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1 . 0  I N T R O D U C T IO N

S t a n d a r d i z a t i o n  of  soi l  v i b r a t i o n  m e a s u r e m e n t  
h a s  b ee n  a n  a r e a  of v e r y  l i m i t e d  c o n s i d e r a t i o n  up u n t i l  

t h e  l a s t  d e c a d e  o r  so .  To d a t e  m e a s u r e m e n t  m e th o d o l o g y  
h a s  o n l y  bee n  p a r t i a l l y  d o c u m e n t e d .  T h e  c u r r e n t  d e m a n d  
f o r  l a n d  in b u i l t  up  a r e a s  h a s  led to b u i l d i n g  c o n s t r u c t i o n  
n e a r ,  a n d  on top of  r a i l  t r a n s p o r t a t i o n  c o r r i d o r s ,  a n d  c a u s e d  
s u f f i c i e n t  d i f f i c u l t i e s  to d e m o n s t r a t e  a  r e q u i r e m e n t  f o r  r e l i a b l e  
v i b r a t i o n  m e a s u r e m e n t  m e th o d s .

T h i s  p a p e r  d i s c u s s e s  t r a n s d u c e r  m o u n t i n g  meth ods  
f o r  o b t a i n i n g  a c c u r a t e  soi l  v i b r a t i o n  m e a s u r e m e n t .  P r o p o s e d ,  
is  a n  i n e x p e n s i v e  sys te m  b e l i e v e d  to o f f e r  c o n s i d e r a b l e  
a d v a n t a g e  o v e r  c u r r e n t  p r a c t i c e s .

2 . 0  C O U P L IN G  TO THE S O IL

I t  w o u l d  be b e s t  to h a v e  a  s o i l  v i b r a t i o n  t r a n s d u c e r  
p a c k a g e  w h i c h  is h o m ogeneous  w i t h  th e  s o i l ,  t h u s  not  a f f e c t i n g  
t h e  s o i l ' s  m o t i o n .  T h i s  is a c h i e v a b l e  o n l y  b y  m a t c h i n g  the  
m e c h a n i c a l  p r o p e r t i e s  of the  t r a n s d u c e r  s y s te m  to the  s o i l ' s  
b u l k  m e c h a n i c a l  c h a r a c t e r i s t i c s . T a b l e  #1 show s  the  p e r t i n e n t  
m e c h a n i c a l  p r o p e r t i e s  of soi l  a n d  s e v e r a l  c a n d i d a t e  m a t e r i a l s  
f r o m  w h i c h  a  m o u n t  m i g h t  be  c o n s t r u c t e d .  M a t c h i n g  the  
soi l  b u l k  c h a r a c t e r i s t i c s  is n e a r l y  i m p o s s i b l e  s i n c e :

a )  most p o t e n t i a l  m o u n t i n g  m a t e r i a l s  a r e  much  
s t i f f e r  t h a n  the  soi l

b )  t h e  r a n g e  of S h e a r  m o d u l u s  of s o i l s  is 

a p p r o x i m a t e l y  one  d e c a d e .  A d i f f e r e n t  mount  
w o u l d  be n e c e s s a r y  f o r  e a c h  t y p e  of s o i l .

Note  t h a t  c l a y  in p a r t i c u l a r  h a s  a r a n g e  of  
p r o p e r t i e s  v a r y i n g  f ro m  s of t  mud to s of t  r o c k .  T e s t i n g  n o te d  
l a t e r  in t h i s  p a p e r  d e m o n s t r a t e s  t h i s  v a r i a b i l i t y  b y  s h o w i n g  
a  2:1  c h a n g e  in t r a n s d u c e r  m o u n t i n g  r e s o n a n t  f r e q u e n c y  
f r o m  h a r d  to soft  c l a y .

W o r k  p a r t i a l l y  c a r r i e d  o u t  w h i l e  in  t h e  e m p l o y  of V i b r o n  L i m i t e d
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T ABLE 1

B u l k  c h a r a c t e r i s t i c s of soi 1 a n d po ss i  b I e m o u n t m a t e r i  a I .

