e .  
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NOMENCLATURE : 

2  = m u ,  
2  

2  
= m u .  1  

= Cvl + C v 2 .  
- - , % I  + K v 2  - A O O *  

= K V I .  (KV2 - R o o )  . 
- - CV,  ( K V 2  - A O 0 ) .  

2  
= CVl ' cv2 . w . 
- - A4 + (C v 2  Kvl ) - ( A o  . A l l .  

= A3 - ( A o  
. A 2 )  - A5. 

2  2  2  
= A7) + ( 1 u i G 1  1 . 

2  = A Z  A7 + w . A1 . A6.  

- - Kvl . A7 + w 2  . Cvl . A G .  

= Mount width 

= 2  . E ,  / Kvl . m l  . 
2 .  F 2 / K v 2  . m  

2 .  

= Mount diarne ter . 
2  = n e w  . 

= Mount h e i g h t .  

= Mount l e n g t h .  

E , , F 2  = I s o l a t o r  and s o i l  damping f a c t o r .  

W = 2 n f .  



F i g .  13-71 I b c h i r e  s ~ l w r t e d  on m r e t e  f c u t d 3 t i m  

ard v i t r a t i o n  i m l a t e d  f r a n  f c w x h t i o n .  

ml F v i v a l e n t  rmchine o u s s .  

"2 Fqdivalcnt f c u r d ~ t i o n  m s s .  
k.,] F ~ ~ i W l e n t  i m l a t o r  s t i f f n e s s .  

k ~ 2  W i v a l e n t  m i l  s t i f f n e s s .  

I m l a t o r  danpirq coefficient. 

Cv2 S i l  danpirq c o e f f i c i e n t .  

ml Equivalent nuchine n w s .  

m2 Equivalent fovrdat ion MSS. 

khl Equivalent i s l a t o r  stiffness. 

kh2 W i v a l e n t  m i l  s t i f f n e s s .  

Chi I s l a t o r  d q i r q  m c C f  l c i e n t .  

'h2 S o i l  danpirq c w f f i c i e n t .  

F i g .  (1) VwmmchL ma. 
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PR0GRP-V DATA 

Y) - 1.0, Y2 ' 1.0, Y3 = 1.0, 

Y, = 1.0, Wl,H2.03,g,KVl,GS,e 

DR.Df ,a,b.CZ,r,cl , C Z .  

1 

0 101 NOF = l,Nnax. 

I 

Calculate: Z,, VZ1, Z2, VZ2, olv, cZv 

Tran.., ' VZZ/VZ1. XI, VX1, X2, YX2, 

"h' '2h' Tran.h * VX2'VX1 

stq.rlr flow chart(V1D PROGRAHI for designing isolator 

or p_erfonance of isolator coneiderin? soil 

interaction effect. 



~ i g .  ( 3 )  m t i o n  r e s p n s c  for tlle case of r i g i d  soil. 
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