MATER 1AL SHEAR MODULUS (p:Bi) DENSITY ( l b 7 f t 3 )

CLAY & SAND 3, 000 -  20 ,000 100 -- 120

DENSE GRAVEL 15 ,000 -  40 ,0 0 0 120

STEEL 11 x  106 487

ALUMIN UM 3 .8 x  106 170

WOOD 0 .30 X 1 0 6 -  0 .5 5  x 106 40 -  60

PLASTER OF PARIS 0 .08 X 1 0 6 -  0 . 2 4  x 106 50 -  80

TABLE 2

L i k e l y  u s a b l e  F r e q u e n c y  r a n g e  o f  v a r i o u s  M o u n t i n g  M e th o d s  

in  so f t  s o i l s  ( a s s u m e s  w o r s t - c a s e  s o i l s  w h i c h  m i g h t  r e a s o n a b l y  

be t e s t e d )  ( a s s u m e s  p l a t e s  a n d  s t a k e s  a r e  o p t i m i z e d  in 

s i z e  to t r a n s d u c e r  mass,  a n d  c a r e f u l  s o i l  p r e p a r a t i o n  a n d  

i n s t a  11 a t  ion  )

V E R T IC A L  HORIZONTAL
Hz Hz

F LA T  L IG H T ,  S T I F F  
PLATE ON WELL
PREPARED SOIL  0 -  300 0 -  300

TRANSDUCER ALONE
BURIED IN SO IL  0 - 2 0  0 - 2 0

18"  STEEL STAKE DRIVEN
14" INTO SOIL  0 - 1 0 0  0 - 2 5

EMBEDDED 1'  CUBE
OF PLASTER OF PARIS  0 - 7 0  0 - 7 0
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Any p r a c t i c a l  m ou nt  is  l i k e l y  to be  m a d e  f rom 
a  s t i f f  m a t e r i a l  a n d  wi l l  a c t  a s  a  r i g i d  b o d y  a t  f r e q u e n c i e s  
b e l o w  i n t e r n a l  r e s o n a n c e .  The  m o u n t i n g  s y s t e m  wi l l  c o u p l e  
to t h e  d i s t r i b u t e d  m a s s  a n d  s t i f f n e s s  of t h e  soi l  r e s u l t i n g  
in a  6 d e g r e e  of f r e e d o m  s y s t e m  w i t h  6 p o t e n t i a l  r e s o n a n t  
m o t i o n s .  If t h e  d e v i c e  is  s y m m e t r i c a l  in t h e  h o r i z o n t a l  p l a n e ,  
two of t h e  r o c k i n g  modes  wi l l  be  i d e n t i c a l  a s  wi l l  b e  t h e  
two h o r i z o n t a l  m o d e s .  The  e f f e c t s  of t h e  t w i s t i n g  mode  a b o u t  
t h e  v e r t i c a l  a x i s ,  ( a l t h o u g h  t h e  mode  is  u n l i k e l y  to be  e x c i t e d )  
c a n  b e  m i n i m i z e d  by  m o u n t i n g  h o r i z o n t a l  t r a n s d u c e r s  on 
o r  n e a r  t h e  a x i s  of r o t a t i o n .  T h i s  l e a v e s  t h e  v e r t i c a l  mode,
2 i d e n t i c a l  h o r i z o n t a l  m odes  a n d  2 i d e n t i c a l  r o c k i n g  modes  
to b e  c o n s i d e r e d .

The  p r o b l e m s  h a v e  b e e n  a n a l y z e d  a n d  d e m o n s t r a t e d  
b y  M o r i t a  a n d  O m a t a  ( Ref .  1 & 2 ) .

F i g u r e  1A s h o w s  a n  e m b e d d e d  m o u n t i n g  s y s t e m  
a n d  i t ' s  s i m p l i f i e d  m e c h a n i c a l  model  ( Re f .  3 & 4 ) .  A p l a t e  
on top of t h e  soi l  wo u l d  b e  m o d e l l e d  s i m i l a r l y  b u t  w i t h o u t  
t h e  c o u p l e d  s t i f f n e s s  a n d  m a s s  a s s o c i a t e d  w i t h  t h e  e m b e d d e d  
si  d e s .

F i g u r e  IB s h o w s  a  d r i v e n  s t a k e  a n d  i t s  m o d el .  
Of p a r t i c u l a r  n o t e  h e r e  i s  t h e  l a r g e  moment  of i n e r t i a  in 
t h e  r o c k i n g  mode  a n d  t h e  a t t a c h m e n t  to t h e  soi l  b e l ow t h e  
c e n t r e  of g r a v i t y .  T h i s  r e s u l t s  in a n  e a s i l y  e x c i t e d  r o c k i n g  
m o d e .  On s e v e r a l  o c c a s i o n s  t h e  w r i t e r  h a s  o b s e r v e d  t h i s  
mode  to be  in t h e  30-60 Hz r a n g e .  T h i s  mode  m a k e s  h o r i z o n t a l  
m e a s u r e m e n t s  a b o v e  30 Hz q u e s t i o n a b l e  b y  t h i s  m e t h o d .

We h a v e  a t t e m p t e d  to d r a w  t o g e t h e r  t h e  e x p e r i e n c e s  
of  o t h e r  ( r e f .  1, 2, & 5 ) ,  o u r  own u n d o c u m e n t e d  e x p e r i e n c e s  
f ro m t h e  p a s t  p l u s  t h e  e x t r a p o l a t i o n ,  b a s e d  on r e f e r e n c e s
3 a n d  4,  of t e s t i n g  d o n e  f o r  t h i s  p a p e r .  F o r  t h e  s o f t e s t  
s o i l s  ( i e  l owes t  r e s o n a n c e )  o n e  is l i k e l y  to m e a s u r e ,  we 
h a v e  e s t i m a t e d  in T a b l e  2 t h e  r e l i a b l e  u p p e r  f r e q u e n c y  
l i m i t  f o r  e a c h  m o u n t i n g  s y s t e m .

3 . 0  SUMMARY OF CURRENT MOUNTING METHODS

T h e  p r e s e n t  m e t h o d s  of m o u n t i n g  v i b r a t i o n  t r a n s d u c e r s  
on soi I i n c l u d e :

1.  P l a c i n g  t h e  t r a n s d u c e r  p a c k a g e  l o os e l y  on t h e  g r o u n d .
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2.  B u r y i n g  t h e  p a c k a g e  in t h e  g r o u n d .

3 .  D r i v i n g  a  s t a k e  i n t o  t h e  g r o u n d  a n d  m o u n t i n g  t he  
t r a n s d u c e r ( s )  on t he  s t a k e .

4 .  P o u r i n g  a  P l a s t e r  of P a r i s  b a s e  a n d  m o u n t i n g  t h e  
t r a n s d u c e r ( s )  on t h e  p l a s t e r .

METHOD #1 -  p l a c i n g  t h e  t r a n s d u c e r  d i r e c t l y  on t h e  s o i l .

T h i s  c a n  wo r k  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :

a )  t h e  t r a n s d u c e r  s y s t e m  m u s t  h a v e  a  l a r g e  
c o n t a c t  a r e a  w i t h  t h e  so i l  in c o m p a r i s o n  
to i t s  m a s s  a n d  to t h e  h e i g h t  of i t s  c e n t r e  
of g r a v i t y .

b)  t h e  b a s e  a r e a  of t h e  t r a n s d u c e r  p a c k a g e  
m u s t  m a t e  wel l  w i t h  t h e  soi l  s u r f a c e  a n d  
t h e  soi l  m u s t  be  u n d i s t u r b e d  in t h e  c o n t a c t  
a r e a .

If t h e  g r o u n d  c a n  b e  p r o p e r l y  p r e p a r e d ,  t h i s  
f i r s t  m e t h o d  c a n  b e  m a d e  to w o r k ,  e s p e c i a l l y  if a  b a s e  
p l a t e  i s  a d d e d  to t he  t r a n s d u c e r  to i n c r e a s e  t h e  c o n t a c t  
a r e a .  H ow e v e r ,  t h e  d a t a  so c o l l e c t e d  r e m a i n s  in q u e s t i o n  
b e c a u s e  of t h e  d i f f i c u l t y  in e n s u r i n g  good c o n t a c t  b e t w e e n  
t h e  so i l  a n d  b a s e  p l a t e .  In a  p o o r  i n s t a l l a t i o n  t h e  v e r t i c a l  
r e s o n a n c e  ma y  f a l l  in t h e  30-60  Hz r a n g e ,  t h e  most  c r i t i c a l  
a r e a  f o r  most  soi l  v i b r a t i o n  p r o b l e m s .

METHOD # 2  -  to b u r y  t h e  d e v i c e  in t h e  g r o u n d  s e v e r a l  i n c h e s  
b e l o w  t h e  s u r f a c e .

C o n s i d e r i n g  t h e  a m o u n t  of soi l  d i s t u r b a n c e  t h i s  
m e t h o d  is of l i t t l e  a d v a n t a g e  o v e r  p l a c i n g  t he  d e v i c e  on 
t h e  s u r f a c e  a s  a b o v e .

METHOD # 3  -  d r i v i n g  a  s t a k e  i n t o  t h e  g r o u n d .

T h i s  i s  in e f f e c t  m o u n t i n g  t h e  t r a n s d u c e r  on 
r e l a x e d  t i p  p i l e .  It  is p e r h a p s  t h e  most  common m o u n t i n g  
m e t h o d  a t  p r e s e n t .  For  a n  18" d e e p  s t a k e  w e i g h i n g  f i v e  
p o u n d s ,  we c a n  e x p e c t  a  r e l a t i v e l y  u n d e r d a m p e d  v e r t i c a l  
r e s o n a n c e  b e t w e e n  100 a n d  250 Hz d e p e n d e n t  u p o n  soi l  t y p e .  
T h i s  w o u l d  b e  a d e q u a t e  f o r  m a n y  t y p e s  of wo r k  p r o v i d e d
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t h a t  the  n o i s e  in t h e  s econ d  o c t a v e  b a n d  g e n e r a t e d  b y  th e  
v i b r a t i o n  in t h a t  f r e q u e n c y  r a n g e  w a s  not  c o n s i d e r e d  to 
be a p r o b l e m .  T h e  s t a k e  h a s  h o r i z o n t a l  r e s o n a n c e s  t h a t  

e x p e r i e n c e  h a s  sh o w n  to be as  low as  30 H z .

METHOD # 4  -  u s i n g  P l a s t e r  of P a r i s ,  to a d d  a  b a s e  to a  
t r a n s d u c e r .

U n l i k e  M e t h o d  # 1 ,  t h e  P l a s t e r  of  P a r i s  b a s e  
g u a r a n t e e s  good c o n t a c t  w i t h  the  so i l  p r o v i d e d  t h e  soi l  
is  r e l a t i v e l y  ro o t  f r e e  a n d  u n d i s t u r b e d .

T h e  b a s e  lo w e r s  the  c e n t r e  of  g r a v i t y ,  s t i f f e n s  
th e  r o c k i n g ,  h o r i z o n t a l  a n d  v e r t i c a l  modes w h i l e  b e i n g  of  
low d e n s i t y .  T h u s  a l l  r e s o n a n t  f r e q u e n c i e s  w i l l  be  r a i s e d  
a n d  b o th  v e r t i c a l  a n d  h o r i z o n t a l  m o n i t o r i n g  c a n  be  c a r r i e d  
o u t  up to 300  Hz i f  the  b a s e  a r e a  is t a i l o r e d  to th e  t o t a l  
t r a n s d u c e r  m a s s .  T h e  t h i c k n e s s  ( o r  d e p t h )  o f  th e  p l a s t e r  
s h o u l d  be  o n l y  t h a t  r e q u i r e d  to p r o v i d e  s u f f i c i e n t  i n t e r n a l  

s t i f f n e s s  of  the  m o u n t i n g  p a d  s i n c e  i n c r e a s i n g  d e p t h  u s u a l l y  
i n c r e a s e s  mass f a s t e r  t h a n  i t  i n c r e a s e s  the
soi l  s t i f f n e s s  c o u p l e d  to th e  m o u n t .  As a r u l e ,  the  t h i c k e r  
t h e  p l a t e  ?t h e  l o w e r  the  m o u n t i n g  r e s o n a n c e s .  T h e  m a i n  d r a w b a c k  
to t h i s  m e th o d  is i ts  a w k w a r d n e s s  a n d  t h e  t im e  i n v o l v e d  
in p r e p a r a t i o n .  I t  h as  a l s o  bee n  f o u n d  w a n t i n g  in d a m p  
o r  c o l d  so i l  c o n d i t i o n s  w h e r e  th e  e x t r a  m o i s t u r e  c a n  i n t e r f e r e  
w i t h  the p l a s t e r  h a r d e n i n g  p r o c e s s .

4 . 0  D E V E L O P M E N T  OF A NEW MOUNT

A m o u n t i n g  s y s te m  s h o u l d  meet  t h e  f o l l o w i n g
c r i  t e r i  a  :

1 .  To be  a n  i m p r o v e m e n t  o v e r  a  p l a t e  o f  P l a s t e r  of  P a r i s  
i t  s h o u l d  be  c l e a n .

2 .  To  k e e p  t h e  m o u n t i n g  s y s te m  s m a l l ,  t h e  t r a n s d u c e r ( s )  
s h o u l d  h a v e  low m a s s .  S h o u l d  th e  s y s te m  be too l a r g e ,  

i t  w i l l  become a  s i g n i f i c a n t  f r a c t i o n  of  a  w a v e  l e n g t h  
in soft  s a n d y  soi l  ( v e l o c i t y  3 0 0 - 5 0 0  f t / s e c ,  ^  = 3 ' -  5 '  a t  
100 Hz )  a t  the  u p p e r  p o r t i o n  of the  d e s i r e d  f r e q u e n c y  
r a n g e .  T h e  s i z e  s h o u l d  n o r m a l l y  be  k e p t  less  t h a n  
0 . 1 5  of  t h e  w a v e  l e n g t h  a t  the  h i g h e s t  f r e q u e n c y  of  
i n t e r e s t .

3 .  To  p r e v e n t  r o c k i n g ,  t h e  c e n t r e  of g r a v i t y  of the  t r a n s d u c e r /
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m o un t  s y s t e m  s h o u l d  b e  n e a r  t h e  c e n t r e  of t he  h o r i z o n t a l  
s u p p o r t .

4 .  T h e  s y s t e m  s h o u l d  h a v e  a  b a s e  w i t h  a  r e l a t i v e l y  l a r g e  
a r e a  in p r o p o r t i o n  to t h e  m a s s  if r e s o n a n c e s  a r e  to 
b e  k e p t  a b o v e  200 Hz, t h e  n o r m a l  u p p e r  l imi t  of most  
s o i l  v i b r a t i o n  m e a s u r e m e n t s .

5 .  M o u n t i n g  h a r d w a r e  s h o u l d  not  h a v e  i n t e r n a l  r e s o n a n c e s  
w h i c h  a r e  in t h e  f r e q u e n c y  r a n g e  of i n t e r e s t .

6 .  T h e  c o u p l i n g  to u n d i s t u r b e d  soi l  s h o u l d  be  g u a r a n t e e d .

7.  T h e  s y s t e m  s h o u l d  meet  t h e  p r o p o s e d  c r i t e r i a  of v i b r a t i o n  
m e a s u r e m e n t  f o r  ISO/TC 108/SC 2 P r o p o s a l  4866.

T a k i n g  t h e  a b o v e  in t u r n ,  t h e  s y s t e m  s h o u l d  
b e  a n  a l l  m e c h a n i c a l  one  w i t h o u t  c h e m i c a l s  a n d  t h u s  r e l a t i v e l y  
c l e a n .  G e n e r a l  p u r p o s e  20 g r a m  a c c e l e r o m e t e r s  a r e  l i k e l y  
to b e  t h e  b e s t  c h o i c e  a s  t r a n s d u c e r s  b e c a u s e  of t h e i r  l i g h t  
w e i g h t ,  s e n s i t i v i t y  down  to l e v e l s  b e l ow h u m a n  p e r c e p t i o n ,  
a n d  e a s e  of m o u n t i n g .  Where  100-200 Hz m e a s u r e m e n t s  a r e  
r e q u i r e d ,  t h e  a c c e l e r o m e t e r s  a r e  i n h e r e n t l y  more  s e n s i t i v e  
t h a n  v e l o c i t y  t y p e  t r a n s d u c e r s .  The  c e n t r e  of g r a v i t y  wi l l  
s t a y  low p r o v i d e d  t h e  t r a n s d u c e r  is  m o u n t e d  i m m e d i a t e l y  
on a  b a s e  a n d  i s  s ma l l  c o m p a r e d  to t h e  b a s e .  T h e  b a s e  
s h o u l d  b e  of a  low d e n s i t y  m a t e r i a l  to k e e p  t he  r e s o n a n t  
f r e q u e n c y  of t h e  s y s t e m  h i g h .  It s h o u l d  a l s o  be  v e r y  s t i f f  
a n d  wel l  d a m p e d  to c o n t r o l  i n t e r n a l  r e s o n a n c e s .

The  p r o b l e m  of g u a r a n t e e d  c o u p l i n g  to t h e  soi l  
m u s t  b e  a d d r e s s e d .  The  b a s e  c o u l d  b e  m a d e  l a r g e r ,  b u t  
i t  b e c o m e s  d i f f i c u l t  to p r e p a r e  a  l a r g e  a r e a  of f l a t  soi l  
s u r f a c e  on w h i c h  to mount  t h e  d e v i c e .  F o r  i n t i m a t e  c o n t a c t ,  
we c a n  b o r r o w  t h e  i d e a  of t h e  s t a k e ,  p l a c i n g  t h i n  p i l e s  
a l o n g  t h e  e d g e s  of t h e  b a s e .  The  p i l e s  s h o u l d  b e  t h i n  e n o u g h  
to a l l o w  them to b e  i n s e r t e d  i ln  t h e  so i l  w i t h o u t  d i s t u r b i n g  
t h e  s u r f a c e .  To i m p r o v e  t h e  c o u p l i n g  f u r t h e r ,  a  s e c o n d  
s e t  of  t h i n n e r ,  s h o r t e r  p i l e s  m ay  b e  a d d e d  i n s i d e  t h e  f i r s t  
s e t .  The  p i l e s  g u a r a n t e e  c o n t a c t  w i t h  t h e  u n d i s t u r b e d  s o i l .
To meet  t h e  ISO/TC 108/  SC2 P r o p o s a l  4866,  t h e  s y s t e m  
s h o u l d  meet  t h e  f o l l o w i n g  f o r m u l a :

— ,  <  2  ( 1 ) 
/ R o

w h e r e  Mo i s  t h e  d e t e c t o r  s y s t e m s  m a s s
i s  t h e  m a s s  d e n s i t y  of t h e  so i l  

Ro is  t h e  e f f e c t i v e  r a d i u s  of c o n t a c t  w i t h  t h e  so i l
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A m o u n t i n g  s y s t e m was  d e s i g n e d ,  a n d  is shown 
in F i g u r e  2.  P lywood was  u s ed  for  the  b a s e  p l a t e ,  3" s p i r a l  
n a i l s  f or  the  long p i l e s ,  a n d  2" n a i l s  f or  the  s h o r t  p i l e s .  
If m a g n e t i c  m o u n t i n g  is to be u s e d ,  a  t h i n  s h e e t  of s tee l  
c a n  be g l u e d  to the  u p p e r  s i d e  of th e  p l a t e .  B e c a u s e  of 
t h e  low ma s s  of the  t r a n s d u c e r ,  t h e  p l a t e  need  o n l y  be 
3^" x 3^" x . For  t h i s  s ys t em wi th  a 20 g r a m  a c c e l e r o m e t e r  
t he  ISO F o r m u l a  ( e q u a t i o n  ( 1 ) )  a b o v e  y i e l d s  th e  v a l u e  0 . 7 ,  
well  w i t h i n  the  c r i t e r i o n  of <C 2. The l a b o u r  i n v o l v e d  in 
m a k i n g  the  m o u n t i n g  p a d  is no more t h a n  t h a t  n e e de d  to 
p r e p a r e  a s i n g l e  P l a s t e r  of P a r i s  m e a s u r e m e n t  p o i n t .  However ,  
the  m e c h a n i c a l  mount  is r e u s a b l e .  The en d  r e s u l t ,  c l e a r l y ,  
is e x c e e d i n g l y  s i m p l e .

5 . 0  TESTING

To d e s i g n  a n d  b u i l d  a  s y s t e m t u r n e d  out  to 
be  r a t h e r  s i m p l e .  In f a c t ,  h a d  one  a s k e d  a  b r i g h t  c i v i l  
e n g i n e e r  how to d e s i g n  a h i g h  f r e q u e n c y  f o u n d a t i o n ,  he 
would  g i v e  th e  s o l u t i o n  of a c a p p e d  p i l e  g r o u p i n g  in s h o r t  
o r d e r .

T e s t i n g  the  s ys t em is a n o t h e r  m a t t e r .  As a c o u s t i c i a n s ,  
we t end  to t es t  s y s t e m s  by c o m p a r i n g  them wi th  o l d e r  ones  
t h a t  we h a v e  u s e d  in the  p a s t .  Th u s  new e q u i p m e n t  is c o m p a r e d  
to o l d e r ,  of ten  less  a c c u r a t e  m e th o ds .  In t h i s  c a s e  we c ou l d  
t r y  e a c h  of the  m ou n t i ng  me thods ,  c o m p a r i n g  them to e a c h  
o t h e r .  If t h e r e  a r e  d i f f e r e n c e s  we t he n  h a v e  to d e t e r m i n e  
which  s y s t e m is c o r r e c t .  G e n e r a l l y ,  it is d i f f i c u l t  to r e l i a b l y  
e x c i t e  the  g r o u n d  a t  f r e q u e n c i e s  a b o v e  60 Hz a n d  below 
20 Hz. Th u s  t e s t i n g  a m e a s u r e m e n t  s y s t e m ' s  r e s p o n s e  by
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c o m p a r i n g  i t  t o  o t h e r  s y s t e m s  i s  d i f f i c u l t  i n  c o n t r o l l e d  c o n d i t i o n s .  

T o  d a t e  w e  h a v e  l i m i t e d  o u r  t e s t i n g  t o  v e r t i c a l  m e a s u r e m e n t s .

We c h o s e  t o  f i n d  t h e  m o u n t ' s  c h a r a c t e r i s t i c s  

b y  d r i v i n g  t h e  m o u n t  r a t h e r  t h a n  t h e  s o i l .  T h e  m o u n t  w a s  

d r i v e n  b y  a  m o v i n g  c o i l  t r a n s d u c e r  d e r i v e d  f r o m  a  s p e a k e r .  

F i g u r e  3 s h o w s  a  s c h e m a t i c  o f  t h e  t e s t  s e t  u p .  T h r e e  t y p e s  

o f  s o i l  w e r e  u s e d ;  a  w e l l  c o m p a c t e d  c l a y  s o i l  u n d i s t u r b e d  

f o r  15 t o  20  y e a r s ,  a  v e r y  s o f t  c l a y  s o i l  h e a v i l y  d i s t u r b e d

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

s u b u r b a n  l a w n .  T h e  t h r e e  s o i l s  r e p r e s e n t  a  l a r g e  r a n g e  

o f  s o i l  t y p e s  a s  f a r  a s  s h e a r  m o d u l u s  a n d  d e n s i t y  a r e  c o n c e r n e d ,  

F i g u r e  4 s h o w s  t h e  r e s u l t s  o f  t e s t i n g .  T h e  t r a n s d u c e r  m o u n t i n g  

v e r t i c a l  r e s o n a n c e  a p p e a r s  a t  a b o u t  6 0 0  Hz  f o r  t h e  v e r y  

s o f t  s o i l  ( l o w  s o i l  s t i f f n e s s )  a n d  1 00 0  t o  1 20 0  Hz  f o r  t h e  

h a r d e r  s o i l s .  T h e  d r i v e r  r e s o n a n c e  s h o w n  t o  t h e  l e f t  o f  

t h e  g r a p h  i s  t h e  r e s u l t  o f  t h e  t e s t  m o u n t  s t i f f n e s s  b e i n g  

c o n n e c t e d  t o  t h e  d r i v e r  m a s s  v i a  t h e  d r i v e r  c o i l ' s  e l e c t r o ­

m e c h a n i c a l  c o u p l i n g .  T h i s  c o u p l i n g  c o u l d  b e  v i r t u a l l y  e l i m i n a t e d  

i f  t h e  d r i v e r  a m p l i f i e r  w e r e  a  c o n s t a n t  c u r r e n t  r a t h e r  t h a n  

a  c o n s t a n t  v o l t a g e  d e v i c e .

T h e  r e a s o n  f o r  a  l a r g e  s h i f t  i n  d r i v e r  r e s o n a n t  

f r e q u e n c y  f r o m  a p p r o x i m a t e l y  4 5  Hz t o  a p p r o x i m a t e l y  2 5  Hz w a s  a 

c h a n g e  i n  t h e  d r i v e r  u s e d .  T h e  t w o  d r i v e r s  h a d  d i f f e r e n t  
c o u p l i n g  c o e f f i c i e n t s .

C a l c u l a t i o n s  b a s e d  o n  f o u n d a t i o n  d e s i g n  m e t h o d s  

i n d i c a t e d  t h a t  a  v e r t i c a l  r e s o n a n c e  c o u l d  b e  e x p e c t e d  n e a r  

1 2 0 0  H z  i n  h a r d  s o i l .  T h e y  a l s o  i n d i c a t e  h o r i z o n t a l  r e s o n a n c e  

a t  1 000  H z  a n d  r o c k i n g  r e s o n a n c e  a t  2 0 0 0  H z .  T h e  c o r r e s p o n d e n c e  

o f  t h e  f i e l d  d a t a  t o  c a l c u l a t i o n s  o f  t h e  v e r t i c a l  c h a r a c t e r  i s t i c s  

g i v e s  c o n f i d e n c e  i n  t h e  c a l c u l a t i o n  m e t h o d s .  We a r e  t h e r e f o r e  

r e a s o n a b l y  a s s u r e d  t h a t  t h e  m o u n t  i s  a d e q u a t e  f o r  h o r i z o n t a l  

a s  w e l l  a s  v e r t i c a l  s o i l  v i b r a t i o n  m e a s u r e m e n t s  b e l o w  
5 0 0  H z .

6 . 0  T E S T S  FOR O T H E R  M O U N T I N G  M E T H O D S

F o r  c o m p a r i s o n ,  t e s t s  w e r e  c a r r i e d  o u t  o n  a 

1 8 "  s t a k e  a n d  a  1 ' x  1 1 x  9 "  d e e p  b l o c k  o f  P l a s t e r  o f  P a r i s  

i n  a  s t i f f  c l a y  s o i l ,  ( S e e  F i g u r e  5 ) .  T h e  s t i f f  s o i l  u s e d  

r e s u l t e d  i n  h i g h e r  n a t u r a l  f r e q u e n c i e s  t h a n  w i l l  n o r m a l l y  

b e  e n c o u n t e r e d .  T h e  r e s u l t s  a r e  s h o w n  i n  F i g u r e  6 .  T h e  

b l o c k ' s  a n d  s t a k e ' s  c h a r a c t e r i s t  i c s  i n d i c a t e  a  r e l a t i v e l y  

l o w  r e s o n a n t  f r e q u e n c y .  T h e  P l a s t e r  o f  P a r i s  s y s t e m  w o u l d  

b e  u s e f u l  a t  h i g h e r  f r e q u e n c i e s  i f  i t  i s  m a d e  a s  a  t h i n  
p I  a t e .

7 . 0  F I E L D  A P P L I C A T I O N

A  f e w  n o t e s  o n  t h e  u s e  o f  t h e  m o u n t  m i g h t  b e  

h e l p f u l .  We r e c o m m e n d  t h a t  a n y  d i s t u r b e d  s o i l  o r  s o i l  f i l l e d  

w i t h  g r a s s  r o o t s  b e  r e m o v e d  c a r e f u l l y .  T h e  m o u n t  s h o u l d  

s i t  o n  f l a t  u n d i s t u r b e d  s o i l .  O c c a s i o n a l l y  s o i l  i s  f o u n d

w i t h  h a r d  c r u s t  o n  t h e  s u r f a c e .  T h i s  c r u s t  c a n  a c t  s o m e w h a t  

i n d e p e n d e n t l y  o f  t h e  s o i l  b e n e a t h .  I n  t h e  e x t r e m e  c a s e s ,  

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

i n d e p e n d e n t  I y  .
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DISPLACEMENT VS FREQ. FOR 3 "  x  3" PAD MOUNT

H a r d  P a c k e d  C l a y  (G } 10000 p s i )
V e r y  So f t  D i s t u r b e d  C l a y  L o a m  (G/CSOOO p s i )  
T y p i c a l  C l a y  Loam  M i x  (G = 4000 -  8000 p s i )

N o te :  A l l  c u r v e s  s h i f t e d  v e r t i c a l l y  to an  a r b i t r a r y  OdB 
r e f e r e n c e  to a l l o w  c o m p a r i s o n  o f  c u r v e  s h a p e s .

F i g .  4 VERT ICLE

F i g .  6 COMPARISON OF TRANSDUCER MOUNTING SYSTEMS

1 ' x  1 ' x  9 "  P l a s t e r  B lo c k  
>18" S t e e l  Rod 1** D i a m e t e r  
3"  x  3"  P a d  M o u n t

N o te :  A l l  c u r v e s  s h i f t e d  v e r t i c a l l y  to an  a r b i t r a r y  OdB 
r e f e r e n c e  to a l l o w  c o m p a r i s o n  o f  c u r v e  s h a p e s .
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I n c a r r y i n g  o u t  m e a s u r e m e n t s ,  it  i s  n e c e s s a r y  
to d e t e r m i n e  w h i c h  l a y e r  s h o u l d  be  m o n i t o r e d .  The  t r a n s d u c e r  
m o u n t  s h o u l d  t h e n  b e  e m b e d d e d  in t h a t  l a y e r .

To a c h i e v e  h i g h e s t  h o r i z o n t a l  a n d  r o c k i n g  f r e q u e n c i e s ,  
t h e  m oun t  s h o u l d  be  p u s h e d  ( p r e f e r a b l y  no t  h a m m e r e d )  s t r a i g h t  
d own  i n t o  t h e  soi  I . T h i s  wi l l  m i n i m i z e  t h e  d i s t u r b a n c e  of 
t h e  so i l  in t h e  a r e a  a t  t h e  t op of t h e  s p i k e s ,

8 . 0  CONCLUSION

A s i m p l e ,  r e l i a b l e  me t hod  of m o u n t i n g  g e n e r a l  
p u r p o s e  a c c e l e r o m e t e r s  on soi l  h a s  b e e n  d e m o n s t r a t e d .  I t s  
c h a r a c t e r i s t i c s  a r e  s u c h  t h a t  f o r  f r e q u e n c i e s  a n d  v i b r a t i o n  
l e v e l s  of i m p o r t a n c e  to a c o u s t i c i a n s  a n d  v i b r a t i o n  e n g i n e e r s ,  
t h e  d e v i c e  g i v e s  a  p r o p e r  c o u p l i n g  of  t h e  t r a n s d u c e r  to 
t h e  so i l  i m m e d i a t e l y  u n d e r  i t .
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The session was closed by Dr. 
E .A . G . Shaw (Acoustics, Division 
of Physics, N R C , Ottawa, Ontario, 
K1A 0R6), who spoke on "THE 
ACOUSTICAL PERFORMANCE OF HEARING 
PROTECTORS". In this paper the 
theoretical background of how a 
hearing protector works was 
presented. The author showed 
equivalent circuits of both muffs 
and plugs. Then he explained how 
their different mechanical
characteristics can influence 
their final performance, which can 
never be better than the 
theoretical limit set by the bone

conduction. He discussed some 
practical aspects such as the 
attenuation reduction due to the 
wearing of safety glasses. Finally 
future trends in new protectors 
such as using electronic negative 
feedback to reduce the noise were 
descr ibed.

In summary, thanks to the 
excellent papers presented, the 
session was lively, interesting, 
stimulating, and of practical 
benefit to the audience.

A. Behar
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